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Abstract

The main objective of this thesis is to analyse the effect of osteoporosis on the
mechanical behaviour of cancellous bone. The mechanical behaviour of can-
cellous bone has been addressed through different approaches: experimental
tests, finite element (FE) models and medical imaging obtained by micro-CT.

The impact of osteoporosis has been studied on different scales. Firstly, a study
has been undertaken at the lamellar tissue level of trabecular bone to estimate
the equations that define the elastic and strength properties as a function of
bone mineral density (BMD) and tissue porosity. These equations are inferred
from finite element (FE) models and allow us to characterise the behaviour of
lamellar bone tissue covering a wide range of porosities and BMDs.

A study of the cancellous structure and lamellar tissue has been carried out
using a stereomicroscope and field emission scanning electron microscope (FE-
SEM). At lamellar tissue level, it was possible to observe the arrangement of
lamellae in different locations, such as trabeculae and at their intersections.
In addition, it has been possible to evaluate the natural tissue porosity and
that produced by bone diseases, such as osteoporosis. All this information has
been incorporated to the numerical models in order to define the properties of
cancellous bone samples. The estimated elastic and strength equations con-
sider an orthotropic behaviour and it is possible to quantify how BMD and
porosity affect these properties.

On the other hand, the mechanical behaviour under compression of human
trabecular bone samples from femoral heads has been studied. These samples
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are classified into three study groups: healthy group (HG), osteoarthrosic
group (OA) and osteoporotic group (OP). The samples have been studied
using experimental tests, medical imaging obtained by micro-CT and finite
element models, enabling to obtain a great deal of information regarding the
mechanical behaviour of the bone. The trabecular microarchitecture strongly
influences the mechanical response. The most important results obtained are
the apparent modulus, the failure stress and the failure strain. After image
segmentation, it was possible to generate finite element models and study the
morphometry of the specimens. The numerical models have made it possible
to estimate the properties at the tissue level: the Young’s modulus at the
tissue level and the yield and failure strains. The results revealed that at
the tissue level, Young’s modulus does not vary appreciably, even if the bone
shows bone pathology. A similar yield behaviour is observed for all groups,
with differences only in the final failure strain.

The morphometry study has enabled to analyse the morphometric parameters
that differentiate between healthy and diseased specimens and even to differen-
tiate between different pathologies. The morphometric parameters have been
correlated with the mechanical response in order to analyse those that have
the most significant influence on the mechanical response. The correlations
obtained make it possible to estimate the mechanical response of trabecular
bone using micro-CT images without the need for experimental tests. The pa-
rameters obtained from the mechanical response have also been related. These
relationships permit to know the behaviour of each of the samples, which is
different depending on the disease they suffer.

Finally, bioinspired samples and minimal surface area triple periodic struc-
tures (TPMS) obtained by additive manufacturing have been studied. These
bioinspired samples are made of polylactic acid (PLA) as the printing ma-
terial. The samples show a similar orthotropic behaviour to the trabecular
samples. These simulants can be used for pre-studies when bone samples are
not available. The treatment of large bone fractures requires unconventional
techniques for bone fixation. Bone scaffolds with triple periodicity that re-
sult in equal orthotropic properties in all three orthogonal directions are often
used. These systems must have bone-like stiffness in the vicinity of the defect
to avoid implant loosening. To this end, a methodology has been proposed
to design patient-specific bone scaffolds that allow the orthotropic mechanical
properties in each direction to be calibrated according to a specific bone.
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Resumen

En esta tesis, el principal objetivo es analizar el efecto de la osteoporosis en el
comportamiento mecánico del hueso trabecular. El comportamiento mecánico
del hueso trabecular se ha abordado desde diferentes enfoques, como son los
ensayos experimentales, los modelos de elementos finitos (EF) y la imagen
médica obtenida por micro-CT.

El impacto de la osteoporosis se ha estudiado en distintas escalas. En primer
lugar, se ha abordado un estudio a nivel de tejido lamelar del hueso trabecular
para estimar las ecuaciones que nos permitan definir las propiedades elásticas
y resistentes en función de la densidad mineral ósea (DMO) y la porosidad del
tejido. Estas ecuaciones inferidas en los modelos de elementos finitos permi-
tirán estudiar el comportamiento del tejido óseo lamelar abarcando un amplio
rango de porosidades y DMOs.

Se ha realizado un estudio de la estructura trabecular y del tejido lamelar
utilizando un estereomicroscopio y el microscopio electrónico de barrido de
emisión de campo (FESEM). Al nivel del tejido lamelar, se ha podido ob-
servar la disposición de las lamelas en distintas localizaciones, como en las
trabéculas y sus intersecciones. Además, se ha podido evaluar la porosidad
tisular natural y la producida por enfermedades óseas, como la osteoporosis.
Toda esta información ha sido incorporada a los modelos numéricos para poder
definir las propiedades en las muestras trabeculares. Las ecuaciones elásticas
y resistentes estimadas consideran un comportamiento ortótropo y es posible
cuantificar cómo afectan la DMO y la porosidad a estas propiedades.
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Por otro lado, se ha estudiado el comportamiento mecánico a compresión de
muestras humanas de hueso trabecular procedente de cabezas femorales. Estas
muestras se han clasificado en tres grupos de estudio: grupo sano (HG), grupo
artrósico (OA) y grupo osteoporótico (OP). Estas muestras se han estudiado
mediante ensayos experimentales, imagen médica obtenida por micro-CT y
modelos de elementos finitos, permitiendo obtener gran información sobre el
comportamiento mecánico del hueso. La respuesta mecánica está fuertemente
influenciada por la microarquitectura trabecular. Los resultados obtenidos
más importantes son el módulo aparente, la tensión de fallo y la deformación
de fallo. Tras la segmentación de imagen, se han podido generar modelos
de elementos finitos y estudiar la morfometŕıa de las muestras. Los modelos
numéricos han permitido estimar las propiedades a nivel de tejido: el módulo
de Young a nivel de tejido y las deformaciones de fluencia y de fallo. Los
resultados han revelado que a nivel de tejido no se aprecian variaciones en
el módulo de Young aunque el hueso presente una patoloǵıa ósea. Un com-
portamiento de fluencia similar se ha observado para todos los grupos, con
diferencias únicamente en la deformación de fallo.

El estudio de la morfometŕıa ha permitido analizar los parámetros morfomé-
tricos que diferencian las muestras sanas de las enfermas, e incluso a diferen-
ciar entre diferentes patoloǵıas. Se han correlacionado los parámetros mor-
fométricos con la respuesta mecánica para analizar aquellos que tienen mayor
influencia sobre la respuesta mecánica. Las correlaciones obtenidas permiten
estimar la respuesta mecánica del hueso trabecular utilizando las imágenes
micro-CT sin necesidad de realizar ensayos experimentales. Los parámetros
obtenidos de la respuesta mecánica también se han relacionado entre śı. Estas
relaciones permiten conocer el comportamiento de cada una de las muestras
que es diferente según la enfermedad que padecen.

Finalmente, se han estudiado muestras bioinspiradas y estructuras triplemente
periódicas de mı́nima superficie (TPMS) obtenidas mediante fabricación adi-
tiva. Estas muestras bioinspiradas se han fabricado con ácido poliláctico
(PLA) como material de impresión. Las muestras bioinspiradas muestran un
comportamiento ortótropo igual que las muestras trabeculares. Estos simu-
lantes pueden ser utilizados para hacer estudios previos cuando no se disponga
de las muestras óseas. El tratamiento de fracturas óseas de gran tamaño re-
quiere de técnicas no convencionales para la fijación del hueso. Suelen utilizarse
andamios óseos con triple periodicidad que tienen como resultado propiedades
ortótropas iguales en las tres direcciones ortogonales. Estos sistemas deben
disponer de rigideces similares al hueso en la vecindad del defecto para evitar el
aflojamiento del implante. Con este objetivo, se ha propuesto una metodoloǵıa
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que permite diseñar andamios óseos paciente-espećıficos que permiten ajustar
las propiedades mecánicas ortótropas en cada dirección en función del hueso.
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Resum

En esta tesi, el principal objectiu és analitzar l’efecte de l’osteoporosi en el
comportament mecànic de l’os trabecular. El comportament mecànic de l’os
trabecular s’ha abordat des de diferents plantejaments, com són els assajos
experimentals, els models d’elements finits (EF) i la imatge mèdica obtinguda
per micro-CT.

L’impacte de l’osteoporosi s’ha estudiat en diferents escales. En primer lloc,
s’ha abordat un estudi a nivell de teixit lamellar de l’os trabecular per a
estimar les equacions que ens permeten definir les propietats elàstiques i re-
sistents en funció de la densitat mineral òssia (DMO) i la porositat del teixit.
Estes equacions inferides en els models d’elements finits permetran estudiar el
comportament del teixit ossi lamel·lar abastant un ampli rang de porositats i
DMOs.

S’ha realitzat un estudi de l’estructura trabecular i del teixit lamel·lar util-
itzant un estereomicroscopi i el microscopi electrònic de rastreig d’emissió
de camp (FESEM). Al nivell del teixit lamel·lar, s’ha pogut observar la dis-
posició de les lamel·les en diferents localitzacions, com en les trabècules i les
seues interseccions. A més, s’ha pogut avaluar la porositat tissular natural i
la prodüıda per malalties òssies, com l’osteoporosi. Tota esta informació ha
sigut incorporada als models numèrics per a poder definir les propietats en les
mostres trabeculars. Les equacions elàstiques i resistents estimades consideren
un comportament ortòtrop i és possible quantificar com afecten la DMO i la
porositat a estes propietats.
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D’altra banda, s’ha estudiat el comportament mecànic a compressió de mostres
humanes d’os trabecular procedent de caps femorals. Estes mostres s’han clas-
sificat en tres grups d’estudi: grup sa (HG), grup artròsic (OA) i grup osteo-
poròtic (OP). Estes mostres s’han estudiat mitjançant assajos experimentals,
imatge mèdica obtinguda per micro-CT i models d’elements finits, permetent
obtindre gran informació sobre el comportament mecànic de l’os. La resposta
mecànica està fortament influenciada per la microarquitectura trabecular. Els
resultats obtinguts més importants són el mòdul aparent, la tensió de fallada
i la deformació de fallada. Després de la segmentació d’imatge, s’han pogut
generar models d’elements finits i estudiar la morfometria de les mostres. Els
models numèrics han permés estimar les propietats a nivell de teixit: el mòdul
de Young a nivell de teixit i les deformacions de fluència i de fallada. Els
resultats han revelat que a nivell de teixit no s’aprecien variacions en el mòdul
de Young encara que l’os present una patologia òssia. Un comportament de
fluència similar s’ha observat per a tots els grups, amb diferències únicament
en la deformació de fallada.

L’estudi de la morfometria ha permés analitzar els paràmetres morfomètrics
que diferencien les mostres sanes de les malaltes, i fins i tot a diferenciar entre
diferents patologies. S’han correlacionat els paràmetres morfomètrics amb la
resposta mecànica per a analitzar aquells que tenen major influència sobre la
resposta mecànica. Les correlacions obtingudes permeten estimar la resposta
mecànica de l’os trabecular utilitzant les imatges micro-CT sense necessitat
de realitzar assajos experimentals. Els paràmetres obtinguts de la resposta
mecànica també s’han relacionat entre si. Estes relacions permeten conéixer
el comportament de cadascuna de les mostres que és diferent segons la malaltia
que patixen.

Finalment, s’han estudiat mostres bioinspirades i estructures triplement pe-
riòdiques de mı́nima superf́ıcie (TPMS) obtingudes mitjançant fabricació ad-
ditiva. Estes mostres bioinspirades s’han fabricat amb àcid polilàctic (PLA)
com a material d’impressió. Les mostres bioinspirades mostren un comporta-
ment ortòtrop igual que les mostres trabeculars. Estos simulants poden ser
utilitzats per a fer estudis previs quan no es dispose de les mostres òssies. El
tractament de fractures òssies de gran grandària requerix de tècniques no con-
vencionals per a la fixació de l’os. Solen utilitzar-se bastides òssies amb triple
periodicitat que tenen com a resultat propietats ortòtropes iguals en les tres
direccions ortogonals. Estos sistemes han de disposar de rigideses similars a
l’os en el vëınatge del defecte per a evitar l’afluixament de l’implant. Amb este
objectiu, s’ha proposat una metodologia que permet dissenyar bastides òssies
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pacient-espećıfics que permeten ajustar les propietats mecàniques ortòtropes
en cada direcció en funció de l’os.
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Chapter 1

Introduction

1.1 Motivation

Nowadays, life expectancy has increased significantly. As a result, we have an
ageing population. For this reason, this part of society has to deal with age-
related pathologies, such as bone diseases. Some of the most frequent bone
diseases are rheumatoid arthritis [1], arthrosis [2], arthritis [3], and the most
prevalent in society, osteoporosis [4–6]. Many of these illnesses cause different
changes in bone integrity and structure, triggering a greater fragility and an
increased likelihood of undergoing a bone fracture.

Osteoporosis is a public health concern because it affects more than 200 million
people worldwide, and approximately 30 % to 50 % of the postmenopausal
women suffer from this disease [7]. By 2025, an estimated 13.5 million fractures
due to osteoporosis will occur worldwide, and 500 million people will be living
with osteoporosis. One in two women and one in five men over the age of 50
will undergo an osteoporotic fracture in their lifetime, often leading to chronic
pain, loss of mobility, reduced independence, and in the worst case, mortality.
Even though only 20 % of people who have undergone an osteoporotic fracture
are diagnosed with this pathology [8, 9]. All these reasons reinforce the need
to study the mechanical behaviour of bone, which can detect bone diseases in
early stages and treat patients before bone fractures account.
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In addition, osteoporosis is characterised by loss of bone mass due to the
negative balance of bone remodelling cycling, in which bone material is re-
moved faster than new bone is deposited [10]. The imbalance produced in
bone remodelling process results from metabolic changes. This bone mass
loss implies weakening of bone structure by decreasing trabecular thickness,
increasing bone porosity, and in rapid osteoporosis, excess bone tissue is re-
moved, resulting in a so-called osteoclastic perforation [11,12].

The main clinical procedure to predict osteoporosis is using dual-energy X-ray
absorptiometry (DXA) scanning and measuring bone mineral density (BMD)
to obtain the so-called T-score [13]. Three levels are defined for assessing bone
state: normal bone density, low bone mass (usually diagnosed as osteopenia),
and finally, osteoporosis. These stages are defined by a range of T-score values:
from -2.5 to lower values it is established as osteoporotic bone, between -
2.5 to -1.0 is the so-called osteopenia, and from -1.0 to higher values is the
normal bone [14]. The usual body location for taking these measurements
is the femoral neck and the lower back. However, this procedure has several
problems, such as the points selected for measuring. The values measured
may not represent the behaviour of the region [15, 16]. Due to the trabecular
heterogeneity, the bone state estimation may be imprecise. Besides, some risk
factors will promote the development of osteoporosis, such as low D vitamin,
alcohol, smoking, some metabolic diseases, or some drugs [17]. Furthermore,
the measured values are not able to detect if bone architecture has developed
a degeneration which affects its stiffness. Thus, DXA and densitometry may
need to improve their accuracy, including morphometry information, to better
diagnose osteoporosis [18, 19]. Many osteoporosis patients do not have any
symptoms, so until the bone fracture occurs, they do not know they suffer from
this disease. For this reason, osteoporosis is the so-called “silent epidemic”.

All this information has encouraged the study of bone morphometry to under-
stand bone architecture changes and deeper into the diseased bone mechanic
behaviour. Many researchers have focused their work on studying morphomet-
ric parameters of bone or the relationship between bone structure and stiffness,
such as Ding and Overgaard [20,21]. Furthermore, some others have gone fur-
ther down to local morphometry, the decomposition of cancellous bone into
rods and plates such as Müller, Stauber or Nazarian [22–24] and its influence
on bone stiffness.

One essential tool to analyse bone mechanics is using numerical methods such
as the finite element method (FEM). Numerical models allow the simulation
of a wide range of situations, such as studying different load cases, charac-
terizing the mechanical behavior of bone, reproducing bone remodelling in
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a fracture [25, 26] or analyzing a treatment’s evolution [27]. Thanks to this
non-destructive methodology, it is possible to carry out studies with different
casuistry without the need to perform several experimental tests or the lack
of having a large number of samples. On the other side, as it is known, bone
has a hierarchical structure [28]. Thus, for its study, it is necessary to anal-
yse its behaviour at different scales [29–31]. Numerical models have enabled
this research at different scale lengths of bone structure using homogenization
methods. It is crucial to analyse the structure and definition of bone at lower
scales, such as nanoscale or microscale, to understand fracture mechanisms
and the mechanical response of bone.

In the last decades, owing to the upswing of additive manufacturing (AM) [32],
the development of patient-specific implants has opened up a wide field of
study. The broad range of techniques and materials offered by AM enables
the manufacturing of complicated geometrical implants. Scaffolds are the pre-
ferred structure to fill the gap produced by a bone defect, usually a fracture,
and promote bone remodelling of the tissue surrounding the implant, thus,
healing the bone. However, in recent years, triply periodic minimal surface
(TPMS) structures have gained prominence because of the advantages they
offer over scaffolds, such as less stress concentrators, large surface area to vol-
ume ratio, the diffusion of oxygen, nutrients and metabolic waste, resulting in
an adequate cellular growth and proliferation of new cells [33]. Furthermore,
Computer Aided Design (CAD) and AM permit the design and manufacture
of patient-specific implants with complex geometries that perfectly suit the
bone defect, enhancing the healing process. Lastly, finite element models al-
low to carry out numerical analysis to obtain preliminary results and make
possible changes to achieve the optimal implant for the patient before the
manufacture. These numerical analyses avoid the waste of material and time
that destructive test will trigger [34,35].

Finally, for all those mentioned above, studying and characterising cancel-
lous bone at its different scale length levels enhances the diagnosis, enables
the treatment of patients, and improves the assessment of the mechanical be-
haviour of bone. In order to achieve this, it is essential to study collagen
fibrils orientation, tissue organisation, cancellous bone architecture through
imaging techniques and morphometric study, and bone response by carrying
out experimental tests. Furthermore, studying different cancellous bone sam-
ples with several bone diseases will improve the knowledge of bone mechanical
behaviour. Besides, future bone fractures due to this type of diseases, which
affect a large part of the ageing society, can be prevented.
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1.2 Aims

The main objective of this thesis is to study the mechanical behaviour of
osteoporotic cancellous bone. Specifically, the aim is to evaluate changes in
both morphometry and mechanical response due to bone’s pathological state:
healthy, osteoporotic, or osteoarthrosic. To this end, a multi-scale approach is
addressed, starting at the lamellar tissue level by obtaining the elastic prop-
erties and strength limits as a function of bone mineral density (BMD) and
microporosity. Three types of bone, osteoporotic, osteoarthrosic, and healthy,
are evaluated to analyse the differences in both strength and mechanical prop-
erties. This study is addressed from different approaches: mechanical, mor-
phometric and imaging.

First of all, the mechanical characterisation is reached through the following
approaches: finite element modeling, experimental testing, and medical im-
ages. Furthermore, the morphometric study is achieved by analysing micro-
CT images from osteoporotic, osteoarthrosic, and healthy cancellous bone from
human femoral heads. Finally, image analysis is carried out in two different
microscopes: the petrographic microscope and the field emission scanning elec-
tron microscope (FESEM). Cancellous bone architecture is evaluated, and the
differences between study groups are quantified. Using FESEM, it is possible
to see the mineral deposition at lamellar tissue. The information obtained
from the images is of great relevance to understand the orientation of collagen
fibers for considering tissue anisotropy at the numerical models and making
them more realistic.

On the other hand, another objective emerged when combining additive man-
ufacturing (AM) and bone fracture. Bone surrogates and triply periodic mini-
mal surface (TPMS) structures have been generated by fused deposition mod-
elling using polylactic acid (PLA) for the treatment of large bone defects.

From this research, the following secondary objectives arise, presented by
topic:

• Mechanical characterisation

– To assess elastic properties and strength limits as a function of bone
mineral density (BMD) and microporosity for lamellar tissue.

– To study and compare the mechanical behaviour of osteporotic, os-
teoarthrosic and healthy cancellous bone samples extracted from
human femoral heads.
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– To assess the microarchitecture of cancellous bone and its changes
due to pathology.

– To analyse failure models for different types of cancelous bone (os-
teoporotic, osteoarthrosic and healthy).

• Image analysis

– To study and compare morphometric parameters between healthy
and diseased cancellous bone.

– To evaluate the influence of morphometric parameters in cancellous
bone mechanical properties.

– To analyse cancellous bone microarchitecture and bone mineral de-
position in order to know how to define the tissue mechanical prop-
erties in the finite element models.

– To obtain images from FESEM which show the different bone struc-
ture of the studied bone types and microporosity.

– To use micro-computed tomography (µ-CT) images to characterise
osteoporotic, osteoarthrosic and healthy cancellous bone morphom-
etry.

• Additive manufacturing (AM)

– To use fused modelling deposition (FDM) to obtain bone surrogates
and TPMS samples to evaluate them as bone replacements.

– To study the behaviour of bone surrogates and TPMS and compare
it with cancellous bone.

– To calibrate the mechanical properties of polylactic acid (PLA) and
compare them with cancellous bone properties.
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1.3 Thesis organisation

The content of this PhD thesis is organised as follows:

Chapter 1 contains the introduction of the thesis. This chapter includes the
motivation behind the research that has led to this thesis. Furthermore, the
objectives of this study are presented and finally, the organisation of the con-
tent of this thesis is detailed in this chapter.

Chapter 2 consists of a thorough review of the state of the art of the top-
ics covered in this thesis. The content of this chapter is mainly about bone
tissue, osteoporosis, numerical modelling of bone, experimental and morpho-
metric characterisation of cancellous bone, and imaging techniques for bone
characterisation.

Including bone tissue properties in the numerical models at the micro-scale is
one of the main novelty of this thesis. For this reason, the hierarchical levels
of bone structure, the orientation of the mineral collagen fibers, the porosity
of bone tissue, and its elastic and strength properties are studied. In addition,
this chapter presents the different methods used for studying and evaluating
bone mechanics, such as finite element models, experimental tests, imaging
techniques, and bone morphometry itself.

Chapter 3 deals with image analysis of the lamellar tissue. Two different
microscopes have been employed for studying lamellar tissue: the petrographic
microscope and the field emission scanning electron microscope (FESEM).
Furthermore, the obtained images have been used to analyse the collagen
fibrils’ orientation, mainly in the struts of the lamellar tissue. The aim is to
be able to define the lamellar tissue properties as realistic as possible in the
finite element models, where information about the orientation of the collagen
fibrils is essential.

Chapter 4 presents the explicit expressions for the estimation of the elastic
constants of lamellar bone as a function of bone mineral density (BMD) and
microporosity. Lamellar tissue has natural porosity, which is important to be
considered to estimate both elastic and strength properties. Moreover, when
bone has some diseases, such as osteoporosis with osteoclastic perforation, this
porosity becomes more important because the holes it leaves in bone tissue
are of larger dimensions.

Chapter 5 provides the strength limits of lamellar bone as a function of bone
mineral density (BMD) and porosity. The cavities in the bone tissue will
decrease the strength properties, so it is important to consider them.
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Chapter 6 contains the experimental and numerical characterisation of the
mechanical behaviour of osteoporotic, osteoarthrosic, and healthy cancellous
bone samples. Experimental tests under quasi-static compressive loads have
been carried out. Finite element models have been generated to estimate bone
tissue elastic and failure properties as a function of the pathology.

Chapter 7 presents the surrogates of cancellous bone, which have been ob-
tained by additive manufacturing. These surrogates have been produced by
fused deposition modelling (FDM), which is the technology of 3D printers.
Polylactic acid (PLA) has been chosen as a manufacturing material. Exper-
imental tests under quasi-static compression loads have been performed, and
numerical models have been generated to calibrate the elasticity and failure
in the micro-scale numerical models. The aim of this study is to evaluate the
potential use of these surrogates as prostheses for the treatment of large bone
defects or fractures that cannot be fixed using conventional methods.

Chapter 8 states the thesis conclusions and the main contributions that have
been achieved.

Finally, chapter 9 presents the future works that have arisen from the research
of this thesis.
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Chapter 2

State of the art

This chapter presents the review of the state of the art about cancellous bone
mechanical and morphometric characterisation. Different approaches have
been used to assess cancellous bone in this thesis, so their foundations are
presented in this section. On the other hand, bone diseases such as osteoporosis
and osteoarthrosis have been explained in detail in order to understand how
they affect bone mechanical behaviour.

2.1 Hierarchical structure of bone

Bone is the primary component of the skeletal system. It plays a crucial role
in the body, both in terms of biomechanics and metabolism. The main func-
tions performed by the skeletal system are the following: to preserve the body
shape, to protect soft tissues and vital organs, exercising as a reservoir for
ions and calcium, and to transfer the strength of muscle contraction while
motioning [28, 36]. Furthermore, bone exhibits persistent structural adap-
tation in response to external mechanical and chemical stimuli. It grows
in the direction that endures significant stress levels, thereby adjusting its
micro-architecture to accommodate the imposed loads. Moreover, it possesses
regenerative and healing properties that facilitate repairing microcracks and
fractures [30]. Bone is considered an optimized material due to the ability to
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grow and remove or deposit bone exclusively where it is needed using as little
material as possible.

2.1.1 Introduction to hierarchical levels of the bones structure

Bone is arranged in a hierarchical structure, which greatly provides high me-
chanical properties such as strength, toughness, stiffness, lightweight, and
energy absorption [30]. With the purpose of comprehending bone mechan-
ical properties, it is required to know and understand the behaviour, com-
ponents, and properties at each different level and the relationship between
them [37, 38]. Bone is organised in the following scales, usually ranging be-
tween 4 to 7 levels [39], starting from the highest level to the smallest, such
as Figure 2.1 shows: macroscale, mesoscale, microscale, sub-microscale, and
nanoscale.

(m) 10−2 10−3 10−4

macroscale mesoscale sub-microscale

10−6

microscale

10−9

nanoscale

Figure 2.1: Hierarchical structure of bone. Image extracted from [40].

The upper scale level of bone is the macroscale, which corresponds to the
whole bone, also known as the organ-scale level. Long bones, such as the tibia,
humerus and femur, present the classical model of the macroscopic structure
of bone. A typical long bone in adult anatomy is composed of a centrally
located cylindrical shaft known as the diaphysis, accompanied by two wider
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and rounded ends referred to as the epiphyses, as it is shown in Figure 2.2.
In addition, the region that connects the epiphysis with the diaphysis in long
bones is called the metaphysis. The diaphysis primarily consists of cortical
bone, whereas the metaphysis and epiphysis are mainly composed of cancellous
bone with a slim shell of cortical bone.

Cancellous
bone

Cortical 
bone

Medullary
(marrow)

cavity

Epiphysis
(head)

Diaphysis
(shaft)

Epiphysis

Metaphysis

Metaphysis

Figure 2.2: Macroscopic structure of long bones presented in a femur. Image extracted
from [41].

At the following scale level, the mesoscale, the main components are cortical
and cancellous bone. In a human adult skeleton, roughly 80 % of the skeletal
mass is cortical bone. This type of bone is solid mass, dense, and it is present in
the outer walls of bones. The most important roles that cortical bone performs
are the protective and the supportive functions of the skeleton. Conversely,
the amount of cancellous bone in the skeleton is only 20 %. This bone, also
recognised as trabecular bone, is formed by a lattice of plates and rods known
as trabeculae located within the internal regions of bones [36].

At the microscale, different structures are found depending on the type of bone.
At this level, cortical bone is formed by secondary osteons embedded in an
interstitial matrix consisting of highly mineralised older osteons. In secondary
osteons, the lamellae are organised into concentric cylinders. The diameter of
the osteons ranges between 200 - 300 µm and various millimeters long, aligned
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with the long axis of the bone. The secondary osteon is primarily composed
of the Haversian canal (Figure 2.3), through which the blood vessels pass.
Regarding cancellous bone, the lamellae are arranged along the trabeculae
principal direction, forming structures known as hemiosteons. Cancellous bone
has no Harvesian canal; instead, the trabecular framework harbours marrow
cavities. Furthermore, at the sub-microscale, the lamellae, which form osteons
of trabeculae, are presented. These lamellae consist of mineralised collagen
fibrils which are arranged into sheet structures with dimensions around 3-7
µm [28, 30]. At the lamellar tissue level, both cortical and cancellous bone
present bone cells called osteocytes. These cells live in ellipsoidal cavities
known as lacunae, and they will be empty when the cells die. All the osteocytes
are interconnected through the canaliculi system, as it is illustrated in Figure
2.3. The structure of the lamellae is shared by both cortical and cancellous
bone. Owing to this PhD thesis is developed around cancellous bone and
lamellar tissue, both are widely explained in the next section.

Figure 2.3: Diagram of the canaliculi network which interconnect osteocytes in secondary
osteons. Image extracted from [42].

Finally, at the nanoscale, bone is composed of three main components: wa-
ter, calcium phosphate mineral in hydroxyapatite (HA) platelets form, and
an organic matrix, predominantly collagen type I. The role of the inorganic
components of bone is to provide compression strength and stiffness, while the
organic components supply tension properties.
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2.1.2 Cancellous bone and lamellar tissue structure, features and
properties

Cancellous bone is a highly porous and heterogeneous material with vary-
ing material properties [24], mainly found at the epiphysis and metaphysis
of long bones and in the vertebral bodies. Its microarchitecture mainly con-
sists of a framework of struts and, in some cases, such as in vertebrae, also
plates (Figure 2.4 a). Adult bone tissues, both cortical and cancellous, are
laminated at the microscale [43]. The tissue arranged at these layers is the
so-called lamellar bone tissue, being the mineralised collagen fibrils its main
constituent. Consequently, strength and stiffness properties of lamellar tis-
sue are essential to analyse the mechanical behavior of bone at the meso and
macro-scale. In the lamellar tissue, mineralised fibre bundles, embedded in
the extra-fibrilar matrix, confer a predominant orthotropic symmetry [44–46]
leading to an anisotropic behavior under generic multi-axial loading.

On the other hand, the mineral content and the porosity at the lamellar tissue
level (microporosity) are two essential parameters related to bone mechanics
behavior. It is well known that an increase in the volumetric bone mineral
density (BMD) has a direct implication on the rise of stiffness and, if it is
excessive (i.e. due to the absence of bone resorption in the bone remodelling
process) the tissue will become more brittle [47–50].

Regarding the microporosity, it also contributes to decrease the mechanical re-
sponse of bone tissue. Porosity possesses a strong influence on the strength and
stiffness of bone. These mechanical properties vary inversely with increasing
porosity [48,49]. Several agents contribute to the microporosity increase [51]:
old age, estrogen deficiency in post-menopausal women, glucocorticoids and
immobilization. In addition, when a rapid bone loss is prevalent (commonly
after menopause), depth cavities may occur due to an excessive osteoclastic
resorption leading to the trabecular bone perforation of structural elements,
causing the loss of the structural continuity [52]. Osteoclastic perforation was
also observed by Mosekilde [53] in a scanning electron microscope study of the
remodelling process of vertebral trabecular bone. In Gentzsch et al. work [54],
two types of resorption lacunae in trabecular bone were observed. Moreover,
lacunar and tunnelling perforation are distinguished denoting microstructural
changes related to disturbed bone remodelling. Advances in computer tomog-
raphy techniques have shown that porosity is responsible for a substantial
amount of bone loss and consequently, the resultant higher bone fragility and
mechanical competence deterioration.
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Concerning microporosity, Mart́ınez-Reina et al. [44] studied the three main
natural sources that contribute to the formation of tissue porosity in cortical
bone (some sources are shown in Figure 2.4 b), which are presented in the
following equation:

Ptissue = Plac + Pcan + Pvas (2.1)

where Plac is the porosity due to the lacunae, that are small ellipsoids with ap-
proximate diameters of 4×9×22 µm [55] that contain bone cells (osteocytes).
Pcan represents the porosity due to the canaliculli, which are very fine chan-
nels radiating from the lacunae. They both constitute the lacunocanalicular
system that produces a porosity of about 5 % [56]. Pvas denotes the vascular
porosity that is mainly due to Havers’ canals that run the length of osteons
together with Volkmann canals and its evaluation depends on the bone re-
modelling activity. Following the work of Mart́ınez-Reina et al. [44], vascular
porosity could vary between 1 and 20 %. Consequently, the total porosity for
lamellar tissue in cortical bone varies between 6 and 25 %. In Equation 2.1,
the collagen-apatite porosity has been neglected.

a) b)

Figure 2.4: a) Trabecular bone architecture in the distal femur of 14-week old wild-type
mouse evaluated with backscattered electrons in a scanning electron microscope (BSE SEM)
(field width 584 microns), image extracted from [57], and b) backscattered electron imaging
of a polished human cortice with various gray levels depending on their mineralisation degree,
image extracted from [58].
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Regarding the porosity of lamellar tissue in trabecular bone, lacunocanalicular
system is also present in the trabecular packets or hemiosteons of cancellous
bone. For this term, the same porosity value than in cortical bone is assumed
(up to 5 %). With respect to the variable Pvas, the marrow cavity harbours
the vascularization in trabecular bone, instead of Havers’ canals, however, this
term is also associated with bone turnover activity. For trabecular bone, no
reference value has been found in the literature quantifying the microporosity
due to the osteoclastic perforation.

By other side, the non-isotropic nature of lamellar tissue is also a relevant as-
pect to be included in the quantification of bone mechanical properties. In the
review of biomechanics and mechanobiology of trabecular bone presented in
Oftadeh et al. [59], it is stated that at the microstructural scale, trabeculae con-
sist of groups of parallel lamellae bounded by cement lines primarily oriented
also parallel to the trabecular surfaces. In addition, the three-dimensional
ultrastructure bone arrangement in relation to the local trabecular direction
is analyzed in Georgiadis et al. [60]. They state that bone ultrastructure is
mostly aligned to trabecular microstructure near trabecular surface. However,
when going towards trabecular core, the ultrastructure alignment decreases to
around 40 %.

Cancellous tissue was characterised as a microstructure consisting of layers
interspaced with transition zones where the proportions of collagen and min-
eral vary [61]. Hosaki-Takamiya et al. [62] observed that collagen bundles in
trabecular bone run along the long axis of the trabecula. In Hammond et al.
work [63], the filbril orientation is addressed in a numerical model of trabecular
bone.

In the study presented by Haj-Ali et al. [64], a three-dimensional multiscale
micromechanical model, where the lamellar tissue is modelled as a multilayered
laminate, is suggested. The mineralised collagen fibrils follow a determined
angular orientation pattern. That work deals with the linear anisotropic me-
chanical properties of the cancellous bone while no strength analysis is per-
formed. Some other researchers, such as Hellmich, have developed multiscale
approaches to study the hierarchical levels of bone. Fritsch and Hellmich [65]
reinforced the importance of understanding the microstructural patterns in
bone materials. They introduced a multiscale homogenisation scheme that
quantifies the mechanical interaction of bone components, such as hydrox-
yapatite, collagen and water. They provided effective elastic properties of
bone materials at different scales, from nanometers to millimetres. In further
works, Colloca et al. [66] developed a multiscale analytical approach for bone
remodelling simulations, connecting scales from collagen to trabeculae. The
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main goal of this research was to predict changes in bone properties due to
remodelling activities.

In the literature several references are found that reveal the importance of con-
sidering the tissue properties in the trabecular bone numerical models, when
the mechanical competence of bone is under study. Hammond et al. [67] state
that, only when the tissue anisotropy is considered in their numerical mod-
els, the shape and distributed microcracking typically observed in trabecular
bone are reproduced. In Hammond and collegues work [63], the effect of tis-
sue properties on the predicted stresses and strains is observed. This improves
the correlation between the solution from numerical models with experimen-
tal data. For example, material heterogeneity seems to play an important role
in resisting bone damage under cyclic loads with long service lives [68]. In
addition, in Renders et al. [69], the authors demonstrate that the no consider-
ation of the mineralisation heterogeneity overestimates the apparent Young’s
moduli.

2.1.3 Mechanical behaviour of bone

As aforementioned, bone tissue is an anisotropic, inhomogeneous and com-
posite material, whose properties are strongly influenced by its hierarchical
structure. Furthermore, morphological parameters and the proportion of bone
components can vary from each person, from each anatomical site, and some-
times even though within the same bone. All these features make a challenging
assessment of bone’s elastic and failure properties. At the elastic range, bone
behaves as a viscoelastic material, whose viscous response is due to the fluids
in the bone matrix [70].

The analyses are usually carried out under quasi-static loads, which hypothe-
size a perfect elastic behaviour until reaching the yield point [71,72]. Through-
out the elastic range, the deformations are reversible until the yield point;
hereafter, permanent damage occurs, and deformations remain at the spec-
imen. The characteristic response obtained from the bone analyses is the
force-displacement curve, whose slope at the elastic domain corresponds to
the stiffness or rigidity of the specimen. These results are analogous to the
stress-strain response, whose slope is known as the Young’s modulus. It is
essential to distinguish between the apparent Young’s modulus, which is influ-
enced by the microarchitecture of the sample, density, and elastic properties,
and Young’s modulus of the material, which is an inherent property of the
bone tissue.
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After the yield point, some microcracks appear in the elastic-continuum dam-
age mechanics domain, which is the post-yielding behaviour. If the load is
still applied, fractures would be developed mainly on the bone surface [73].
Bone has different behaviour when subjected to tensile or compression loads.
On the one hand, under tensile conditions behaves more brittle, and the yield
point and fracture are achieved at a lower stress level [74]. On the other hand,
when bone is subjected to compression loads, its behaviour is more ductile,
and the tendency of the fracture sections is to densify, then it is able to con-
tinue bearing more load level. Moreover, the strain rate influences cancellous
bone stiffness and strength properties. Increased strain rates due to cancellous
bone viscoelasticity lead to higher stiffness, yielding, and ultimate stresses.
However, no significant correlation has been reported regarding yielding and
ultimate strains [75].

Furthermore, anisotropy in cancellous bone arises from a combination of its ar-
chitectural features and ultrastructural organisation. Numerous studies have
focused on investigating anisotropy, which exhibits spatial variability as it is
influenced by bone’s adaptation to external loads [36]. In their study, Keaveny
et al. [76] introduced the concept of the strength-to-anisotropy ratio (SAR)
and found that the strength of the bone varied based on the direction of load-
ing, specifically in axial and shearing loading modes. Furthermore, the study
reported an asymmetry in the strength properties under tension-compression
conditions, with higher values observed for the latter loading mode.

Cyclic loading of cancellous bone leads to a decrease in stiffness, which can be
attributed to the development of microcracks at various length scales [70]. For
instance, the occurrence of non-traumatic vertebral failure is believed to be
influenced by the progressive accumulation of damage caused by cyclic load-
ing. The fatigue behavior of cancellous bone can be divided into three distinct
regions. In the first region, there is a rapid decline in stiffness accompanied
by the formation of localized microcracks, typically occurring within a low
number of loading cycles. The second region involves toughening mechanisms
such as bridging, crack deflection, or plasticity, which contribute to an increase
in fatigue life while microcracks continue to grow without a significant loss of
stiffness. Lastly, the third region is characterised by the coalescence of mi-
crocracks, leading to a sudden decrease in stiffness and ultimately resulting in
bone fracture. Additionally, it has been documented that fatigue failure mech-
anisms primarily take place at the ultrastructural level rather than at larger
scales, resulting in comparable accumulation of fatigue strain across different
locations. Considering the continuous process of bone remodeling, it can be
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inferred that the fatigue life determined through cyclic testing represents a
conservative estimate of its true value [76].

Cancellous bone exhibits time-dependent failure behavior, where creep defor-
mation leads to permanent deformation caused by sustained loads [76]. This
creep deformation varies based on the type of loading and local mechani-
cal properties. The creep deformation process can be characterised by three
stages, starting when the creep rate decreases and then some relaxation occurs.
Then, a consistent and constant creep rate is observed during the secondary
creep stage. The final stage is associated with an increasing creep rate and
the accumulation of damage, which can result in failure if the load is still
applied [77]. Lastly, it is acknowledged that creep contributes to the accumu-
lation of damage during fatigue loading [78].

Finally, it is important to consider the significant impact that has the hy-
dration on the mechanical properties of bone. Dry samples exhibit greater
modulus and strength compared to wet samples, but their toughness is re-
duced. Consequently, dry bones absorb less strain energy and exhibit a higher
degree of brittleness compared to wet bones [70]. In addition, other essential
point is the conservation methods of the bone samples because they also have
a significant influence on the mechanical properties. Szebényi et al. [79], found
that the Young modulus and compressive strength of the vertebrae were in-
fluenced less by frozen storage, making it the recommended method for the
conservation of vertebrae. This literature review also suggests that strength
characteristics are affected by different storage methods, but substantial dis-
crepancies can only be observed in the case of long-term storage.

2.1.4 Elastic properties of bone

Determining the elastic properties of cancellous bone is crucial in assessing
its mechanical competence and conducting thorough mechanical evaluations
related to bone healing and bone-implant interactions. Two important elastic
properties are the apparent Young’s modulus, Eapp, and the Young’s modulus
at the tissue level, E. The first parameter is associated with the stiffness of
cancellous bone at a macroscale, while the second parameter represents the
elastic modulus at the microscale, specifically at the lamellar bone level. These
two parameters are interconnected because the tissue-level Young’s modulus,
combined with the lattice architecture, influences the overall stiffness observed.

Several studies have documented the elastic properties of cancellous bone in
different species. These studies have explored diverse locations and method-

18



2.1 Hierarchical structure of bone

ologies to obtain these properties. Table 2.1 summarizes the apparent elastic
properties of human cancellous bone from different locations, as reported in
the literature.

Table 2.1: Elastic apparent modulus (Eapp) values reported in the literature for cancellous
bone from different testing methods, loading modes, species and anatomical sites. Mean
and standard deviation values are presented when reported. Table taken from Belda PhD
thesis [80].

Eapp [MPa] Test method Specie Site Conditions Ref.

1538 ± 674 Compression Human* Femoral head Wet [81]
3230 ± 936 Compression

Human Femoral neck Wet [82]
2700 ± 772 Tension

356
Compression

Human**
Femoral head Wet [83]310 Human***

247 Human*
1359.6 ± 1135.7 Compression

Human Femur Dry [84]
1493.7 ± 1226.4 Nanoindentation - FE

622 ± 302 Compression
Human Trochanter Wet [82]

597 ± 330 Tension
344 ± 148 Compression

Human Vertebra Wet [82]
349 ± 133 Tension
99 ± 38.5 Compression Human Vertebra Wet [85]

276 Tension
Human Vertebra Wet [86]

231 Compression
1091 ± 634 Compression

Human Tibia Wet [82]
1068 ± 840 Tension
428 ± 227.8 Compression Human Tibia Dry [87]
689 ± 438 Compression

Human Tibia Wet [88]
871 ± 581 Optical extensometer

* Osteoporotic
** Osteoarthritis
*** Normal

The measurements are typically conducted along the primary direction of
trabecular orientation, and the apparent properties are commonly evaluated
through axial testing conducted under quasi-static conditions. In certain
instances, experiments involving optical extensometers, finite elements, or
nanoindentation are employed. For instance, Odgaard and Linde’s work [88]
has conducted a comparison between compression testing and the use of an
optical extensometer. They discovered that the latter method yielded higher
estimations due to lower displacement measurements. Conversely, Chevalier
et al. [84] compared the effectiveness of compression tests with a combination
of finite element models based on micro-CT, where the properties were defined
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through nanoindentation. The authors obtained similar estimations, but the
finite element models tended to overestimate the elastic modulus.

The literature presents a wide range of apparent modulus values for cancellous
bone, which can be attributed to specimen conditions and location variations,
as indicated in Table 2.1. Most measurements listed in Table 2.1 pertain
to experiments conducted under wet conditions, and no clear distinction is
observed when compared to measurements conducted under dry conditions.
Theoretically, it would be expected higher modulus values from measurements
performed under dry conditions [70].

In Li and Aspden’s study [83], they observed differences in metrics among
normal, osteoarthritic, and osteoporotic cancellous bone. Consistent with ex-
pectations, the osteoarthritic samples exhibited the highest values, followed by
the normal and osteoporotic specimens. Regarding the elastic modulus, the
femoral specimens exhibited the highest values, while the vertebral samples
had the lowest values. Considering the influence of volume fraction or appar-
ent density on the apparent properties, it is crucial to reference the results
accordingly [36, 76]. The low value reported in Ladd et al. work [85] can be
attributed to the low bone volume fraction observed in the analyzed samples,
ranging between 6.8 % and 10.4 %. This trend is consistent with the find-
ings of Morgan and Keaveny [82], who also reported similar patterns across
different locations. Specifically, the vertebral specimens exhibited the low-
est apparent density, which correlates with the apparent modulus, while the
femoral neck showed the highest apparent density and corresponding higher
modulus values.

In a recent review conducted by Wu and colleagues [89], Young’s modulus of
cancellous bone at the tissue level was examined. The review discusses var-
ious methods employed for this purpose and presents a summary of estima-
tions categorized by the methods. The methods considered included ultrasonic
testing, nanoindentation, micro-mechanical testing of single trabeculae, and a
combination of macro-level mechanical testing and numerical models based on
micro-CT images. In their comprehensive review, Wu et al. [89] documented
a range of tissue elastic modulus values between 1.2 and 22.3 GPa. However,
it is worth noting that only a few of the cited references approached the lower
boundary of this range.

Table 2.2 exhibits the reported Young’s modulus at the tissue level from
various sources, encompassing different locations, conditions, and methods.
In this review, the average values range from 2 to 20.95 GPa, indicating a
significant dispersion of data. The reported values are derived from diverse
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Table 2.2: Elastic modulus at the tissue level (E) reported in the literature for cancellous
bone from different testing methods, loading modes, species and sites. Mean and standard
deviation values are presented. Table taken from Belda PhD thesis [80].

Tissue level Young’s
modulus (E) [GPa]

Test method Specie Site Conditions Ref.

14.22 ± 1.07
Nanoindentation Human

Femur (inner trabeculae)
Dry [90]

12.25 ± 1.01 Femur (outer trabeculae)
11.4 ± 5.6 Nanoindentation Human Femoral neck Wet [91]
13.5 ± 2.0 Nanoindentation Human Vertebra Dry [92]
20.95 ± 2.1 Nanoindentation Human Femur Dry [84]
11.31-15.80 Microindentation Human Vertebra Dry [93]

12.18 ± 0.8
Attenuation
coefficient SR-µCT

Human Femoral neck Wet [94]

18.8 ± 5.2 Compression - FE Human* Femoral head Wet [81]
18.0 ± 2.8 Compression - FE Human Femoral neck Wet [95]
6.6 ± 1.07 Compression - FE Human Vertebra Wet [85]
5.6 ± 0.2 Compression - FE Whale Vertebra Wet [96]

12.59 ± 2.13 Compression - FE Human Femur - [97]
18.7 ± 3.4 Axial - FE Bovine Tibia - [98]
16.24 ± 2.47

Tension
Human**

Femur Dry [99]
16.85 ± 2.1 Human*
10.4 ± 3.5 Microtensile

Human Tibia Dry [100]
14.8 ± 1.4 Ultrasound
2.0 ± 1.0 3-point bending Bovine Femur Wet

[101]
10.09 ± 2.42

3-point bending
Human**

Femur Dry [99]
11.38 ± 1.42 Human*

* Osteoporotic
** Normal

techniques such as nanoindentation, microindentation, density-based measure-
ments, a combination of compression testing and finite element modeling, ten-
sion tesing, ultrasound, and bending testing.

Nanoindentation testing reveals a range of elastic modulus values between 11
and 21 GPa, with lower metrics observed under wet conditions for the same
location, resulting in 11.4 GPa compared to 14 or 21 GPa. Conversely, when
employing a combination of compression testing and image-based finite ele-
ment analysis, elastic modulus values ranging from 5.6 to 19 GPa are obtained.
Some researchers argue that this methodology underestimates the values due
to potential side artifacts associated with compression testing. However, many
efforts have been made in certain studies to address this issue and minimize
its effects [102–104]. This combination of high-resolution imaging and testing
allows the estimation of the elastic properties at the tissue level and enables
the analysis of stresses and strains at a local level.
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Studying local effects is possible through testing single trabeculae; however,
it presents challenges such as compliance effects during testing, avoiding dam-
age caused by gripping in tension tests, and accurately estimating the cross-
sectional area [70]. On the other hand, ultrasonic tests yield a reported value
of approximately 15 GPa indicated in Rho et al. work [100], which falls within
the higher range of values obtained through nanoindentation and compression-
FE methodologies. Nonetheless, the presence of voids tends to attenuate ul-
trasonic waves, adding complexity to the application of this technique [89].

2.1.5 Strength properties of bone

The clinical importance of determining cancellous bone strength properties
lies in their ability to indicate bone quality and their crucial role in developing
numerical models. These models allow for the simulation of various scenarios,
including multiaxial loading, implant design and validation, and evaluation
of disease treatments. Simulations offer notable advantages over experiments,
such as the ability to simulate destructive situations, lower costs, and the
capacity to model complex loading configurations impractical to carry out
experimentally. Owing to failure modeling, it is crucial to establish suitable
properties based on the specific failure mode. Strength is the key property
to define static failure, while fracture toughness is essential for studying crack
growth. In the case of fatigue failure, fatigue strength plays a significant role.

Usually, strength properties have been evaluated primarily through experi-
ments [36]. These experiments aim to estimate either the apparent strength
properties [74,82] or the properties at the microscale by testing individual tra-
beculae [71, 99, 101]. The most commonly employed method for determining
the yield point in experiments is the 0.2 % offset method, while the fracture
point is defined as the maximum stress value observed within the stress-strain
curve. Conversely, some authors have integrated experiments with digital
image correlation to estimate yield properties at the level of trabecular tis-
sue [71,99,105]. Numerous studies have sought to establish regression models
based on experimental findings to estimate strength values.

Within advanced imaging techniques, image-based finite element models have
emerged as a valuable tool for estimating strength properties at various length
scales [95,99,101,105]. These finely discretized models consider the microstruc-
ture of specimens, enabling the estimation of local stresses and strains. This
capability allows for replicating trabecular failure at the microscale and simu-
lating apparent-level yielding and post-yielding phenomena in specimens [98].
Several finite element models have incorporated asymmetric strength proper-
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ties and non-linear behavior to determine tissue yield properties [95,98]. Addi-
tionally, these finite element models validate reported failure parameter values
from existing literature or obtained through independent experiments [71].
Typically, an inverse analysis criterion is employed to determine the failure
properties for finite element models. This involves calibrating the model pa-
rameters to achieve a match with experimental data [99, 101]. Sometimes,
the calibration process relies on a single parameter, often the yield strain or
stress [97]. However, certain constitutive models may require the calibration
of multiple parameters [99].

Carretta et al. [99] made a notable contribution by investigating tissue-level
failure properties of healthy and osteoporotic human femoral cancellous bone.
They achieved this by conducting single trabeculae testing under both ten-
sile and bending conditions and employing sample imaging and finite element
analysis. The authors highlighted the challenges associated with determin-
ing tissue failure properties through testing complete specimens, particularly
when compared to single trabeculae testing. They emphasized the significance
of having microscale properties available for use in simulations. In their study,
Bevill et al. [106] employed a combination of testing and finite element model-
ing to investigate the impact of incorporating large deformations on estimating
apparent yield values. Their findings indicated that the influence of including
large deformations is notably significant for samples with low volume fractions.
However, as the apparent densities increase, this effect diminishes.

Table 2.3 exhibits measurements of failure strains and stresses at the apparent
level sourced from the literature, whereas Table 2.4 provides estimations of
failure strains and stresses at the tissue level. Both tables present values
for yield strains (ϵy) and stresses (σy), as well as ultimate strains (ϵu) and
stresses (σu) for cancellous bone. The reported data includes information of
the species, location, calculation method, loading direction, loading mode, and
reference sources.

The yield values at the apparent level, as shown in Table 2.3, were determined
using the 0.2 % offset method. In some instances, FE analysis was employed
to validate the metrics. Yield stress values vary significantly depending on the
apparent density and elastic modulus. On the other hand, the yield strains
tend to remain relatively constant for a given location, loading mode, and
direction. In addition, it is worth noting that higher yield strain values have
been observed in compression compared to tension. In most studies, limited
focus has been given to ultimate strain values. However, for human vertebral
tissues, the reported values range from 1.29 % to 2.5 % in compression, while
they are approximately 1.58 % in tension.
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Conversely, the tissue-level yield values presented in Table 2.4 were determined
through an inverse calibration process, where numerical models were adjusted
to reproduce tests. These estimations were obtained using various methods,
such as single trabeculae testing or a combination of stress whitening and
digital image correlation. Remarkably, the latter method yielded the highest
values, although it may be less accurate than other approaches. It is essential
to highlight that the estimated yield strain values at the tissue level tend to
be lower than those at the apparent level. The combination of high discretiza-
tion and testing methods has proven effective in accurately estimating failure
properties at the microscale.

Table 2.3: Failure strains and stresses measurements at the macro (apparent) level reported
in the literature, resuming the estimation method, loading mode, species and anatomical site.
Table taken from Belda PhD thesis [80].

εy [%] σy [MPa] εu [%] σu [MPa] Method
Loading
mode

Species
and site

Ref.

0.73 1.48 - -
0.2 %

Tension Human -
vertebra

[86]
0.75 1.19 - - Compression

0.81 - 2.5 -
0.2 %

Compression Human -
vertebra

[107]
0.72 - 1.57 - Tension

0.81 - - - 0.2 % -
FE

Compression Human -
1*

[106]
0.33 - - - Tension

0.77 2.02 - -

0.2 %

Compression Human -
Vertebra

[82]

0.70 1.72 - - Tension
0.73 5.83 - - Compression Human -

Tibia0.65 4.50 - - Tension
0.70 3.21 - - Compression Human -

Trochanter0.61 2.44 - - Tension
0.85 17.45 - - Compression Human -

Femur Neck0.61 10.93 - - Tension

0.88 14.37 - -
0.2 %

Tension Bovine -
Tibia

[108]
1.17 21.09 - - Compression

0.62 84.9 - -
0.2 %

Tension Human -
Femur

[95]
1.04 135.3 - - Compression

0.78 1.75 1.59 2.23
0.2 %

Tension Human -
Vertebrae

[74]
0.84 1.92 1.45 2.23 Compression

0.78 14.36 - - 0.2 % -
FE

Tension Bovine -
Tibia

[98]
1.08 20.62 - - Compression

0.69 1.1 1.29 1.29 0.2 % Compression
Human -
Vertebrae

[109]

3.01 14.957 3.695 16.113 0.2 % Compression
Whale -
Vertebrae

[110]

1* The study was carried out on different locations: femur, tibia and vertebra.
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Table 2.4: Failure strains and stresses measurements at the micro or tissue level reported
in the literature, including the estimation method, loading mode, specie and anatomical site.
Table taken from Belda PhD thesis [80].

εy [%] σy [MPa] εu [%] σu [MPa] Method
Loading
mode

Specie
and Site

Ref.

0.46-0.63 88-121 - -
FE

Compression Bovine -
Tibia

[105]
0.18-0.24 35-43 - - Tension

1.6 - 12 -
σ whitening
& DIC

3-point
bending2*

Bovine -
Femur

[101]

0.72 115.43 5.14 166.89
Single
trabeculae
testing

Tension Human3* -
Femur

[99]
1.45 138.67 8.2 204.98 3-p bending
0.77 130.28 2.4 164.71 Tension Human4* -

Femur1.21 135.98 6.01 208.62 3-p bending

0.6 - - - FE -
testing

Tension Bovine -
Tibia

[98]
1.01 - - - Compression

0.41 82.8 - - FE -
testing

Tension Human -
Femur

[95]
0.83 133.6 - - Compression

2* Yielding estimation in tension area
3* Healthy donors
4* Osteoporotic donors

2.1.6 Bone failure at different scales

Bones experience loads during everyday activities, and they can fail if the loads
exceed a certain threshold. The imbalance between the accumulation of dam-
age and the remodelling process is believed to contribute to bone fragility [105].
Failure can happen at various levels within the hierarchical bone structure, and
it is suggested that the initial inelastic deformation of bones occurs primarily
at the nanoscale.

The strength properties of trabecular bone exhibit heterogeneity, anisotropy,
and asymmetry, resulting in variations depending on factors such as location,
age, and the direction and loading mode, including tension, compression, and
shearing [76]. Regarding loading modes, compression generally yields higher
strength values, followed by tension and shearing [74, 76]. In the late 1980s,
Gibson [111] employed simplified configurations of trabecular bone to elucidate
the modes of compression failure in cancellous bone, which are elastic buckling
or plastic hinges. Gibson established a connection between the failure mecha-
nism and either the bone structure’s slenderness or apparent density. Buckling
transpired at low apparent densities, whereas plastic hinges were observed at
higher density values.

25



Chapter 2. State of the art

Zioupos [112] carried out an analysis of the distinct stages of bone’s mechanical
response to compression, including the elastic phase, damage mechanics phase,
and fracture mechanics phase. The author also reviewed several approaches for
determining the parameters effectively describing each phase. Following the
initial elastic response, Zioupos identified the damage mechanics phase, where
a decrease in stiffness was attributed to the formation of microcracks. Besides,
the author emphasized the significance of toughening mechanisms at different
scales within a biological material. Also, Zioupos recognized the phase of
fracture mechanics and examined approaches documented in the literature for
estimating fracture parameters. Lastly, the author identified crack deflection
and bridging as mechanisms to withstand fracture during this phase.

In a more recent study, Launey et al. [113] conducted a comprehensive review
of the mechanisms that enhance the toughness of bone across various scales.
This work provides valuable insights into the fracture behavior of bone, shed-
ding light on how it either fractures or withstands fractures. The authors
describe the fracture process as a delicate equilibrium between the loads that
amplify fracture surfaces, the intrinsic mechanisms of damage occurring ahead
of the crack tip, and the extrinsic shielding mechanisms occurring behind the
crack tip. The extrinsic mechanisms, such as crack deflection and bridging,
impact scales larger than 1 µm, whereas the intrinsic mechanisms, such as
plasticity, influence scales smaller than 1 µm.

On the molecular scale, collagen undergoes deformation primarily through
molecular uncoiling, which occurs due to the breaking of hydrogen bonds.
This phenomenon also takes place within collagen fibrils, where the extent of
cross-linking determines the capacity to dissipate energy. Higher cross-link
density renders collagen more brittle, contributing to the heightened risk of
fractures in the elderly population. Moving to the subsequent level, the failure
mechanism involves the sliding of mineralised collagen fibrils, wherein the min-
eral phase enhances stiffness and energy dissipation. At the microscopic level,
microcracking serves as a connection between intrinsic and extrinsic toughen-
ing mechanisms. It acts as a form of inelastic deformation and functions as a
mechanism for crack bridging and deflection. The toughening mechanisms en-
compass crack deflection and bridging from the microscale to the macroscale.
However, research on these effects has predominantly focused on osteonal sys-
tems rather than cancellous bone.

Notwithstanding the complexity involved, the mechanism of bone failure can
be considered relatively simple. Failure strains exhibit minimal dependence on
specimen density and remain relatively consistent for a given location, age, di-
rection, and mode [76]. More specifically, the failure strain demonstrates a low
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yet gradually increasing linear relationship with apparent density under com-
pression, although this correlation disappears under tension [74]. On the other
hand, Bayraktar et al. [95] found no correlation between the apparent density
and apparent modulus with both compressive and tensile yield strains. How-
ever, they observe a significant linear relationship between the elastic modulus
and yield stress [76, 95, 98, 102]. The fact that strain represents the ratio of
stress to modulus for an elastic material under uniaxial loading implies that
failure strains remain relatively constant. Additionally, it has been observed
that yield strain in cancellous bone is isotropic, meaning it does not depend
on the loading direction [76]. This yield strain behavior strongly suggests that
strains influence and control bone failure.

In cancellous bone, failure tends to occur in localized fracture bands rather
than spreading uniformly throughout the material [113,114]. The characteris-
tic failure behavior of bone, which concentrates damage or complete fractures
in specific areas when subjected to increasing loads, adds to its fascinating
nature as a material. This localized damage concentration enables optimized
remodeling processes in those controlled regions. Consequently, remodelling
has been theorized to be triggered by damage mechanisms resulting from al-
terations in the bone’s ultrastructure [36, 74, 76]. Most studies on failure in
cancellous bone have focused on uniaxial loading conditions, primarily be-
cause they are simpler to analyze than the more complex multiaxial loading
scenarios. Damage in cancellous bone significantly impacts its apparent elastic
properties, causing a decrease in these properties. If the bone is overloaded, the
damage can propagate, thereby increasing the risk of fractures [115]. Damage
to bone has a notable impact on its ultrastructure, and there is a hypothesis
that disturbances in the canaliculi network could serve as a stimulus for bone
remodeling. It has been observed that the extent of damage exhibits a strong
correlation with the applied strain, indicating that higher applied strains re-
sult in more significant damage [116]. Moreover, while there is a lower but still
significant association, the loading mode and direction also influence the level
of damage. Nevertheless, it must be noted that damage cannot be detected
through clinical radiography [107].

In order to validate the failure models put forth in existing literature, it is
crucial to employ failure detection methods. Typically, the damage has been
identified through the analysis of histological sections that have been previ-
ously stained [86, 105, 116]. Nevertheless, this approach is time-consuming
and destructive, prompting researchers to explore alternative methodologies.
Scanning electron microscopy (SEM) is frequently utilized to visualize failure
at high magnification [36, 111, 114]. It enables the identification of microc-
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racks and various toughening mechanisms, but its scope is limited to surface
analysis and very localized areas. Alternative techniques allow failure analysis
over larger areas or even entire specimens, although they generally offer lower
resolution than SEM. For instance, Nagaraja [105] investigated microdamage
during uniaxial testing using micro-CT, image-based finite element analysis
(FEM), and histological damage labeling. These approaches provided insights
into microdamage patterns and characteristics in a non-destructive manner.

Several years ago, Nazarian and Müller [110] established an imaging system
that enabled simultaneous testing and scanning of specimens. This innovative
approach proved valuable in uncovering the initiation and progression of frac-
tures. The authors conducted uniaxial compression tests on vertebral whale
specimens, employing micro-CT imaging at each incremental load stage. This
method provided valuable insights into the behavior of the specimens during
the testing process, shedding light on fracture mechanisms. Their time-lapse
imaging demonstrated that failure was localized within shear bands while the
surrounding structure remained unaffected. Within the failure region, the tra-
beculae exhibited failure through bending before undergoing complete frac-
ture [110].

In contrast, Wang et al. [115] presented a technique for detecting microdamage
using micro-CT. Their method involved labeling the specimens with barium
sulfate (BaSO4), which exhibits higher X-ray attenuation than bone tissue.
This differential attenuation allowed for the identification and visualization of
microdamage within the specimens. Subsequently, the acquired images were
segmented, enabling accurate microdamage detection. It should be noted,
however, that the technique cannot detect individual cracks, as these become
visible only at higher resolutions [115].

The stress whitening effect in cancellous bone, associated with damage, has
been investigated in other studies [71, 101, 114]. Thurner et al. [114] demon-
strated that whitening was observed when examining yielded trabeculae using
high-speed photography at high magnification, and its intensity increased with
the applied load. Furthermore, they successfully established a correlation be-
tween the whitening effect and microdamage, which was observed well before
reaching the apparent yielding point [114]. Subsequently, Jungmann and col-
leagues [101] integrated the stress whitening effect identified by Thurner et
al. [114] with Digital Image Correlation (DIC) to assess local strains, the ini-
tiation of failure and fracture strains in individual trabeculae subjected to
three-point bending tests. The mean yield strain recorded was approximately
1 ± 0.5 %, whereas the average strain leading to complete failure was approxi-
mately 8 ± 5 %. The yield values obtained using DIC were at the higher end of
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the range reported in previous studies, possibly due to DIC’s lower resolution
than the Finite Element Method (FEM) analysis.

In summary, bone failure is characterised by a reduction in stiffness during the
damage mechanics phase, followed by the development of fracture surfaces in
the fracture mechanics phase. The behavior of bone under failure is influenced
by its hierarchical microstructure, which incorporates toughening mechanisms
at various length scales. These mechanisms range from the inelastic deforma-
tion resulting from uncoiling collagen molecules or the sliding of mineralised
collagen fibrils at smaller scales to crack deflection and bridging from the mi-
cro to macroscales. These deformation mechanisms occur before reaching the
apparent yield point and tend to localize failure within shear bands. More-
over, the strength properties of bone exhibit heterogeneity, anisotropy, and
asymmetry. Despite this intricate nature, the yield strains of bone remain
relatively constant and can be considered isotropic, at microscale.

2.2 Experimental characterisation of cancellous bone

Experimental tests are a powerful approach to characterise bone behaviour.
These tests offer valuable insights into its mechanical properties and can be
carried out under various loading conditions across different length scales. Ex-
perimental characterisation of bone can be performed under the elastic range,
allowing for several more tests with the same sample. Some other tests, such
as for fracture assessment, are destructive and only can be performed once.
In addition, the characterisation of these mechanical properties is essential in
assessing bone integrity concerning factors such as age, disease, or pharmaco-
logical treatment.

First of all, an important aspect is the sample preparation, which is crucial
in obtaining accurate measurements. During whole bone testing, the typi-
cal procedure involves removing non-bone tissues and, based on the specific
testing conditions, maintaining the sample’s moisture or allowing it to dry.
Several studies in the literature have addressed the preparation of cancellous
bone samples [91, 117, 118]. In certain instances, cylindrical-shaped speci-
mens are prepared by using a trephine extraction technique. These specimens
are then tested along their principal axis [81, 87, 97]. In some other cases,
parallelepiped-shaped samples are prepared through the use of precision band
saws. This allows for testing the samples along their three principal direc-
tions [96, 119, 120]. To prepare these samples, bone marrow is often removed
using an ultrasonic bath and/or water jet, and the samples are subsequently

29



Chapter 2. State of the art

either dried or kept moist using a saline solution. Several studies have re-
ported the evaluation of bone volume fraction using Archimedes’ principle as
a criterion parameter for segmenting subsequent micro-CT images [84,95].

After preparation, it is essential to consider for performing experimental tests
the suitable storage of the samples since the samples are obtained until the
tests are carried out. The storage conditions have an impact on the mea-
sured mechanical properties [117,118]. Linde and Sorensen [118] analysed the
effect of different storage methods: freezing at -20◦C or ethanol. Even af-
ter being stored for a period of 100 days, the elastic properties of the samples
showed no significant changes regardless the storage method. Moreover, thaw-
ing and refreezing the samples did not result in notable changes in their elastic
properties [117]. Nevertheless, the viscoelastic properties exhibited slight yet
significant variations after being stored for 100 days in either ethanol or frozen
conditions [118].

Before starting with the experimental tests, it is important to emphasize the
significance of the length scale in analysis and explore the commonly employed
techniques specific to each scale. The mechanical properties of bone tissue are
influenced by its structural organisation, composition, microstructure, and
nanostructure [91]. Consequently, bone’s highly hierarchical nature determines
the testing type and outcomes depending on the length scale being investigated
[121]. Testing can be categorized into macroscale (organ-level), mesoscale,
microscale, or nanoscale.

At the macroscale and mesoscale, the most commonly used experimental tests
include axial, bending, or torsion loading, which can be applied in monotonic
or cyclic loads. Additionally, fracture toughness tests are employed to assess
the fracture resistance of bone specimens by introducing a sharp notch [121].
The sample’s geometry and composition influence the experimental tests in
organ-level testing. Each type of bone is typically tested under loading con-
ditions that mimic its in vivo behavior. For instance, vertebral bodies are
subjected to compression, while long bones are tested under bending or axial
loading conditions. At the mesoscale, which includes cortical and cancellous
bone, testing involves considering factors such as microarchitecture, density,
and bone volume fraction [121]. In the literature, quasi-static tests are the
most commonly employed, and they assess properties such as the apparent
modulus, yield and ultimate stresses and strains, as well as the work of frac-
ture. Fatigue testing, on the other hand, utilizes stress amplitude to cycles
to failure (S-N) or crack growth resistance (R) curves to define the fatigue
strength.
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Following the hierarchical bone structure, researchers have reported conduct-
ing tests on single trabeculae [122, 123] or employing micro-indentation tech-
niques at the microscale. A single trabeculae test enables the acquisition of
localized failure information [101], which can be challenging to assess at other
scales of analysis. On the other hand, micro-indentation allows for the deter-
mination of tissue hardness and elastic modulus. This is achieved by measuring
the contact area following indentation and calculating the slope of the inden-
tation curve, respectively [121]. At the smallest level of the bone structure,
the nanoscale, the commonly employed techniques include nanoindentation,
atomic force microscopy, and scratch testing. Nanoindentation provides valu-
able insights into the lamellar and interlamellar regions’ hardness and elastic
modulus. On the other hand, scratch testing is utilized to measure in situ
toughness [121].

The elastic response of cancellous bone under compression was a subject of
debate in the past. Certain studies observed a toe region in the initial re-
sponse, which they initially attributed to genuine nonlinear behavior. How-
ever, further investigation revealed that this phenomenon was an experimental
artifact. Instead, a fully linear behavior was observed, with the apparent mod-
ulus being equal in both tensile and compressive loading conditions [72]. The
term “side-artifacts” was coined to describe experimental artifacts resulting
from specimen damage during the machining process, leading to trabecular
connectivity disruption [72, 87, 88]. The impact of these side-artifacts on the
underestimation of Young’s modulus was quantified to be over 50 %, with a
mean value of 27 %, through a comparison of parametric simulations, consid-
ering varying volume of analysis sizes, and compression testing results [124].
Notably, these side-artifacts are more pronounced in samples with low bone
volume fraction and also affect the estimation of yield strength, resulting in
underestimations ranging from 20 % to 32 % [125].

Owing to mitigate these artifacts, several procedures have been suggested.
These include increasing the aspect ratio of the samples, embedding the sam-
ple ends in PMMA (polymethyl methacrylate), conducting preconditioning
cycles and lubricating the platens to minimize friction at the sample-platens
interface [72,103,104]. It has been found that preconditioning cycles up to an
apparent strain of 0.5 % do not result in modulus degradation [103,104]. There
are additional experimental artifacts associated to the parallelism of opposing
faces of the sample. If this condition is not appropriately satisfied, the contact
between the compression platen and specimen may give rise to highly stressed
regions, potentially causing the fracture of the sample in that particular area.
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A proposed solution to address this issue involves the implementation of a
pivoting compression platen [70].

To characterise the anisotropic and asymmetric behavior of cancellous bone,
axial testing has been employed under compression or tension conditions [36].
Tensile tests involve gripping the specimens, which can potentially induce dam-
age. However, embedding the sample end-caps can minimize this undesirable
effect [74]. Among the experimental procedures, compression testing is the
most commonly used method for estimating bone mechanical properties due
to its simplicity compared to other techniques [70]. While properties obtained
from overall sample behavior provide valuable insights, they do not capture
the local inhomogeneities present in cancellous bone. These inhomogeneities
serve as strain concentrators and play a crucial role in failure onset.

Indentation involves applying a known force to a semi-infinite half-space using
a hard tip and directly or indirectly measuring the resulting contact area.
Zysset reviewed the indentation techniques to assess the mechanical properties
of human bone within these intermediate levels of organisation [126]. He
determined that the anisotropic tissue hardness in individual bone structural
units is influenced by both mineralisation and collagen orientation. Besides,
he stated that the average tissue hardness remains unchanged both with aging
and in the presence of osteoporosis.

Regarding indentation in bone tissue levels, microindentation has been carried
out to evaluate the elastic properties of cancellous bone in various locations,
age groups, genders, and orientations. This approach has yielded valuable
insights, revealing that the core of a trabecula exhibits a higher modulus (ap-
proximately 5 % to 12 %) compared to the cortex. Furthermore, the axial
direction exhibited significantly higher values, surpassing the transversal di-
rection by approximately 18 % to 27 %. It is noteworthy to mention that no
statistically significant differences were observed in relation to age or gender.
This emphasizes that the decrease in macroscopic mechanical properties with
age is influenced by changes in the microarchitecture rather than reducing
material properties [93].

Nanoindentation is a methodology that enables the determination of the elas-
tic modulus and hardness within surface layers, utilizing a depth indentation
reduced to the submicron range. The estimation of hardness involves measur-
ing the contact area when the maximum applied load is exerted, whereas the
elastic modulus is determined by analyzing the unloading region of the load-
displacement curve and utilizing the relationship between contact stiffness and
elastic modulus.
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In their study, Zysset et al. [91] revealed a correlation between hardness and
the elastic modulus in the femur bone of humans, in both cancellous and
cortical bone. The researchers observed that the cancellous bone exhibited
lower values than cortical bone. This finding contradicted the previously held
belief that both types of bone are composed of identical tissue. The authors
attributed these results to variations in canalicular porosity, mineralisation,
and the orientation of collagen distribution between the different bone types
[91].

Additionally, several testing methods previously mentioned can be effectively
combined with imaging techniques, such as micro-computed tomography (micro-
CT) or capturing photographs during the experiment. This integration pro-
vides meaningful information about localized conditions that would otherwise
remain unmeasurable. Moreover, this approach can be employed to exper-
imentally validate fracture models, an issue that has yet to address in ex-
isting literature adequately. For instance, using photography or conducting
micro-CT scans alongside implementing the digital volume correlation tech-
nique (DVC) offers insights into bone’s localized deformation and fracture
behavior. However, relying solely on visual inspections of these images must
have the necessary precision. In addition, micro-CT entails substantial finan-
cial and time investments, making it suitable only for quasi-static conditions.
Nonetheless, employing digital image correlation (DIC) on test-acquired im-
ages presents a speedy and cost-effective approach, enabling the estimation of
strains and deformation mechanisms at smaller scales compared to the actual
testing scale.

For measuring displacements in biological materials, various techniques are
commonly employed, including displacement gauges for measuring displace-
ments between compression platens, loading platen transducers, extensometers
attached to specimens, strain gauges, and optical systems [70]. Among these
options, digital image correlation (DIC), as an optical technique, offers several
advantages. Firstly, this non-contact technique eliminates the risk of damaging
specimens caused by the attachment of measurement systems. Furthermore,
DIC measures local displacements directly on the specimen’s surface, thereby
avoiding compliance effects that may be associated with other measurement
techniques.

Since DIC was implemented in the 80s decade, the accuracy of digital im-
age correlation has undergone significant enhancements [127]. As a result,
DIC has gained widespread adoption in various fields, serving as a reliable
method for measuring displacements in diverse materials. A comprehensive
review of DIC’s applications, potential, and limitations in the field of biome-
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chanics was conducted by Palanca et al. [128]. Several studies have employed
digital image correlation to enhance the characterisation of organ-level frac-
tures [129, 130]. Nevertheless, limited research has been conducted regarding
the utilization of DIC in investigating the initiation and progression of failure
in cancellous bone. Even so, a drawback of the DIC method is its limitation in
providing measurements only at the surface level. As a result, if failure occurs
beneath the visible surface, the method may not adequately characterise it.
Although an averaging of subsurface behavior throughout the specimen thick-
ness is conducted, it does not allow for clear identification of fractured areas
at those subsurfaces. This limitation motivated the adoption of digital volume
correlation (DVC), which enables sample scanning through micro-CT during
quasi-static testing. However, it should be noted that DVC is applicable only
under quasi-static conditions [131].

Finally, ultrasonic testing allows for estimating the elastic modulus by mea-
suring the velocity of sound waves passing through a specimen with a known
density [70]. Depending on the orientation of the transducer’s vibrations con-
cerning the propagation of ultrasound waves, either longitudinal or shear waves
can be generated. This enables the calculation of both the longitudinal mod-
ulus (E) and the shear modulus (G). In addition, ultrasonic testing offers the
advantage of multiple non-destructive measurements and is relatively afford-
able, making it a reliable tool for estimating elastic properties. Despite that,
it is important to note that strength cannot be directly measured through
ultrasonic tests and must be inferred by employing regression models based
on the elastic properties [70].

2.3 Bone tissue characterisation using imaging techniques

Nowadays, many imaging techniques are available for studying the different
levels of bone structure. Nevertheless, previous to the advancements in imag-
ing techniques, the conventional approach to analyzing its structure involved
studying sections through histomorphometry [132,133]. When analyzing can-
cellous bone using imaging techniques, several considerations need to be taken
into account. These include the imaging system itself, the resolution of the
images, and the process of segmentation. The imaging system employed and
its underlying physical principles directly impact the quality and character-
istics of the resulting images, along with the scanning parameters utilized.
Additionally, the resolution plays a crucial role in accurately detecting and
defining structures at smaller length scales. Lastly, segmentation is of critical
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importance as it affects both the estimation of microstructural characteristics
and the development of numerical models based on the segmented masks.

2.3.1 Conventional imaging techniques for bone

The exceptional ability of calcified tissues to absorb radiation enables X-ray
systems such as computed tomography (CT) or micro-computed tomogra-
phy (micro-CT) to effectively visualize bone tissue with heightened sensitiv-
ity [134]. When using other techniques, such as magnetic resonance imaging
(MRI), bone appears as background intensities due to the fundamental prin-
ciples of the imaging method. MRI involves measuring relaxation times by
applying a magnetic field that alters the spin orientation of the imaged mate-
rial. However, when it comes to calcium, which has an even number of protons
and neutrons, it fails to generate a magnetic resonance signal due to its lack
of spin-angular momentum [135].

Bone imaging systems can be categorized based on the radiation dose they
administer to the specimen, depending on their suitability for clinical applica-
tions. In particular, magnetic resonance imaging (MRI) does not subject the
specimen to radiation exposure. On the other hand, systems such as computed
tomography (CT), quantitative computed tomography (QCT), high-resolution
peripheral quantitative tomography (HR-pQCT), or multi-row-detector com-
puted tomography (MDCT) utilize low radiation doses. In contrast, micro-
computed tomography (micro-CT) employs high radiation doses, making it
unsuitable for clinical practice due to safety concerns.

To develop this research, X-ray micro computed tomography (micro-CT or
µCT) has been used for scanning the trabecular bone samples. In order to
capture the microarchitecture of trabecular bone, the specimens were scanned
with high accuracy, specifically at 13.5 µm isotropic resolution. The selection
of a high radiation imaging system, such as micro-CT, is justified due to its
exceptional performance in achieving remarkable resolution and contrast for
bone imaging. The operating principle of micro-CT relies on the measurement
of X-ray attenuation throughout the scanned sample, as depicted in Figure 2.5.

X-rays are generated by the tube, and as they pass through the material,
they undergo attenuation before being captured by the detector. Equation
2.2 presents the attenuation of an X-ray beam at a certain distance x, where
µ is the attenuation coefficient and I0 is the incident intensity. The sample is
subjected to rotation, subsequently, the collected projections are used to com-
pute and reconstruct the scanned 3D structure. Furthermore, it is usual to
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Figure 2.5: Principle of the micro-computed tomography system. Image taken from [136].

employ calibration phantoms that enable the correlation between the attenua-
tion coefficient of micro-CT images and material density. These phantoms are
scanned using identical imaging parameters since, as mentioned earlier, the
image intensity values are dependent on these parameters. The utilization of
calibration phantoms is highly functional because it allows the determination
of material properties in numerical models based on their density.

Ix = I0e
−µx (2.2)

Feldkamp and colleagues [137] conducted the first application of micro-CT
to investigate cancellous bone. The imaging system utilized was initially de-
signed for detecting defects in ceramic materials. In their study [137], they
outlined the process of scanning and reconstructing images using micro-CT,
emphasizing the significance of implementing image corrections for precise 3D
reconstruction and accurate measurement of the attenuation coefficient (µ).
Furthermore, they cautioned against the occurrence of beam hardening arti-
facts in the images and proposed corrective measures to address this effect. By
enhancing the detector system and reducing the distance between the spec-
imen and the X-ray source, they could to attain a spatial resolution of 70
µm. They asserted that further improvements could lead to even higher res-
olutions. Their subsequent goal involved examining bone’s three-dimensional
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(3D) architecture, a task typically accomplished using two-dimensional histo-
logical sections. They specifically concentrated on analyzing connectivity and
anisotropy, which are genuine 3D properties.

Since then, micro-CT has emerged as a widely adopted tool for analyzing the
microstructure of cancellous bone, monitoring disease progression and healing,
and creating preclinical models. In Boerckel et al. [138] work, the authors pro-
vide a comprehensive overview of micro-CT’s applications in bioengineering,
mainly focusing on its utilization in bone tissue, cartilage, and cardiovascu-
lar structures. Additionally, the article introduces novel approaches, such as
phase-contrast micro-CT, which hold significant potential for advancing micro-
CT imaging in the foreseeable future.

Although it is widely used, conventional CT still has several shortcomings
related to image quality, spatial resolution for particular applications or tis-
sue contrast. Most of them are due to the current design of the energy-
integrating detectors (EIDs), exhibited in Figure 2.6 a. In EIDs, low-energy
photons play a crucial role in creating image contrast. However, their con-
tribution to the final image is relatively limited due to integration, leading
to reduced contrast-to-noise ratios in conventional CT images. On the other
hand, photon-counting CT (PCCT) represents an innovative approach with
the capability to address the constraints associated with EIDs, employing
photon-counting detectors (PCDs) as depicted in Figure 2.6 b. PCDs are
constructed from semiconductors, obviating the necessity for septa to isolate
individual detector elements [139]. These PCD detector elements are smaller
in size while maintaining their geometric efficiency [140]

Energy-integrating detectors transform incoming photons into visible light,
which is subsequently converted into an electrical signal by photo-diodes. All
detected photons are combined through integration to create the signal for a
given projection. These detectors’ spatial resolution relies on reflective septa
to prevent interference between neighboring elements. On the other hand,
photon-counting detectors generate an electron-hole pair when a photon in-
teracts with the semiconductor material of the detector. The anode then
attracts the electrons from this electron-hole pair, producing an electric pulse
proportional to the incident photon’s energy.

The resolution achieved with the EDIs is around 0.5 x 0.5 mm2, whereas
with PCCT range from 0.11 x 0.11 mm2 to 0.5 x 0.5 mm2 when combined
with the magnification factor, these factors collectively determine the spatial
resolution limit of the image of 0.07 x 0.07 mm2 to 0.28 x 0.28 mm2 [141].
Photon-counting CT detectors tally incoming photon numbers and assess their
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Figure 2.6: Scheme overview of CT. A: energy-integrating detectors and B: photon-counting
detectors. Image extracted from [140].

energy levels. This method enhances contrast-to-noise ratios, superior spatial
resolution, and refined spectral imaging. Photon-counting CT has the po-
tential to diminish radiation exposure, reconstruct images with heightened
detail, rectify beam-hardening distortions, maximize the utilization of con-
trast agents, and open doors for quantitative imaging, surpassing current CT
technology [140,141].

2.3.2 Techniques to evaluate bone hierarchical levels

Bone is a hierarchical structure where the arrangement and properties from
a lower level directly influence the upper-scale behaviour. Consequently, nu-
merous studies conducted across various structural scales have demonstrated
that the orientation and arrangement of bone ultrastructure play a significant
role in predicting mechanical properties such as bone strength or elastic mod-
ulus [142–144]. Over the years, several approaches have been suggested to
explore the three-dimensional orientation of at least one of the four structural
components of bone ultrastructure mentioned earlier. These methods encom-
pass visible light, X-rays, electrons, or magnetic fields, with some exhibiting
highly encouraging outcomes. Regarding the study of the hierarchical struc-
ture of bone, several imaging techniques with different resolutions are needed
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and are exhibited in Figure 2.7. Then, knowing the resolution needed, it is
possible to choose the best imaging technique for bone structure evaluation
directly.

Figure 2.7: Orientation-specific techniques and imaging for the evaluation of bone ultra-
structure organisation, based on their capabilities in terms of their spatial resolution and
the field of view they cover, and their ability to derive the 3D orientation and arrangement
of mineralised collagen fibrils. FOV=field of view. Image taken from Georgeadis et al.
work [145].

Georgiadis et al. [145] work reviews of several techniques to assess bone ultra-
structure organisation. They collect multiple studies where diverse imaging
techniques have been use according to the level of the hierarchical structure
of bone that is being studying, which are shown in Figure 2.8.

The first level is the macroscale, where the organ is assessed from the major
to the minor scale. In Figure 2.8 a, the proximal femur is evaluated using
scanning electron microscopy (SEM). Scanning electron microscopy (SEM) is
the electron microscopy technique that is most commonly employed. It of-
fers a nanometer-level resolution of the sample’s surface, eliminating the need
for extensive sample thinning as required in transmission electron microscopy
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Figure 2.8: Different hierarchical levels of bone assessment using different imaging tech-
niques. (a) Human femur cut in half and imaged using scanning electron microscopy (SEM).
(b) Trabecular network imaged using SEM in backscattered electron mode. (c) Haver-
sian system imaged using synchrotron radiation-based computed tomography (SR-CT). (d)
Lamellar structure of trabecular bone imaged using polarized second harmonic generation
(pSHG) imaging. (e) Lamellar structure of cortical bone imaged using circularly polarized
light microscopy. (f) Mineralised collagen fibril bundles imaged using transmission elec-
tron microscopy (TEM). (g) Single mineralised collagen fibril and diffraction pattern (inset)
showing the orientation of unit crystalcells imaged using TEM and electron diffraction, re-
spectively. Figure taken from Georgeadis et al. work [145].

(TEM). Nevertheless, the equipment involved is expensive, and the procedures
for preparing bone samples are time-consuming [146, 147]. By utilizing sec-
ondary electrons, SEM enables the analysis of sample texture and topography.
In SEM, secondary electrons have been utilized to investigate the orientation of
collagen fibrils in various tissues such as ligaments, menisci, tendons, cartilage,
and bone [148, 149]. In addition, optical microscopy techniques like polarized
second harmonic generation (pSHG) and polarized light microscopy (PLM)
also have limitations regarding their spatial resolution, typically around 200
nm. However, they compensate for this limitation by offering a broader field
of view, which enables the study of macroscopic samples.

Regarding the microstructural level, it is possible to distinguish between the
mesoscale, where the cancellous and cortical bone is evidenced, and the mi-
croscale, where it is possible to see the trabeculae deposition and orientation
(see Figure 2.8). The petrographic microscope or SEM can capture the tra-
becular network, whereas, for cortical bone, it is possible to use synchrotron
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radiation-based computed tomography. Continuing downwards, at the mi-
croscale, it is possible to assess the lamellae disposition, which is highly dif-
ferent in cortical bone than in cancellous bone. For the lamellae disposition
assessment, the best option is polarized light, pSHG imaging for the lamel-
lar structure of trabecular bone, and circularly polarized light microscopy for
lamellar structure of cortical bone. Other techniques also used for this study
are staining the samples and their subsequent observation under the light mi-
croscope. The most relevant structure at the lowest bone level, the nanoscale,
is the mineralised collagen fibrils bundles. The equipment needs a resolution
of up to 100 µm, so TEM or electron diffraction is usually used in this level
of bone.

On the other hand, the ability to evaluate the organisation of the ultrastruc-
ture, in conjunction with in situ mechanical testing, is a crucial aspect in
comprehending the relationship between structure and function in bone tis-
sue. However, it should be noted that not all of the techniques mentioned
can be combined with mechanical testing. For instance, techniques that re-
quire sample sectioning such as PLM, FTIR, SHG in transmission mode, TEM
(including electron transmission diffraction), or volume electron microscopic
techniques are not compatible. Electron-based techniques implemented in an
SEM setup are also unsuitable for in situ experiments, primarily due to the
imaging process occurring under high vacuum conditions and the extensive
sample preparation that alters the mechanical properties of the tissue.

The introduction of environmental scanning electron microscopy (ESEM) has
addressed both the need to image samples in their natural “wet” state and the
ability to conduct experiments on biological samples under moderate pressures.
This advancement has facilitated in situ experiments on various biological
samples. However, the application of in situ SEM experiments for bone tissue
has been severely limited thus far. This is primarily due to the current inability
of environmental SEM to provide the necessary spatial resolution required for
assessing the organisation of bone’s ultrastructure.

In recent years, X-ray-based techniques like small angle X-ray scattering (SAXS)
and wide angle X-ray scattering (WAXS) have been employed for in situ exper-
iments [150,151]. However, these studies have been limited to a small number
of specific points within the sample, thus lacking quantitative results regarding
the three-dimensional orientation of the ultrastructure. To address this limita-
tion, the orientation reconstruction technique known as 3D sSAXS [152] could
be implemented for whole sample measurements, enabling the acquisition of
comprehensive 3D information.
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In contrast, light-based techniques do not cause damage to the specimen,
although prolonged laser exposure can have detrimental effects on the sam-
ple [153]. Performing polarization-resolved spectroscopy (PRS) would require
acquisition times of tens of seconds per spot, allowing for the observation of
bone’s viscoelastic behavior [154]. Reflection mode second harmonic genera-
tion (SHG), both polarized and unpolarized, has been utilized in conjunction
with in situ experiments involving bone [155] and other tissues [156]. How-
ever, as mentioned earlier, reflection mode SHG only provides qualitative in-
formation about the orientation, originating from the sample surface or nearby
regions.

Furthermore, due to the necessary sample preparation procedures and imaging
conditions, electron microscopic techniques cannot be utilized in vivo, espe-
cially with living mammalian cells [157]. Moreover, when conducting in vivo
measurements, it is essential to employ techniques capable of reaching bone
tissue located a few millimeters below the skin surface. X-rays possess the
inherent capability to penetrate deep into tissues; X-ray imaging techniques
employed for investigating the organisation of bone ultrastructure operate at
high resolutions. This necessitates using tiny samples and involves substantial
X-ray doses, which is detrimental for in vivo applications. Local tomogra-
phy [158] offers a potential solution to reduce the required dose by limiting
the reconstructed region of interest to a smaller area than the entire sample.
Nevertheless, this approach comes with the trade-off of potential reconstruc-
tion errors [159], such as cupping (a radial increase in the grey values towards
the edge of the reconstructed circle) or other non-uniform errors across the
field of view (FOV).

The use of SAXS and WAXS techniques in vivo is highly challenging primar-
ily because of the substantial X-ray dose needed for signal detection. This
is attributed to the fact that the primary X-ray beam is obstructed, and the
signal is solely generated from the scattered X-ray photons, which are several
orders of magnitude weaker than the transmitted photons. Nevertheless, X-
ray phase-contrast techniques utilizing grating-based dark-field imaging offer
a more feasible option for in vivo applications in animals [160], and poten-
tially in humans [161, 162]. These methods can also be seamlessly integrated
with standard X-ray absorption techniques [163]. Their ability to provide
valuable insights into ultrastructure organisation, by leveraging signal mod-
ulations dependent on ultrastructure orientation, is anticipated to increase
in the future. It is worth noting that these methods have not been exten-
sively explored thus far. Moreover, two relatively new non-destructive X-ray
scattering tomographic techniques [164] hold promise for potential in vivo ap-
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plications. However, significant technological advancements, particularly in
detector technology, would be required to minimize the dose deposited in the
sample.

Visible light, being less harmful to biological tissues, presents an opportunity
for in vivo investigations into the organisation of ultrastructure. However, the
depth of penetration of light in hard tissues like bone is limited, restricting the
assessment to superficial areas. For example, studies have demonstrated the
transcutaneous application of Raman spectroscopy on bone [165, 166]. More-
over, in vivo application of SHG in tissues beneath the skin is feasible through
the use of endomicroscopes [167]. These endomicroscopes not only allow the
preservation of laser polarization but also enable pSHG imaging [168]. There-
fore, the future utilization of PRS and (p)SHG holds potential for the in vivo
evaluation of bone ultrastructural organisation.

2.3.3 Artifacts introduced in bone images

It is worth noting that a fundamental constraint inherent in all studies is the
presence of artifacts introduced during sample preparation steps, such as sam-
ple sectioning, decalcification, dehydration or embedding [169]. Depending on
the specific protocol employed, these procedures can potentially modify the
tissue structure to varying degrees, thereby restricting the quantitative inter-
pretation of results. However, a lack of quantitative investigations concerning
the impact of these factors on ultrastructure orientation and arrangement is
evident.

Image artifacts are defined as deviations between the reconstructed imaging
and the expected density and geometry of the material [170]. These artifacts
have the potential to deteriorate image quality, leading to implications for
diagnosis and measurements. Typically, they manifest as patterns of bright
or dark shadows, rings or distortions, and can be classified based on their
source: physics-based, patient-based, scanner-based and image reconstruction
artifacts [171,172].

First of all, patient-based artifacts mainly have three types: metallic materials,
patient motion and imcomplete projections. The existence of metallic objects
within the scanning area can result in significant streaking artifacts. These
artifacts emerge due to the metal’s density exceeding the typical range man-
ageable by the computer, leading to incomplete attenuation profiles. Moreover,
when scanning highly dense objects, the problem is further exacerbated by ad-
ditional artifacts stemming from beam hardening, partial volume, and aliasing.
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This problem can be solved by the patients, who must remove any metal ob-
jects, and also it can be solved by specific software which can substantially
decrease. Owing to patient motion, it can give rise to misregistration artifacts,
which typically manifest as shading or streaking in the reconstructed image.
Measures can be implemented to prevent voluntary motion, but involuntary
motion may be unavoidable during body scanning. Nevertheless, specific scan-
ners incorporate special features intended to minimize the artifacts that result
from such motion. Lastly, suppose any part of the patient extends beyond the
scan field of view. In that case, the computer will possess incomplete informa-
tion regarding that specific area, potentially generating streaking or shading
artifacts. For this reason, it is essential to position the patient correctly and
check that everything is inside the scan field [172].

The physics-based artifacts involve partial volume, photon starvation, and un-
dersampling, whereas beam hardening is the prevailing and most commonly
encountered one. An X-ray beam consists of photons with a range of ener-
gies. When the beam passes through a material, the lower-energy photons
are absorbed, resulting in an overall increase in the mean energy of the beam.
This phenomenon can impact density measurements and the estimation of
morphometric parameters. The effects of beam hardening manifest as cup-
ping artifacts (wherein areas of higher thickness experience more significant
hardening than areas of lower thickness in a homogeneous material with a non-
uniform shape) and as streaks and dark bands (which occur in heterogeneous
materials with varying densities). To mitigate beam hardening artifacts, fil-
ters can be employed to attenuate the lower-energy components of the beam
or calibration corrections can be applied using phantoms.

Depending on the imaging technique, it is possible to have some different
imaging artifacts. Regarding computed tomography, several problems affect
the resulting images, such as the presence of stranger objects, noise, spiral or
swirl errors, and several aforementioned, like patient motion or partial volume
effects [171]. The following image (Figure 2.3.3) exhibits the presence of a
stranger object artifact, called “sunbeams”.

These images are obtained at the micro-CT for cancellous bone samples (Fig-
ure 2.9 a and b) and cortical bone specimen (Figure 2.9 c). Yellow arrows point
to the artifacts, and it is possible to appreciate that the pointed-out areas are
brighter than the rest of the image. The explanation is that the samples have
been contaminated with saw metallic remains during the cutting process. In
this case, owing to the artifacts being on the bone surface, it is possible to crop
the image and, thus, remove these imaging artifacts. Nevertheless, avoiding

44



2.3 Bone tissue characterisation using imaging techniques

this problem with a stringent cleaning process is possible before scanning the
samples.

b)

c)

a)

Figure 2.9: Imaging artifacts from micro-computed tomography (micro-CT). Yellow arrows
point to the bright spots that originated due to metallic debris left behind by the saw when
cutting. Original contribution.

A flawed cleaning procedure can lead to other image problems, such as dirt
on the sample’s surface. Figure 2.10 presents several images of human femoral
head cancellous bone taken at the Field Emission Scanning Electron Mi-
croscopy (FESEM) at the Microscopy Service at the Polytechnic University of
Valencia (UPV).

In Figure 2.10 a) and b), it is appreciated that there are dark bubbles and
areas. These spots appear mainly for two reasons: traces of dirt on the surface
of the bone and droplets of liquids used in the cleaning process. Moreover,
Figure 2.10 c) exhibits rests of tissues and dirt on the trabecular structure.
At last, Figure 2.10 d) presents several droplets and blurred areas. The cause
remains unchanged: the presence of dirt on the surface of the bone. In con-
clusion, the cleaning process is essential to consider when preparing samples
for image analysis.
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a) b)

c) d)

Figure 2.10: Inaccurate cleaning process lead to obtain useless images due to the dirty
bone surface. Images obtained at the FESEM at the Microscopy Service at the Polytechnic
University of Valencia (UPV). Original contribution.

2.3.4 Image segmentation methods

Image segmentation involves dividing an image or a collection of images into
distinct parts. In the context of cancellous bone segmentation, it refers to the
differentiation between bone and the background. The segmentation process is
highly influenced by the features present in the image and the imaging system
used. In the case of micro-CT, the significant disparity in absorption coef-
ficients between bone and surrounding tissues makes segmentation relatively
uncomplicated. In the existing literature, various segmentation methods have
been utilized either individually or in combination, such as thresholding, active
contours, or region growing.

Among these methods, thresholding is commonly employed to solve the prob-
lem of cancellous bone segmentation. This technique selects a specific gray
level intensity or a range of intensities corresponding to bone tissue. Often,
preprocessing steps involving the application of a smoothing filter are also
included in the methodologies. The differentiating factor between various
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thresholding segmentation techniques lies in how the threshold is determined:
manually, based on density measurements, or automatically. Manual proce-
dures rely on visual image inspection, while density-based approaches utilize
calibration phantoms during the sample imaging process. On the other hand,
automatic segmentation methods rely on analyzing image features to deter-
mine the appropriate threshold.

The global thresholding method is widely employed for cancellous bone seg-
mentation due to its simplicity and effectiveness [170, 173]. This technique
selects a gray level that distinguishes bone tissue from other tissues. How-
ever, using a fixed-global threshold can lead to certain drawbacks, such as
the loss of thin trabeculae and an overestimation of the size of thick trabec-
ulae. On the other side, adaptive thresholding demands distinct thresholds
for individual images or neighborhoods. This approach entails manual in-
tervention and typically involves more parameters than global thresholding,
making it relatively slower. The selection of the local threshold varies across
different methodologies, with options including intensity gradients or the lo-
cal intensity distribution [174]. In the realm of automatic thresholding, a
non-parametric method for automatically selecting the optimal threshold was
introduced by Otsu [175]. This technique considers multiple classes within the
image’s grayscale and calculates the threshold that minimizes the variance
within each class.

In addition, alternative approaches such as active contours or region grow-
ing have also been utilized to segment cancellous bone. Active contours, also
known as snakes, are iterative techniques that rely on an initial contour. This
contour evolves over iterations by minimizing a functional that combines in-
ternal and external energies. Various parameters that determine the contour’s
evolution and interaction with image features influence the method’s effec-
tiveness. However, this technique has certain drawbacks, such as needing the
specification of multiple parameters, and the presence of local functional min-
ima can potentially impact the solution.

Another iterative method used for cancellous bone segmentation is the region-
growing technique. This method starts with a seed point and iteratively adds
pixels to the segmented region if they meet a chosen criterion. Typically,
this criterion is based on the distance from the seed point and the difference
between the pixel intensity and a threshold value. However, compared to the
previously mentioned methods, region growing tends to be slower due to its
iterative nature. Additionally, the technique’s effectiveness is influenced by
the selection of the initial seed point, which can impact the final segmentation
result.
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Eventually, several studies in the literature have compared segmentation meth-
ods for cancellous bone. Gómez and colleagues [176] review segmentation
methodologies found in the literature. They compared various automatic
global thresholding approaches and finally proposed a method to adapt them
locally. Some other studies developed more recently, such as Tassani et al.
work [177], compared three commonly employed segmentation methods (global
thresholding, Otsu’s method, and active contours) for bone micro-CT images.
They stated that global thresholding and active contours achieved higher accu-
racy. Due to the relatively low number of parameters involved in global thresh-
olding, they concluded that global thresholding is a more suitable method to
be used as a standard.

2.4 Morphometric characterisation of cancellous bone

The concept of morphometry encompasses various interpretations, but regard-
ing biomechanics and bone tissue analysis context, it refers specifically to the
study of the shape and dimensions of bones and their structural organisation.
Bone morphometry is an area of study in medical research and diagnostics for
evaluating bones’ shape, size, and structure. It includes measurements such as
length, diameter, cortical thickness, volume, and bone density, among others.
In the past, the term commonly used for analyzing bone tissue was bone his-
tomorphometry, which involved the preparation of histological sections that
were examined under a microscope.

The beginnings of bone morphometry research date back to the early 20th
century. During this time, scientists began to use measurement and analysis
techniques to examine the characteristics and properties of human and animal
bones. Measurements of bone tissue parameters were acquired through tech-
niques like X-rays, computed tomography (CT) scans, or magnetic resonance
imaging (MRI), which only allowed 2D analyses. In the following years, the
progress in bone imaging has enabled researchers to obtain three-dimensional
images that accurately measure bone shape and size, and permit to identify
bone diseases, assess the risk of fractures, and monitor the effectiveness of
treatments. When studying cancellous bone, it is widely recognized that both
density and architecture play crucial roles [24, 76, 133]. Researchers have de-
voted much effort to studying and defining the parameters that define the
architecture of trabecular bone. These efforts aim to establish connections
between these changes and conditions, such as osteoporosis, or to understand
better their impact on the mechanical strength of a structure resembling can-
cellous bone.
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The parameters most frequently utilized for characterising cancellous microar-
chitecture are bone volume fraction (BV/TV), mean trabecular thickness
(Tb.Th), mean trabecular separation (Tb. Sp), bone surface area to vol-
ume ratio (BS/BV), connectivity (Conn.), fractal dimension (D) and degree
of anisotropy (DA). The mechanical properties of bone undergo changes that
are not caused by the bone mineral density (BMD), but are due to changes in
the microstructure of the bone. Some researchers, such as Odgaard or Ulrich,
try to explain the variations in bone mechanical properties. Odgaard [133] ar-
gued that connectivity and architectural anisotropy are particularly interesting
in mechanics-architecture relations. Moreover, Ulrich and collegues [134] and
colleagues calculated the 3D indices and elastic constants of human cancellous
bone from different skeletal sites. They found that the definition of mechani-
cal properties of bone and the diagnosis of osteoporosis can be improved if, in
addition to BMD, the 3D bone microarchitecture parameters, such as Tb.Th,
Tb.Sp, Tb.N, DA, BV/TV and BS/BV are included. They stated that the
correlation coefficient was improved from 53 % to about 90 %. Lastly, they
concluded that the obtained regressions did not work for other different loca-
tions.

The characterisation of heterogeneous materials heavily relies on the degree of
orientation, also referred to as the material degree of anisotropy. Regarding
bone adaptation to external loads, the presence of preferred orientations in
terms of microarchitecture anisotropy becomes crucial. In the field of bone
histomorphometry, the initial study conducted byWhitehouse [132] introduced
the concept of mean intercept length (MIL) on histological sections. This
method involves counting the intersections between a grid of lines and the
bone interface based on the orientation of the grid lines. When represented
as a polar plot, the MIL generates an ellipse in 2D and an ellipsoid in 3D for
materials with three symmetry planes. Building upon the MIL principle, other
measurements such as volume orientation (VO) and star length distribution
(SLD) have been derived.

Regarding fractal dimension (D), it is employed to quantify the structural com-
plexity of a structure, specifically examining how the relationship between the
number of measured characteristics alters as the length scale is modified. A
fractal can be defined as an object that possesses a fractional dimension. In
the context of cancer research, some authors have proposed using fractal di-
mensions to assess the presence and progression of cancerous cells [178]. In
addition, other investigations propose the fractal dimension for assessing bone
diseases. Chen et al. [179] suggested introducing fractal dimension as a com-
plementary indicator to BMD to diagnose osteoporosis. The reason is because
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the fractal dimension captures variations in bone microstructure, while BMD
reflects changes in bone mineralisation. Therefore, by considering both indica-
tors, the screening of osteoporosis can be enhanced in terms of accuracy. For
instance, by analyzing 2D X-ray images of control and osteoporotic groups, it
was reported that the fractal dimension outperformed BMD as a discrimina-
tory measure [180,181].

The box-counting method has been widely employed as a computational ap-
proach for determining the fractal dimension, both in two and three dimen-
sions. This method involves dividing the region of interest into boxes of a
specific side length ε and counting the number of boxes required to cover the
entire perimeter of the structure. The boxes that cover the region of inter-
est are defined as N. The process is then repeated with decreasing box sizes,
resulting in a logarithmic relationship. The box-counting dimension is the ra-
tio of log(N) divides log(1/ε) when ε is trending to 0 [182], presented in Eq.
2.3. The slope of this relationship represents the fractal dimension. The box-
counting method is relatively simple to implement and can be easily extended
to three-dimensional settings.

Dbox = lim
ε→0

logN

log(1/ε)
(2.3)

An additional morphological parameter examined in this study is connectivity
(Conn). This parameter has garnered attention due to the hypothesis that it
is associated with architectural changes in osteoporosis. Connectivity, which
is a three-dimensional (3D) feature, was predominantly assessed using histo-
logical sections before the work conducted by Odgaard and Gundersen [183].
These researchers introduced an authentically 3D methodology based on the
Euler characteristic topological invariant to evaluate connectivity. Despite
investigating the interrelation between connectivity and other morphometric
parameters, the authors found no significant correlations. Consequently, they
proposed that connectivity should be regarded as an autonomous parameter.

A novel technique to estimate the average trabecular thickness (Tb.Th) and
separation (Tb.Sp) in three-dimensional (3D) images was introduced by Hilde-
brand and Rüegsegger [184]. Their methodology was motivated by the lim-
itations of 2D measurements, which often relied on assumptions about the
structure type. The approach proposed in their work involves fitting spheres
to each point in the bone structure, enabling the calculation of local thick-
ness maps. The estimation of Tb.Sp is performed similarly to Tb.Th, but by
working with the negative of the 3D bone segmented mask. Several decades

50



2.4 Morphometric characterisation of cancellous bone

after, Doube and colleagues developed an open-source software application for
analyzing 3D bone morphometry called BoneJ [185]. This application is freely
available for download and use by anyone.

All the investigations mentioned above have studied cancellous bone archi-
tecture; even so, some researchers focus on the so-called local morphometry,
which refers to individual plates and rods. Stauber and Müller [23] presented
a new method for the spatial decomposition of trabecular bone into its basic
components: plates and rods, such as it is shown in Figure 2.11. Their ap-
proach enables the extraction of these elements from the bone sample through
a series of consecutive algorithms. Subsequently, the extracted elements can
be subjected to analysis using standard morphometric algorithms, allowing for
the examination of their size, shape, and distribution. Previous studies have
described spatial decomposition methods based on line skeletons [186–188].
However, these methods lack the capability to incorporate shape informa-
tion, making it impossible to differentiate between plates and rods. Hence,
the primary focus of these authors was on the topological analysis of line
skeletons, utilizing the newly derived parameters in conjunction with global
morphometry [188]. Their findings indicated that when combined local and
global morphometry, the prediction of mechanical properties of bones could
enhance.

In addition, further works focus on the relationship between individual rods
and plates local morphometry with the contribution to bone stiffness, such as
Stauber et al. [22] highlight in their study. They related the elastic properties
of human trabecular bone samples to local and global morphometry. The
study found that separate analysis of individual rods and plates may help
to better predict age and disease-related fractures as well as to shed new
light on the effect of pharmaceutical intervention in the prevention of such
fractures beyond BMD. Moreover, the study found that the mean trabecular
thickness of the rods was significantly related to bone stiffness, whereas the
mean trabecular thickness of plates had no correlation to bone stiffness.

Once the mechanical properties were studied and related to the morphome-
tric parameters, it aroused interest in evaluating diseased bone morphome-
try. Blain et al. [189] studied the cortical and trabecular bone distribution
in the femoral neck in osteoarthritis and osteoporosis. They found that post-
menopausal women presented a cortical thinning in the femoral neck and a
loss of the trabecular bone mass and connectivity compared to osteoarthritis
women. In addition, they established that the spatial distribution of the tra-
becula differs between osteoporosis and osteoarthritis, whereas cortical thin-
ning is homogeneous. Furthermore, Montoya and colleagues [190] analysed
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Figure 2.11: a) Spatial decomposition of trabecular bone. (A) The initial binary image that
served as input for our algorithm is shown in panel. (B) A skeletonization and optimization
algorithm is applied to get a homotopic shape preserving skeleton. (C) This point-classified
skeleton is then spatially decomposed by removing the intersection points. (D) A two-
way multicolor dilation algorithm was applied to find the volumetric extend of each element,
yielding in the final spatially decomposed structure. b) The three computer-generated models
used for the validation of the algorithm. To represent a wide variety of structures, a (R)
rod, a (M) mixed, and a (P) plate model were produced. Images extracted from [23].

the bone turnover markers (BTM), bone mineral density (BMD), and the
structural and mechanical properties of trabecular bone in patients with os-
teoporosis and osteoarthritis. Their work explored the relationship between
BTM, BMD, microstructure, and biomechanical parameters in patients with
osteoporosis and osteoarthritis. They provided evidence that the histomor-
phometric and biomechanical changes in bone microstructure in osteoporosis
are opposite to those of osteoarthritis. They justified that osteoporosis pa-
tients have a less resistant bone with a higher risk of fragility fractures due to
their decreased volume of trabecular bone, less trabecular number, and worse
connectivity than osteoarthritis patients.

Ding and Overgaard studied cancellous bone morphometry from human femoral
heads in patients with rheumatoid arthritis, osteoarthritis and osteoporo-
sis [20,21] using specimens such as the presented in Figure 2.12.
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Figure 2.12: Differences in trabecular bone architecture due to different diseases. 3D
reconstructions of micro-CT images for four groups of study which are rheumatoid arthritis
(RA), osteoarthritis (OA), osteoporosis (OP) and control (CNT). Image extracted from Ding
and Overgaard work [20].

Furthermore, they established significant differences in 3-D microarchitectural
properties and rod-and plate-like trabecular morphometric properties among
patients with rheumatoid arthritis (RA), osteoarthritis (OA), or osteoporo-
sis (OP). The cancellous bone specimens from RA and OA groups displayed
similar microarchitectural degeneration patterns and pronounced different OP
microarchitectures. Besides, the OP group had the weakest cancellous bone
strength, while the RA and OA groups exhibited a compensatory effect that
maintains bone tissues, and hence mechanical properties. The single best de-
terminant for mechanical properties was bone volume fraction. Their results
enhanced the understanding of microarchitectural degeneration of diseased
cancellous bone and are particularly important for the design and survival of
joint prostheses [20]. Furthermore, in Ding and Overgaard [21] work, they
suggested that some local morphometric parameters, along with other factors,
such as abnormal collagen, mineralisation, erosion, and microdamage, may
contribute to further compromising mechanical properties.

In this section, it has been highlighted the importance of studying bone mor-
phometry because it has a direct relationship with mechanical properties. In
addition, some morphometric parameters, such as fractal dimension, can be
used for improving the diagnosis of bone diseases like osteoporosis. More-
over, the importance of local morphometry, consisting of rods and plates, has
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been stated because the predictions are much more accurate with both local
and global morphometry. Finally, the morphometric differences between bone
diseases and how they affect bone mechanical properties have been exhibited.

2.5 Numerical modelling of cancellous bone

Numerical modeling of cancellous bone holds significant importance in various
areas. These models are an essential tool for estimating mechanical proper-
ties specific to individual patients, in combination with medical image pro-
cessing, to assess the effectiveness of disease treatments, designing implants,
understanding damage and failure mechanisms at different levels, and ana-
lyzing how the microarchitecture influences the mechanical strength of the
tissue. Conversely to experimental testing, numerical modeling offers several
advantages. It enables multiple destructive or non-destructive simulations,
considering complex loading and boundary conditions. It also facilitates the
evaluation of parametric influences and analysis of local effects. Moreover,
numerical modeling avoids the challenges associated with testing biological
materials, which can degrade over time and can only be tested destructively
once.

2.5.1 Parametric numerical models of bone

The intricate and diverse microstructure of cancellous bone has sparked inter-
est in exploring simplified parametric models. These models aim to capture
trabecular tissue’s elastic and failure properties by reducing its structure to a
few essential parameters. Discovering a foundational model that can serve as
a representative structure and accurately replicate the mechanical behavior,
either in part or in its entirety, is of significant research significance. This is
particularly important because it allows for the isolation of the influence of
parameter variations from other heterogeneous microstructural characteristics.

The initial numerical models of cancellous bone depicted its structure as a
regularly recurring pattern, drawing from simplified interpretations of histo-
logical and SEM images. Gibson [111] identified four distinct structures of
cancellous bone, comprising combinations of plate and rod formations, and
put forth four simplified models: cubic or hexagonal with rod-like or plate-like
characteristics, respectively. Additionally, he stated that examining the me-
chanical characteristics of cancellous bone can be inferred by studying how the
wall cell undergoes deformation, which is influenced by its relative density and
material properties. The suggested models demonstrated satisfactory perfor-
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mance across various densities and configurations, when compared to stiffness
and strength measurements documented in existing literature [111].

Kim and Al-Hassani [191] introduced a conceptualization of vertebral cancel-
lous bone by examining microscope images [192]. Their proposal involved an
analytical model that portrayed the bone as a hexagonal columnar structure
with doubly tapered struts, see Figure 2.13. Using the simplified hexagonal
model, they conducted a study to investigate the impact of age and gender
on the effective modulus and collapse stress. The relationships established by
Mosekilde [192] were employed for this purpose. The results were then com-
pared with those obtained from a uniform (non-tapered) model, emphasizing
the significance of tapered struts in enhancing the mechanical performance of
the models. Despite that, their comparison lacks experimental data.

Figure 2.13: Hexagonal columnar structure model of vertebral trabecular bone. Image
taken from Kim and Al-Hassani work [191].

On the other hand, Dagan et al. [193] devised a fundamental unit of a soli-
tary trabecula that can be adjusted in terms of thickness and length to match
the characteristics of trabecular bone. The model demonstrated a strong cor-
relation with the apparent moduli findings obtained from osteoporotic bone
samples taken from the human proximal femur. Subsequent studies applied
the buiding block established by Dagan et al. [193] in their own investigations.
In one of these studies [194], the parametric finite element (FE) model intro-
duced in [193] was modified to incorporate crucial details regarding trabecular
thickness, separation, and bone mineral density (BMD) obtained from quan-
titative computed tomography (CT) scans. This modified model was then
employed to assess the stiffness of cancellous bone samples extracted from the
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C7 vertebrae of large dogs. Additionally, the researchers performed multi-
variable regressions based on the trabecular thickness, separation, and BMD.
Moreover, the authors expanded their model to include the calculation of sam-
ple strength by incorporating an analytical linear relationship obtained from
previous research [195].

In conclusion, the initial models aimed to depict cancellous bone as a periodic
structure using microscope or SEM observations and incorporating parame-
ters derived from those images. These investigations into simplified parametric
models of cancellous bone played a crucial role in advancing our understand-
ing of the various deformation mechanisms within cancellous bone structures.
They served as the foundation for developing more precise models in subse-
quent research.

2.5.2 Image-based models

The progress in imaging technologies, such as micro-CT, has enabled the visu-
alization of the complex and non-periodic microstructure of cancellous bone,
along with the estimation of its tissue density. In a study conducted by van
Rietbergen et al. [119], a finite element analysis was implemented, explicitly
considering the cancellous bone microstructure using high-resolution micro-
CT images. A novel approach was introduced to directly convert voxels into
finite elements, facilitating the determination of elastic properties of the bone
under various loading conditions. In their research, van Rietbergen et al. [119]
acknowledged the limitation of assuming homogeneous material properties at
that time. Furthermore, they examined the impact of voxel resolution and
found that matching the models’ volume fraction to that of the sample was
more crucial than precisely matching the voxel size, within the range of 20
to 120 µm. This approach has since inspired numerous studies aimed at con-
structing finite element models based on bone imaging.

Nevertheless, micro-CT imaging requires a high radiation dose to attain en-
hanced contrast and image resolution. In contrast, in vivo imaging systems
like HR-pQCT or MDCT offer the advantage of operating at lower resolutions,
typically ranging from 80 to 168 µm [196]. Consequently, investigations have
focused on assessing the capability of in vivo imaging systems to accurately
characterise cancellous bone microstructure and evaluating the performance of
subsequent finite element models in replicating its mechanical behavior. These
evaluations are often carried out by comparing the results with models derived
from micro-CT, which are considered as the reference standard [108,196,197].
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Typically, the highest image resolution feasible is employed for Finite Element
Method (FEM) analyses. However, challenges can emerge in terms of compu-
tational expenses when dealing with large specimens. Bevill and Keaveny [198]
investigated a range of element sizes spanning from 20 to 120 µm, using speci-
mens from several locations and bone volume fractions. The accuracy of yield
stress prediction at different resolutions is influenced by the bone volume frac-
tion. Coarser masks with lower bone volume fractions exhibit relatively higher
errors compared to samples with higher volume fractions [108, 198]. In spec-
imens with lower density, the size of the elements played a more significant
role, resulting in a reduction in the apparent modulus of up to 41 %. On the
other hand, for specimens with higher volume fractions, a reduction of 10 %
was observed [108]. However, when it comes to model resolution, the clini-
cal resolution of 80 µm demonstrated comparable capability to detect bone
quality as higher resolution models with a resolution of 20 µm [198].

Ulrich and colleagues [196] conducted a comprehensive investigation on vari-
ous image resolutions, ranging from 28 µm to 168 µm resolution. In addition,
they delved deeper into the impact of different meshing techniques on esti-
mating elastic modulus and von Mises stress. Their study compared direct
conversion to finite elements with compensated hexahedron and tetrahedron
meshes. The influence of the meshing technique varied depending on the ana-
lyzed microstructure. Samples with larger trabecular thickness demonstrated
a minor impact, around 3 %, whereas samples with lower BV/TV experienced
a significantly higher influence, reaching up to 40 %. Generally, the coarse
meshes resulted in lower estimates of elastic and von Mises stresses than the
reference model.

Regarding failure prediction, Bauer and colleagues [197] examined artificially
coarsened models using the Pistoia criterion [199], a linear criterion that con-
siders high strained volumes. The authors emphasized the significance of pre-
dicting the failure load and analyzing the distribution of micro-strains. They
found that maintaining the lattice connectivity is more crucial than preserv-
ing the bone volume fraction, which tends to increase when the resolution is
reduced for the same segmentation threshold.

Alternative methods for modeling cancellous bone based on images incorpo-
rate a representation of its structure as a combination of plates and rods [200].
This approach poses a challenge in segmenting individual trabeculae and ex-
plicitly defining the plates and rods that make up the structure. However,
the plates and rods model demonstrates accurate predictions of elastic and
strength properties compared to voxel-based models. Moreover, it offers sig-
nificant advantages regarding memory usage, requiring less memory concern-
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ing model size, and significantly reduces computational resources in nonlinear
simulations [200].

2.5.3 Definition of material properties in numerical models

Conventionally, tissue material properties are determined using various meth-
ods. Several authors rely on attenuation coefficient values and their correla-
tions with density and elastic properties [81, 201]. Experimental approaches
include nanoindentation measurements [84] or applying inverse analysis cal-
culations, which involve combining experimental data with three-dimensional
imaging and finite element modeling [71, 76, 96]. Lastly, some studies adopt
predefined values from existing literature [201].

Density-based continuum models are often employed when dealing with lower-
resolution images, such as those obtained from CT or MDCT scans. These
models establish the characteristics of the material within each finite element
by averaging its properties based on the intensity of the gray level, which cor-
responds to tissue density [197]. A power law assigns the appropriate elastic
modulus to each element, which considers the anatomical location and the
apparent density determined through experimental means [202, 203]. Clearly,
continuous models do not explicitly incorporate the microstructure of cancel-
lous bone. However, they can serve as an initial approximation of its me-
chanical behaviour or as a computationally efficient method for prediction,
particularly when resources are limited. Pahr and Zysset conducted a note-
worthy study [204] that compared CT-based continuum finite element models
with micro-CT-based models. Their findings revealed that CT-based con-
tinuum models, incorporating patient-specific cortex and density-fabric-based
orthotropic cancellous bone material properties, yielded equivalent predictions
to micro-FE models while requiring fewer computational resources.

On the other hand, for high-resolution finite element models, it is common to
consider equivalent effective isotropic elastic properties, which are determined
through inverse analysis using experimental data [96]. This calibration method
has been shown to account for up to 95 % of the variation in Young’s modulus
when compared to experimental testing. Other researchers have investigated
the use of inhomogeneous material properties in micro-finite element mod-
els [81, 201]. For instance, Berot et al. [81] examined a randomly distributed
elastic modulus and observed differences of less than 2 % in estimating strain
remodeling thresholds compared to assuming homogeneous tissue mechani-
cal properties. In the computational models of Bourne and van der Meulen
work [201], they introduced the inhomogeneities derived from micro-CT at-
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tenuation coefficients in order to predict the apparent mechanical properties.
Their findings demonstrated that assuming a homogeneous elastic modulus
based on literature values overestimated the apparent properties. Further-
more, including an inhomogeneous distribution had a more pronounced effect
on specimens with higher variability in tissue modulus, while its impact di-
minished for more homogeneous specimens.

Conversely, in a study by Gross et al. [94], it was found that accounting for
mineral heterogeneity had minimal impact on estimating the apparent prop-
erties of human cancellous bone. They reported a 2 % overestimation for the
homogeneous model. An alternative approach for determining the material
properties can be achieved through nanoindentation. In their study, Chevalier
et al. [84] compared the impact of assigning material properties to finite ele-
ment (FE) models through nanoindentation and those obtained through back
calculation from experiments. According to Chevalier work [84], the use of
nanoindentation resulted in a significant overestimation of the apparent mod-
ulus by 24 %. The authors postulated that these variations were attributed to
side-artifacts that occurred during the testing process, leading to a reduction
in the estimation of the tissue’s Young’s modulus. Remarkably, this underes-
timation of the apparent modulus was consistent with previous research that
examined experimental artifacts [124].

2.5.4 Estimation of bone elastic properties

Evaluating the structural integrity of cancellous bone and understanding its
relationship with specimen-specific microarchitecture relies on accurately de-
termining the elastic constants that describe its apparent behavior. Numer-
ical simulations offer an advantageous alternative to experimental testing, as
they help circumvent associated issues. Previous studies have reported that
cancellous bone exhibits either orthotropic or transversely isotropic apparent
behavior when analyzed in an on-axis manner [76,96].

Van Rietbergen and colleagues [120] introduced a methodology for calculating
the elastic constants of cancellous bone, building upon the work of Hollister
and Kikuchi [205]. Their approach involved applying six unitary strain cases,
consisting of three pure axial strains and three pure shear strains, directly on
the micro-CT reconstructions of two specimens. This procedure eliminated
the need for any prior assumptions regarding the elastic symmetries of the
samples and effectively circumvented artifacts that may arise during exper-
imental testing. The applied boundary conditions influence the estimation
of homogenized elastic properties. Determining effective elastic properties in-
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volves satisfying three main conditions: the structure must exhibit periodicity,
the analyzed volume should contain a large number of microscale elements, and
periodic boundary conditions must be applied [206]. Consequently, when em-
ploying the six unitary strain cases on cancellous bone, the resulting properties
are considered apparent properties since they do not meet the periodicity re-
quirement necessary for calculating the effective properties. These apparent
properties serve as an upper bound for the effective elastic properties [207].
This technique was subsequently designated as kinematic uniform boundary
conditions and has been employed to compute uniform properties across di-
verse species and locations [96,120,208], as well as to assess their associations
with bone volume fraction [208].

Several studies have stated a significant impact of model size and boundary
conditions on predicting elastic properties [206,207]. Since cancellous bone is
a non-periodic structure, its effective elastic properties cannot be directly cal-
culated; however, its apparent properties can be determined. Pahr and Zysset
[206] examined the influence of various boundary conditions on estimating the
elasticity matrix. They evaluated uniform traction or uniform displacement-
traction (orthogonal mixed uniform boundary conditions PMUBCs) and uni-
form displacement (kinematic boundary conditions, KUBCs) as opposed to
periodic boundary conditions (PBC). PBC enables the computation of effec-
tive elastic properties. However, for non-periodic structures such as cancellous
bone, an initial step of mirroring the structure is required to apply them. The
researchers demonstrated that PMUBCs yield identical properties to PBCs,
while KUBCs offer an upper limit for the effective elastic properties [206,207].
Another approach, presented by Daszkiewicz et al. [207], introduced the con-
cept of utilizing an embedded configuration to evaluate the effective elastic
properties. This embedded configuration entails measuring the elastic proper-
ties at a specific distance from the cortex where the boundary conditions are
applied, referred to as the in situ value. Additionally, the researchers exam-
ined the impact of sample size and observed a convergent trend with increasing
volume.

2.5.5 Modeling failure in numerical models

The response of bone under axial loading until fracture can be classified into
three stages: an elastic region (a linear phase characterised by reversible de-
formation), an elastic-continuum damage mechanics region (where diffuse mi-
crocracks emerge irreversibly), and a fracture mechanics region [73]. In the
past few decades, there has been an increase in numerical resources, although
not to the extent required by clinical practice for fracture risk assessment us-
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ing µ-FE modeling. Specifically, incorporating cancellous bone microstructure
necessitates millions of finite elements for a specimen of approximately 1 cm3.
Hence, achieving a balance between precision and computational efficiency be-
comes crucial when employing failure models. Numerous researchers have put
forth nonlinear micro-finite element models in the literature to simulate both
pre- and post-yielding behavior [71, 97, 105, 119, 209, 210]. Nevertheless, most
of the proposed models focus solely on exploring the initial stages of failure,
neglecting its propagation. Alternatively, some models that consider failure
propagation tend to be overly intricate and involve challenging parameters
to measure accurately. Moreover, it is needed to continue investigation into
experimentally validating the damage models.

Failure models are valuable tools for estimating properties that are challenging
to measure directly through experiments. For instance, numerical approaches
have been employed to estimate yielding and fracture strains [98]. By using
a tissue modulus and incorporating asymmetric failure strains, it becomes
possible to predict the failure of cancellous bone. Additionally, this approach
can retroactively calculate tissue failure properties by integrating simulations
and experimental data [98]. Moreover, this approach has been used to evaluate
the local strain threshold that triggers the initiation of bone remodeling in
osteoporotic cancellous bone [81].

In contrast, in the literature, various approaches have examined post-yielding
behavior. For instance, Schwiedrzik et al. [211] introduced a cohesive-frictional
plasticity model based on the Drucker-Prager yield criterion. Through thor-
ough validation against experimental data, the model demonstrated remark-
able accuracy correlating to the stiffness and yield point observed in the ex-
periments. Conversely, Garćıa et al. [209] expanded a two-dimensional version
of elastic-plastic damage constitutive law to three dimensions, encompassing
both cortical and cancellous bone. The model comprehensively describes the
evolution modes of elastic, pure plastic, and damaged plastic. In addition,
it distinguishes between tensile and compressive damage stresses. However,
despite its complexity, the model lacks experimental validation.

One compelling approach for simulating failure using a straightforward model
lies within continuum damage mechanics. These approaches employ a smeared
crack method to simulate the initiation and propagation of cracks within the
material [97, 210, 212, 213]. According to Nagaraja work [105], isotropic dam-
age laws effectively replicate the nonlinear behavior of cancellous bone. Build-
ing upon this idea, Hambli [97] introduced and experimentally confirmed an
isotropic damage law for simulating damage at the microscale within the tra-
becular lattice. The model incorporates an element deletion technique to
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simulate complete fracture. Harrison et al. [214] conducted a study that ex-
amined the combination of an asymmetric damage approach and complete
fracture using an element deletion technique. This approach also incorporated
a cohesive parameter to calibrate brittle-ductile behavior accurately. Notably,
their investigation enabled the estimation of yielding and failure strains while
effectively modeling post-yielding behavior.

The methodology applied in Hambli’s work [97] was also utilized to replicate
bending failure in a single trabeculae, offering valuable insights into the failure
mechanisms. In this context, regions experiencing tensile stresses contribute to
the accumulation of damage and local rupture, resulting in modulus degrada-
tion. Conversely, areas experiencing compression enhance fracture toughness
due to the closure of microcracks [71]. A more sophisticated constitutive ex-
ponential law was employed to model axial and bending failure in individual
trabeculae, and its outcomes were experimentally validated [99]. Analysis was
conducted on osteoporotic and healthy donors, revealing minimal variability
in the yield strain, ranging between 10 % to 20 %. However, in contrast, the
ultimate strain exhibited a wider range of variation, from 30 % to 40 %. Nev-
ertheless, these intricate models need many parameters that are challenging
to measure accurately. Moreover, they often demand higher computational
resources for conducting the simulations.

2.6 Osteoporotic bone tissue characterisation

Osteoporosis is one of the most common bone diseases strongly rooted in our
society which harms million people in the whole world. This bone disorder
tends to affect mainly older people and postmenopausal women, who suffer
the most severe consequences. This illness triggers the degradation of bone
structure leading to an increased weakness and fragility of bone. For this
reason, osteoporotic patients have a high risk of fracture. Owing to all these
arguments, it is really important to study the osteoporotic bone and how it
behaves for being able to diagnose at early stages of the disease, to prevent
fractures and to treat patients.
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2.6.1 Age-related bone diseases

Nowadays, life expectancy has increased, so as a result, we have an ageing
population. This is the reason why every day we have to deal with more
age-related diseases. Some of these pathologies are related to bone, and trig-
ger pain, fractures, loss of life quality even death. The so called rheumatic
diseases are a group of health disorders which affect the locomotor system
(bones, muscles and joints), and which are not due to a traumatic cause. The
most common diseases of this group in the elderly population are arthritis,
osteoarthritis and osteoporosis.

Regarding the two first pathologies, they mainly affect the joint of bone, al-
though in a different manner. First of all, arthritis is the swelling of the joint
from non-degenerative causes. The main symptoms of arthritis are joint pain
and tightness, which often worsen with age. The most common type of arthri-
tis is the rheumatoid arthritis, which is a chronic inflammatory disorder that
can affect more than just the joints. This disease is an autoimmune disorder
that occurs when the immune system mistakenly attacks the body’s tissues.
In some people, the condition can damage different body systems, including
skin, eyes, lungs, heart and blood vessels. In Figure 2.14 c) it is presented
how rheumatoid arthritis affects to joint, which induces bone erosion and in-
flammation of synovial membrane (produces the synovial fluid that acts as a
lubricant). Furthermore, it is possible to compare it with the normal state of
the joint which is shown in Figure 2.14 a).

Muscle

Bursa

Bone

Cartilague

Synovial fluid

Tendon

Joint capsule

Synovial membrane

Bone erosion

Swollen inflamed
synovial membrane

Eroded
cartilague

Bone ends
rub together

a) b) c)

Normal Joint Osteoarthritis Rheumatoid Arthritis

Figure 2.14: Knee joint scheme of a) normal joint, b) osteoarthritis and c) rheumatoid
arthritis. Picture extracted from [215].
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By other side, osteoarthritis is a chronic, degenerative and rheumatic disease
with a progressive course which occurs when the cartilage (the tissue that
covers the bone and acts as a shock absorber) inside the joints to protect them
wears away. It should be highlighted that, although the suffix -itis in medicine
is used for denoting inflammation or inflammatory pathologies, it does not
work for the above mentioned disease. Some researchers have studied this
issue in order to clarify it.

As early as 1983, Gardner [2] defined in his work the term of osteoarthrosis
as the condition which may succeed damage to the avascular, aneural hya-
line cartilage of synovial joints. Gardner also contemplated that some other
researchers continue to use the alternative older term osteoarthritis, which
implies inflammation rather than degeneration. Furthermore, the tendency in
subsequent decades of study has been to use them as a synonym. In 2008, Mer-
curi [216] said that the term of osteoarthrosis is a synonym for osteoarthritis
in some fields of research such as in medical orthopaedic literature.

On the contrary, Faustino [217] presented in his work other approach to define
the differences between osteoarthritis and osteoarthrosis. In [217] is stated that
osteoarthrosis must be understood as an evolving disease which has a variable
pathogenic and clinical expressions throughout its evolution. In Figure 2.15 it
is shown the development of the disease proposed in [217].

Prevention SurgeryMedical treatment

Osteoarthritis as an evolutive disease:
Osteoarthirtis - Osteoarthrosis

Pre-clinic
phase

End stage
Osteoarthritis

Early
Osteoarthritis

Established
Osteoarthritis

Inflammatory Mechanic Destructive

Osteoarthritis Osteoarthrosis

Figure 2.15: Osteoarthritis presented as an evolutive disease. Information extracted from
Faustino work [217].
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By one side, the inflammatory OA, true osteoarthritis, is when the synovial
inflammation and microscopic changes at bone and cartilage level are pre-
dominant. On the other hand, mechanical OA, true osteoarthrosis, is the
mechanical degenerative joint disease that represents more advanced stages
of the disease, involving destructive changes of all joint structures, leading to
disability and pain.

Alternatively, some researchers choose to explain the term of the disease for
the avoidance of doubt, such as Ding and Overgaard in their studies [20, 21].
From now on in the present work, the term osteoarthritis shall refer to the
degenerative disease which wears away the cartilage, as shown Figure 2.14 b).

Osteoporosis appears when the bone remodelling cycle does not work in the
correct balance. This problem leads to a loss of bone mass and a high fragility
of bone which implies a high risk of fracture. Owing to osteoporosis is the
main bone disease to be studied in this work, an in-depth description of this
disease will be carried out in the following sections.

2.6.2 Epidemiology and impact of osteoporosis

Osteoporosis is the most common bone diseases affecting people worldwide.
This skeletal disorder is characterised by a compromised bone strength and
predisposes the person to an increased risk of fracture, mainly in hip and
spine [218]. As a result, osteoporosis has physical, financial and psychosocial
consequences, which meaningfully affect the family, the individual and the
community [219].

At the Unite States, the 2013 - 2014 National Health and Nutrition Examina-
tion Survey revealed that 16.5 % of American women aged 50 years or older
had osteoporosis. In neighbouring countries such as Mexico and Canada it has
been observed similar prevalence of osteoporosis. As the age arises the preva-
lence of osteoporsis by low bone mineral density (BMD) also does it. The rates
go from 6.8 % in women aged 50 to 59 years to 34.9 % in women aged 80 years
and older [218]. In Europe, osteoporsis is one of the most serious, debilitating
and costly diseases and one of the least recognised. One in three women has
osteoporsis in Europe and one in eight men aged 50 and older [220].

Eight new fractures occur every minute in the European Union. With this
statistics, it is estimated than more than 23 million women and men are at
high risk of undergoing an osteoporotic fracture in Europe. This pathology
causes 4.3 million fragility fractures which excess the 56 billion euros each year
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based on data for 2019 [221]. In the Unite States, there are registered more
than 2 million fractures related to osteoporosis per year. Most of these frac-
tures affected to postmenopausal women [218]. In Spain, 285000 new fragility
fractures were estimated to be in 2019, which means 782 fractures per day or
33 per hour. In 2019 in Spain 1813 million euros were spent in the direct costs
of incident fractures. The total costs generated of the osteoporosis, consider-
ing direct cost of incident fracture, long-term disability and intervention cost,
make an amount of 4.3 billion euros [5].

In addition, a problem associated with this disease is the costs related to it.
The population suffering from this disease has a high probability of undergoing
a fracture. Apart from the pain of the patient, the surgery, the hospital stay
and the rehabilitation are some of the costs associated with this fracture, so
it means a high budget dedicated to cover these costs. Figure 2.16 shows the
number of fractures occur per year due to osteoporosis in the Unite States, in
the European Union and in Spain.

Figure 2.16: Fracture number related to osteoporosis in one year in the Unite States, in
European Union and in Spain.

Owing to the huge presence that osteoporosis has in the society, it is really
important to study how it behaves and the consequences that causes in bone
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architecture and in bone mechanics. In this way, it would be possible to
detect the disease at an early stage, which could mean the prevention of future
fractures.

2.6.3 Pathogenesis of osteoporosis

The World Health Organisation (WHO) defines the osteoporosis as “a pro-
gressive systemic skeletal disease characterised by low bone mass and micro
architectural deterioration of bone tissue with consequent increase in bone
fragility and susceptibility to fracture”.

The loss of bone mass is related to bone remodeling, which plays a major role
in the emergence of osteoporosis. In this process, bone tissue is subjected to
a constant change which is essential for bone strength. In Figure 2.17 it is
shown a scheme of the bone remodeling cycle.

Figure 2.17: Scheme of the procedure followed in the process of bone remodeling. Image
taken from [222].

First of all, old bone material, whose main components are the mineral and
the protein matrix, is resorbed (removed) by osteoclasts action. Then, the
osteoblasts take over the replacement with new healthy bone. Osteocytes in-
terconnect in the solid matrix of bone via an extensive canalicular network
that senses both mechanical loading and focal bone damage. The molecules
that the osteocytes secrete regulate the rate of bone remodeling and the lo-
cation where it is carried out. The mechanical loading and the circulating
hormones, such as parathyroid hormone (PTH) and estrogen, are the ones
which regulate the osteocyte activity [218].
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Osteoporosis is a consequence of the imbalance of the two biological processes:
the uncoupling of oteoblasts and osteoclasts, with an increase in osteoclast
activity, leading to overall bone loss [14]. In the trabecular network formed by
plates, the bone resorption produces a trabecular thinning and perforation.
As a result, the trabecular area decreases [223]. Sometimes, an improper
performance of osteoclasts in bone remodeling produces holes in the trabecular
tissue, because they remove more material than the osteoblasts renew. In
Figure 2.18, it is shown a comparison between healthy tissue (Figure 2.18 a))
and osteoporotic cancellous tissue (Figure 2.18 b)) perforated because of the
osteoclasts high activity.

a) Healthy bone b) Osteoporotic bone

Figure 2.18: Comparison between a) healthy cancellous bone and b) osteoporotic cancellous
bone with perforations consequence of a negative bone remodeling due to the high activity
of osteoclasts (extracted from [224]).

Moreover, it is important to highlight that there are different types of os-
teoporosis which can affect different groups of the population. Figure 2.19
presents the classification of the different types of osteoporosis, where it is
possible to clearly identify two main groups which are primary and secondary
osteoporosis. Besides, other types of osteoporosis exist, but they are less
frequent and are called “rare”. One example of this type of osteoporosis is
pregnancy and lactation associated osteoporosis (PLaOs), which is a rare and
infrequent form of primary osteoporosis. It is characterised by the appear-
ance of fragile fractures at the end of pregnancy or during the postpartum
period, between 6-8 weeks after delivery, and most of these fractures occur in
the spine. This osteoporosis occur in women over 30 years of age or first-time
women. Although it is under research, there is no treatment for PlaOs, except
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avoidance of heavy lifting, rest and means of support for the spine, such as
corset [225].

Types of
osteoporosis

Primary

Secondary

Other

Postmenopausal

Senile

Idiopathic

Pregnancy
and lactation

Figure 2.19: Classification of different types of osteoporosis.

Regarding the two main ones, the most common osteoporosis is the so-called
primary osteoporosis which is gender and age-related. Roughly 95 % of all
cases are due to primary osteoporosis, which can be divide into three groups
as follows [226]:

• Type I or postmenopausal: one of the main causes of osteoporosis
is the lack of estrogen. Besides, estrogen deficiency concerns the nor-
mal operation of bone remodeling cycle, which results in the increase of
bone resorption and fast bone loss (high bone remodelling). What really
happens is that osteoclastic resorption increases, whereas osteoblasts ac-
tivity decreases. Consequently, the quantity of reabsorbed bone during
the remodelling process is higher than the deposited, which leads to a
bone loss. The increase of the overall bone resorption is because the
weakened inhibition effect due to the reduction of available estrogen on
both osteoclastogenesis and osteoclast activity. In women, two phases of
bone loss can be defined as follows [227]:

◦ First phase: this phase mainly affects to cancellous bone and begins
in the menopause. Owing to estrogen deficiency, a non-balanced in-
crease in bone resorption as compared with formation has occurred.
This stage can be defined as menopause related bone loss. This pro-
nounced decrease of BMD is shown in Figure 2.20 in the first years
of the left graph.
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◦ Second phase: after 4-8 years starts the second stage, which con-
sists of a slow loss of cortical and cancellous bone and is primarily
attributed to reduced bone formation. This is the only phase that
suffer men, which is a bone loss related to age.

Men do not have an equivalent of menopause, therefore they usually do
not suffer the rapid phase of bone loss. Nevertheless, they experiment a
very similar pattern of the slow age-related bone loss as is presented in
women [228]. All the trends for men bone loss are presented in Figure
2.20 in the right graph. Most of the affected population by this pathology
are postmenopausal women who suffer the most severe fractures, such as
spine or forearm fractures. Young postmenopausal women suffer less
serious fractures, such as wrist fractures, which are important signs of
osteoporosis.

• Type II or senile: it is characterised by a slow phase of trabecular
and cortical bone loss (low bone remodelling) related to ageing in both
men and women (usually over 65-70 years old) [226, 229]. The most
typical fractures owing to type II osteoporosis include hip or femoral
neck fractures, proximal humerus or shoulder, tibia and pelvis. The
pathological mechanism of senile osteoporosis has not been fully clarified,
however, secondary hyperthyroidism, nutrient deficiency or the decrease
of osteoblasts activity.

• Idiopathic: in medical terms, idiopathic means that the origin of the
disease is unknown [230]. This type of osteoporosis is infrequent and it is
associated with the emergence in young adults and children with normal
levels of hormones and vitamin D, without an evidence which can explain
the weakness of bone. Idiopathic juvenile osteoporosis (IJO) affects both
sexes equally and is a rare condition of primary bone demineralisation,
which has a prepubertal onset and continues through puberty leading to
a low bone formation and a huge decrease of trabecular bone. The main
symptoms are back and limb pain, gait difficulties, multiple fractures to
minimal trauma and radiological evidence of osteoporosis.

By the other side, secondary osteoporosis is due to certain diseases, side-effects
of some medicines and risk factors and can be developed at any age [231].
There is a wide range of diseases and drugs that can affect bone quality and
lead to osteoporosis such as anti-inflammatory medicines to treat asthma or
rheumatism (cortisone), coumarin derivatives, high doses of thyroid hormones,
chronic eating disorders like pancreatic, intestinal, hepatic or renal conditions,
metabolic diseases, certain hormonal disorders as hyperthyroidism or diabetes
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Figure 2.20: Bone loss age-related patterns in men and in women. Solid lines represent
cortical bone loss and dashed lines represent trabecular bone loss. This image is based on
multiple longitudinal and cross-sectional studies using DXA. Image extracted from [228].

mellitus, and malignant tumors. In addition, there are some risk factors which
will develop osteoporosis such as genetic factors, cigarette smoking, alcohol
consumption, physical inactivity, nutritional factors or prolonged immobilisa-
tion after a fracture [17]. Finally, glucocorticoid-induced osteoporosis proceeds
through two phases starting with a rapid decrease in BMD due to increased
bone resorption, during the remodelling process. This is followed by a slower
phase in which a progressive decrease in BMD occurs as a result of the forma-
tion of deteriorated bone [232].

2.6.4 Diagnosis of osteoporosis

The World Health Organisation (WHO) classifies the bone mineral density
(BMD) using a “T-score”(standard deviation’s [SD] away from young adult
mean bone mass value). Osteoporosis is defined as BMD with T-score equal
to or less than -2.5 and osteopoenia with T-score between -2.5 and -1 SD.
Figure 2.21 presents the T-score levels established by the WHO for defining
the status of bone.

Some health professionals do not already use the term of osteopenia, but is
defined as the stage of abnormal bone mineral density, but not as low as for
diagnosing osteoporosis (BMD with T-score between -1 and -2.5). If osteopenia
is not treated according to medical recommendations, osteoporosis will be
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Figure 2.21: Definition of T-score levels established by the World Health Organisation
(WHO) to define bone status (healthy, osteopenia or osteoporosis).

developed. It is important to emphasise the point that women are more likely
to develop osteopenia after the age of 30 years old than men.

For the diagnosis of osteoporosis, it is recommended to use dual-energy X-
ray absorptiometry (DXA) scanning for measuring the bone mineral density
(BMD) and then calculating the T-score. In these cases, the femoral neck is the
preferred body location for analysed the T-score. The reason why is because
its highest predictive value for fracture risk unlike other parts of the skeleton.
Other site where the impact of the osteoporosis is commonly studied is the
spine. However, when the patient has any abnormality, the measurements can
falsely elevate the bone mineral density, such as in post-menopausal women
or elderly patients with degenerative changes. In such cases, the spine is not
the chosen body location for measurements. Despite these particular cases,
the preferred site for taking the measurements of the BMD for assessing the
response of treatment is the spine [14].

In some other cases, exist some anatomic factors, such as hip replacement
or arthritis, which prevent make measurements in the common anatomical
sites like spine or hip and make them invalid. Hence, bone mineral density
is measured in the distal one-third site of the radius, but also the assessment
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of fracture risk and some other methods of diagnosing osteoporosis should be
considered [218]. In addition, there are some other problems which can lead to
high values of DXA-BMD such as micro-callus formations inside the vertebrae,
bone islands and deformed or fractured vertebrae. T-score values obtained in
these specific situations are neglected for a DXA evaluation [233].

The dual-energy X-ray absorptiometry (DXA) technique transforms the three-
dimensional architecture of bone into two-dimensional reproductions which
evidence the mass of calcium crystals per volume by the X-ray absorption in
the unit of area (g/cm2). For this reason, bone mineralisation effects on bone
quality or the degree of bone structure are not distinguishable by DXA [233].
In Figure 2.22 it is presented a scheme of the steps followed in a densitometry
assessment by DXA.

Bone density right femur

Age (years)

BMD (g/cm2) T-score

Region DMO (g/cm2) Adult – Young (%) Adjust. Age (%)

Neck 0.842 86 -1.1 88 -1.0

Wards 0.824 91 -0.7 103 0.2

Trochanter 0.988 125 1.8 120 1.5

Diaphysis 1.149 - - - -

Total 1.030 103 0.2 102 0.1

Figure 2.22: Densitometry evaluation by dual-energy X-ray absorptiometry (DXA) in the
right femur (image taken from [234]).

Furthermore, there are more problems related to DXA evaluation such as the
quantification of bone loss. Owing to the fact that the measurements of the
bone mineral density (BMD) by DXA are at specific locations, it is possible
to measure high values of BMD, and perhaps, at nearby locations will exist a
loss of bone mass which will be unrecognized. The same effect will happen in
the contrary situation.
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Finally, due to all the aforementioned, it is stated that the DXA technique used
for the diagnosis of the osteoporosis presents some drawbacks which will lead
to inconsistent values of the BMD measures, and consequently, the T-score
values. Therefore, the need arises to add some other parameters of study,
such as the architecture of bone by a morphometric study, for making a better
diagnose of osteoporosis.

2.6.5 Osteoporotic tissue

Osteoporosis is a chronic disease featured with great changes in bone architec-
ture across bone length scales and a low mineral fraction [40]. Bone undergoes
some variations such as low remodelling activity, thinning of the strut thick-
ness or bone loss mass which entails an increased of both fragility and risk
fracture. All these changes have a direct effect on bone mechanics, so it is
quite important to study it.

Figure 2.23 a) shows the trabecular network of a healthy bone, whereas Figure
2.23 b) presents the degraded architecture of an osteoporotic cancellous bone.
At first glance, major differences can be seen such as less number of struts,
the ones that remain are thinner, less connection of the trabecular network or
bigger spaces between rods. All these changes in bone structure are directly
related to the mechanical properties, which will also be degraded.

a) b)

Figure 2.23: a) Bone tissue in healthy conditions and b) diseased bone tissue. Comparing
both images it is possible to see the degradation of the trabecular network due to the illness.
Image taken from [235].
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One relevant point to note is that in an osteoporotic sample, it is really im-
portant to clearly distinguish among the possible sources of porosity, which
can be identified as follows:

• Structural changes: several alterations in the microarchitecture of bone
such as thinner rods thickness or lower number of struts in the cancellous
network (Figure 2.23).

• Tissue perforations: deep cavities in bone tissue due to the negative
balance of bone remodelling activity (Figure 2.18 b), usually known as
osteoclastic perforations.

• Natural porosity: it is refered to small pores in the tissue, the lacunae
left by the death of osteocytes and the gaps left by the canaliculi network
presented in Figure 2.24.

10 μm

Figure 2.24: Natural porosity of bone tissue. Red arrows point porosity due to lacunae
after osteocytes death. Yellow arrows point the pores left by the canaliculi network.

All these changes in bone tissue and trabecular network, will lead to a weakness
of the bone. Müller et al. [236] studied the microscopic bone properties in
different cases of osteoporosis in sheep. They reported that the maximum
force until failure and the morphometric parameters of trabecular bone can
change by up to 50 % due to osteoporosis.
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Furthermore, there are some other factors that can be affected bone tissue
such as matrix composition, microarchitecture, bone mineralisation and mi-
crodamage. In addition, it is known that age-related factors also affect the
quality and integrity of bone tissue. These type of factors are not possible to
be measured in the clinical practice. In postmenopausal osteoporosis, when
all these changes are combined in structure, bone mass and quality, the result
is the reduction of bone strength and the increased of fracture risk [218].

For all the above-mentioned reasons, the structure of bone should be included
in the study of bone quality and to improve the diagnosis of some diseases
such as osteoporosis. Therefore, several researchers focused their studies in
the analysis of bone microarchitecture and its relevance to the mechanical
response of bone.

Morphometric studies analyse the structure of bone, such as thickness of the
rods, the quantity of struts and the connection between the ones that remain
in the structure. Owing to each bone disease causes some different effects in
bone architecture it is really important to analyse and study the morphometry
of these types of sick bones. Moreover, it is possible to relate the morphometric
parameters with some bone properties such as its stiffness.

In 2006, Müller et al. [22] studied the importance of the trabecular network
structure in the evaluation of bone quality and stiffness. They found that some
morphometric parameters of the microarchitecture of bone, such as bone vol-
ume (BV/TV) or surface ratio (BS/BV), have more influence in bone stiffness
than the rest. They established that the greater bone volume, higher Young’s
modulus.

Over the years, many works have been analysed bone morphometry to study
the behaviour of diseased bones. Blain et al. [189] studied osteoporotic and
osteoarthritic femoral neck bones and found that the trabecular width, the
trabecular number and the percentage of cancellous bone area was lower for
the osteporotic bone. In line with this, they found the inverse tend for the
trabecular separation which was greater for the osteoporotic bone. Finally,
they stated that in postmenopausal women there was a loss of trabecular bone
mass and connectivity in comparison with osteoarthritic women, and also,
the cortical bone was thinner. Some other researchers continue studying the
morphometry of bone such as Montoya et al. [190] or Ding and Overgaard in
2021 and 2022 [20,21] due to the importance of considering microarchitecture
in the study of bone mechanics.
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In conclusion, osteoporosis is a bone disease which triggers many changes in
bone structure and tissue. This degradation of bone leads to a high risk of
fracture and devalued mechanical properties. Although osteoporosis is clini-
cally diagnosed by the T-score value of BMD measured by DXA, this technique
do not give information about bone architecture. For this reason, it is quite
important to consider the morphometry of bone for an accurate diagnose. In
osteoporotic bone, it is essential to include the sources of porosity which cause
changes in bone structure and tissue, and take them into account in the study
of bone mechanics.

2.7 Additive manufacturing in biomechanics

Over the years, traditional manufacturing has been used in the industry in-
volving processes such as casting, injection moulding, forging, extruding, form-
ing process, folding, laminating and machining manufacturing process such as
turning, milling and drilling. All these manufacturing processes require for-
mative and substractive approaches which entail expensive infrastructures and
multiple steps. Furthermore, traditional manufacturing processes have some
drawbacks such as they do not enable generations of complex geometries which
are usually required for specific applications like patient-specific implants in
biomedical engineering [237]. Moreover, some of these manufacturing pro-
cesses involve a waste of material such as in turning or milling, which results
in an expenditure of resources and money. For all these reasons, manufac-
turing technology has had to reinvent itself to adapt to new needs and has
become more challenge and competitive.

In the recent decades, additive manufacturing has become increasingly im-
portant owing to the wide range of possibilities it offers in terms of avail-
able materials, geometries and technologies. Additive manufacturing (AM)
may be defined the process of joining materials for the production of objects.
The fabrication with AM technology is reached by adding successive layers
of materials on those already deposited using direct data from 3D Computer
Aided Design (CAD) models [238]. By contrast to substractive manufacturing
methodologies, additive manufacturing is applicable to a wide range of mate-
rials, including metals, polymers, composites and biomedical products [239].

Additive manufacturing has become a strong tool for producing complex ge-
ometries in much cheaper and less time consuming mode [237]. At the begin-
ning, the first important application was the production of rapid prototyping,
but with the pass of the years and the improvement of this technique a grow-
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ing number of applications used AM for manufacture products such as medical
implants, hearing-aid shells, moulds for clear braces for teeth, aircraft engines
(i.e. the GE fuel nozzle) and other aerospace parts [240]. In the last years, the
interest in additive manufacturing processes has increased and it is estimated
that accounts for more than 5 % of the total global market. Even so, AM
technologies have several problems related to poor quality, low productivity
and uncertainty of the mechanical properties of the final produced parts [239].

Finally, it is important to highlight that additive manufacturing involves sev-
eral processes, but probably the most popularly known is 3D printing. In fact,
the process for 3D printing is called Fused Deposition Modeling (FDM) which
has some other techniques of production. In the following section, all the AM
processes will be defined for being able to identify which process could be
suitable for each specific case.

2.7.1 Definition of additive manufacturing processes

Additive manufacturing (AM) presents diverse processes, presented in Figure
2.25, which are material jetting, vat photo polymerization, binder jetting,
material extrusion, directed energy deposition, sheet lamination and powder
bed fusion.

Figure 2.25: The seven main types of additive manufacturing processes [241].

The seven main processes of additive manufacturing are the following:
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• Material jetting: molten material or usually a binder (adhesive) is
sprayed in a monitored manner using thin nozzles in order to bind the
powder in a solid object. Every completed layer is cured by UV radiation.
This process is similar to all laser-melting processes, although there is no
change in the phases. In contrast, powder particles remain together due
to the binder [32].

One important point is the possible problems of this process. Firstly,
the most important factors are droplet size and velocity, which have a
main role in the deposition characteristics. Besides, a problem related
to the quality of the finished part is that there are satellite droplets,
which detach from the main droplet during flight, so the result is that
the boundaries of the design part are not well defined [239].

• Vat photo polymerization: the object is created in a vat of a liquid
resin photopolymer. Photopolymerisation cures or hardens each layer of
micro-thin resin using ultraviolet (UV) light directed by monitored mir-
rors creating the object from below. Owing to this process uses liquid to
form objects, there is no structural support of the material during the
construction phase. The three primary subcategories are stereo lithogra-
phy, continuous digital light processing and digital light processing.

It is important to highlight that the parts manufactured through this
technique usually have high surface finish and dimensional accuracy in
comparison with other AM processes. However, this process has its draw-
backs such as impact strength and durability of photopolymers is worst
of those of good quality injection molded thermoplastics [242].

• Binder jetting: in this process a binding agent is deposited, usually in
liquid state, selectively onto powdered material. The print head places
layer by layer a bonding agent and construction material, and a powder
spreader to generate the three-dimensional part. The main difference
between binder jetting and material jetting is that in the first one the
head printer only works in x and y, whereas in the other process it works
in the three directions and has to cure by UV each layer once finished.
One disadvantage is that the parts created by this process, using water
based binder process and plaster based powder, tend to have low stiffness
and strength [239].

• Material extrusion: this is a thermal process which uses heat extrusion
nozzle for softening or melting the material. Generally, the most widely
used material is plastic which is provided in the form of wire wound on
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a spool. When the material is melted goes through the extrusion nozzle
which places the material in a warm bed layer by layer. After that, the
material cools off to solidify and generate the final 3D geometry [32].

There are several methods of this process such as fused deposition mod-
elling (FDM), inkjet printing (IJP), contour crafting (CC), shaped de-
position manufacture (SDM), extrusion free forming (EFF), robocasting,
among others, but the most well-known is the first one because is the 3D
printing technology. Nowadays, it is quite common to have a 3D printer
at home because they are affordable and owe to create a wide range of
products. For this reason, it is easy that people confuse the terms 3D
printing, fused deposition modelling and additive manufacturing which
are completely different, since one embraces the others.

• Powder bed fusion: this process consists of melting the powdered
material and fusing it by a laser or an electron beam to produce the
3D object solid. The most common methods are electron beam melting
(EBM), selective laser sintering (SLS), multi-jet fusion, direct metal laser
sintering (DMSL), selective heat sintering (SHS) and selective laser melt-
ing. This AM process was one of the first to be commercialised. At first
were developed to manufacture plastic prototypes, but this approach was
extended to metal and ceramic powders [243].

• Sheet lamination: in this process a special type of paper is used, which
has heat-sensitive adhesive applied in one of its faces. A roll provides the
paper and is bonded to the previous layer using a heated roller which
enables the adhesive of the paper. The contour of each layer is made
by cutting with a CO2 laser that is configured to cut only one layer of
thickness [32]. Once the object is finished, the excess material is removed
for obtaining the 3D part. Two methods of this process are laminated
object manufacturing (LOM) and selective deposition lamination.

• Directed energy deposition: this method is quite similar to weld-
ing process, but it is much more complex. This process permits the
generation of 3D objects by melting material while depositing. This ap-
proach can work with ceramics, polymers and metal matrix composites,
although it usually used for metal powders. These machines deposit the
melted material on specific surface, where it solidifies. With this tech-
nique, the nozzle can move in multiple directions, unlike the extrusion of
the material.
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Subsequently, we will focus on fused deposition modelling (FDM), a technology
included in the material extrusion concept, since it will be employed in this
PhD thesis.

2.7.2 Fused Deposition Modelling (FDM) Technology

Fused deposition modelling (FDM) is one of the technologies of material ex-
trusion. FDM process is one of the most commonly used of the whole AM
processes because it requires low technology, cost and maintenance [244]. Some
other strong points of this technology are the wide range of materials available,
compact design, easy to operate, low temperature operation, affordable cost
and it usually do not need post-processing.

The scheme of FDM technology is presented in Figure 2.26. The main compo-
nents are filament, the print cores, the extrusion nozzles and the heat platform.
The material is stored in a spool in form of a wire, the so-called filament, which
passes through the feeder and then goes upward the bowden pipe until reaches
the print core entrance. The feeder has two gears to push upwards the fila-
ment, and it is important to keep clean. Once the filament is in the print core,
it is liquefied by heating it few degrees above its melting point, so it solidifies
just after being deposited. The melted material is extruded by pushing con-
tinuously the filament upwards for feeding the nozzles [238]. The material is
deposited by the nozzles in the heat platform layer by layer. When one layer
is finished, the platform moves one space down to let the nozzle deposit the
next layer. Depending on the 3D printer, the platform is fixed in height with
only a 2D movement in the plane. In this case, the printer cores move down
to deposit the fused material on the platform and then go up to enable the
starting of the following layer.

3D printers usually have two print cores which enable the printing either with
two colors of the same material or with two different materials. This last option
is quite interesting due to it permits building supports for a better generation
of the final part (i.e. purple material shown in Figure 2.26 is the one used for
generating the 3D object, whereas yellow material is the one used for printing
the supports). After the printing is finished, the support material should be
removed away from the 3D object. The material used for building supports
should be easy to removed or soluble, such as polyvinyl alcohol (PVA) which
is water soluble.

Furthermore, it is important to consider that there are several parameters to
setup for defining the printing. Some of these parameters are layer thickness,
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Figure 2.26: Fused deposition modelling (FDM) scheme. Picture extracted from [245].

filling quantity and pattern, wall thickness, adhesion to the heat platform or
extrusion rate. The geometry of the final 3D object plays an important paper
in the setup of the print parameters, for example, a more complex geometry
requires a slower extrusion rate. The quality and the mechanical properties of
the resulting part depends on the above mentioned parameters. In addition,
temperature is other critical parameter because it is really important to setup
all of them properly for having excellent results, such as the temperatures of
the print cores, heat platform or chamber. A wrong configuration should lead
to various issues such as air gaps between layers, distortions, material warping,
dimensional accuracy or lower mechanical properties.

At the beginning, this technology was used mainly to produce rapid proto-
types, but with the implemented improvements FDM has expanded the action
fields to aerospace, implants, biomaterials, building or replacement parts. The
simplicity of FDM, its affordable equipment, the wide range of materials and
the recent improvements, permit to employ this technology in extra spaces
such as laboratories, libraries, houses and schools [246]. Even though the ad-
vantages, there are several drawbacks to solve such as poor surface texture,
post-processing, mechanical weakness or void formation in comparison with
other AM process like powder-based plastic which has better accuracy and
surface quality [32].
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2.7.3 Polylactic acid (PLA)

One strong point of fused deposition modelling (FDM) technology is that it
allows the use of a widespread range of materials. In 3D printers it is possible
to used different kind of filaments, such as metals or composite materials, but
the most widely used are polymers. Polylactic acid (PLA) and acrylonitrile
butadiene styrene (ABS) are the most popular ones. However, depending on
the application, it is possible to choose from many more, such as polyethylene
terephthalate (PET) and polyethylene terephthalate glycol (PETG) plastic
used for food and drink packaging. In addition, it is possible to use thermoplas-
tic elastomers (TPE), thermoplastic polyurethane (TPU) and thermoplastic
co-polyester (TPC), which are used in automotive parts, household appliances
and medical equipment due to their durability and extreme flexibility. On the
other hand, polycarbonate (PC) is used in bulletproof glass, diving masks
and electronic devices because it is transparent and resistant to impact and
heat. Lastly, nylon has the best flexibility, durability and toughness, whereas
polyvinyl alcohol (PVA) is utilised as a support material because it is soluble
in water.

The material used in the present thesis is PLA because it is biodegradable, bio-
compatible and it has excellent properties for biomedical applications. Polylac-
tic acid (PLA) is a thermoplastic aliphatic polyester which can be produced
from lactic acid using renewable materials such as corn starch, sugarcane,
maize, sugar beet and cassava [247, 248]. Moreover, PLA is compostable and
its degradation produces water (H2O) and CO2 which can be used and reab-
sorbed by plants. Seawater, compost and soil are the most significant environ-
ments for PLA degradation [249,250]. The whole process since the production
of PLA, the manufacturing into a product and biodegradation, constitutes the
life cycle of PLA, which is presented in Figure 2.27.

PLA has replaced common plastics often employed as materials for packaging
such as polypropylene (PP), polyethylene terephthalate (PET), polyethylene
(PE) and polystyrene (PS), because generally are not biodegradable or non-
recyclable. Furthermore, PLA presents a long list of advantages like thermal
stability, desirable mechanical properties, low environmental impact, good bio-
compatibility, UV resistance, gas barrier and thermoplasticity. In addition,
it has a high elastic modulus, transparency and strength in comparison to
petroleum-based plastics. However, PLA has several drawbacks such as poor
toughness, low melt strength or excessive brittleness which restricts its appli-
cations and promotion in some fields [247,249,252].
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Figure 2.27: Diagram of polylactic acid (PLA) life cycle. Picture taken from Peng and
Sun work [251].

Furthermore, it is possible to mix PLA with some other materials in order to
improve its properties. There are various procedures such as the inclusion of
inorganic fillers into PLA matrix, like carbon nanotubes, nanoclay, zinc oxide
or titania (TiO2), that are effective to enhance PLA properties [252]. Besides,
one strong point of PLA is that it can be used as medical material because
it has a great biocompatibility. PLA metabolism inside the human body pro-
duces lactic acid (LA), which can be metabolized and is non-hazardous and
non-toxic. For this reason, PLA is used in medical applications such as im-
plants, vascular stents, surgical growns, masks, medical sutures, heart valves
and some other [249]. This point will be further developed in next section.

2.7.4 Implementation of additive manufacturing in biomedical
field

Some strong points of AM technology, such as reduced waste of material, short
production time, creation of innovative complex geometries or demanding ma-
terials, encourages the biomedical sector to use this kind of manufacturing
processes. Additionally, this technology features an array of new applications
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a)

b) c)

d) e)

f)

Figure 2.28: PLA used in 3D printers along with fused deposition modelling (FDM) tech-
nology. a) 3D printer, b) PLA filaments, c) 3D printer manufacturing, d) PLA scaffolds for
bioengineering, e) PLA as a substitute for plastic in disposable packaging and f) prototypes.

which involve a large amount of medical purposes using additive manufactur-
ing (AM) [237]. Several of the main applications of AM in the biomedical
sector are orthopedics, drug deliver, organoids, surgical instruments, tissue
regeneration, prosthesis, implants/scaffolds and tissue engineering (some of
them are shown in Figure 2.29).

In the past decades, bioprinting has enabled the manufacturing of highly com-
plex and intricate organoids. Nowadays, there is a large number of labo-
ratories which have used this technique for producing biologically operative
models such as kidney [253], skeletal muscle [254], liver [255], mammary ep-
ithelium [256], neurons [257] or myocardium [258]. All these complex 3D con-
structions of functional parts and organoids allow the study of some diseases
and several treatment reactions. As usually, there are some drawbacks, such
as replicating cell growth environment or the fact that some elastic biomateri-
als could not permit the generation of complex prototypes which can support
their profile and also, restrict movements and cellular interactions [259].

One of the most popular applications of additive manufacturing (AM) in the
biomechanical field is bone implants, which require specific features for avoid-
ing problems such as stress shielding and encouraging osteointegration and
bone growth [260]. Materials used for these applications play an essential role,
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a) b)

c) d) e)

f) g)

Figure 2.29: Several medical parts produced by additive manufacturing (AM): a) rib
prosthesis, b) organs, c) blood vessels, d) femoral head prosthesis, e) dental implants, f)
bone scaffolds and g) plate for skull prosthesis.

so they must have good mechanical properties and biocompatibility. Choosing
the material for the implants is of great importance because not matching its
elastic modulus with the human bones will produce a stress shielding phe-
nomenon. This problem results in loose or broken implants. For this reason,
researchers started introducing porous structures to mimic bone due to the
ability of pore size and porosity to adjust the strength, density, and elasticity
modulus of the resulting structure. In such a way, stress shielding can be elim-
inated o alleviated [261]. Moreover, these porous structures are auspicious for
the adhesion and proliferation of osteocytes, all promoting the growth of new
osteocytes into the pores [262]. Also, it allows the body fluids to circulate and
permits a suitable waste and nutrient exchange with the surrounding tissue,
promoting tissue reconstruction and regeneration [263,264].

In the beginning, the most typical structures for bone implants were reticu-
lated. These structures are composed of intertwined vertical and horizontal
rods, resulting in a porous structure (Figure 2.30 a and b). The wide range of
possibilities which AM offers, allows to generate scaffolds employing different
manufacturing techniques, such as fused deposition modeling [265] or laser
melting deposition, and several materials like polylactic acid (PLA) [266–269]
or Ti6Al4V [270]. In addition, mixed materials such as Polylactic acid/Hy-
droxyapatite (PLA/HA) composite have been studied in some works because
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of its good processability, bioactivity, and mechanical properties [271,272]. Hy-
droxyapatite (HA) is an inorganic mineral present in human bone and teeth.
It plays a role in the structural strength of bone and in bone regeneration. For
this reason, HA is sometimes mixed with PLA for improving implants’ me-
chanical properties. Besides, other combinations have been studied in order to
improve different features of materials, such as biocompatibility or mechanical
properties [273–276].

a) b)

c)

Figure 2.30: a) Designed 3D models of scaffold structures (left) and SLS-printed scaffold
(right) [277], b) additive manufactured periodic open cellular structures (POCS) made of
ABS, Ti6Al/4V and resin (from left to right) [278] and c) triply periodic minimal surface
(TPMS) structures CAD (top) and FDMmanufactured structures using ABS (bottom) [279].

Finally, triply periodic minimal surface (TPMS) structures (Figure 2.30 c)
have become very popular in recent years because of their outstanding proper-
ties such as high strength-to-weight ratio, smooth surface, high energy absorp-
tion or interconnectivity, being used in several applications including robotics,
acoustic attenuation, energy absorption or medical implants. These struc-
tures are periodic geometries with a continuously curved surface, implying a
lower level of stress concentrators than other structures, such as scaffolds, and
a smooth stress distribution at the surrounding surfaces. Moreover, TPMS
structures have a lattice architecture more similar to trabecular network than
scaffold structures. In addition, at every point on the surface, they have zero-
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mean curvature, which improves the mechanical properties and load-bearing
capacity [260,280,281].

In tissue engineering, a compromise between permeability and mechanical
properties is required. Increasing the porosity of the structure leads to a re-
duction of Young’s modulus of the implant. Furthermore, this interconnected
porous structure enhanced the migration, adsorption, and proliferation of the
cells, blood vessels, the transport of oxygen and nutrients, and the growth of
bone tissue. All these characteristics are conducive to stable bone binding of
the implant [282].

Additive manufacturing (AM) has enabled the manufacturing of all these types
of porous structures due to the capability to generate complex geometries.
The main problem of AM technologies for generating porous structures is
accuracy. For this reason, implants obtained by these techniques usually need
a postprocessing process to improve the surface finish owing to geometrical
deviations that can affect the osseointegration process and the mechanical
properties of these porous structures [280].
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Image analysis of cancellous
bone

3.1 Introduction

In this chapter, we aim at studying the cancellous bone structure with imaging
techniques. The main objective is to understand the arrangement of the tra-
becular network architecture through the analysis of images taken at different
length scales. More specifically, we seek for characterising the orientation of
the collagen fibrils that belong to the trabecular network struts.

This study focuses on lamellar tissue, which consists of a collection of struts
and plates. As it is well known, bone adapts its growth conditioned by the
stresses that it has to withstand, so these struts and plates grow according to
them. Without taking into account the bone cells, lamellar tissue is formed
by mineralised fibrils assembly and the extra-fibrilar matrix. These fibrils are
made of molecules of tropocollagen type I, crystals of mineral and water, and
have the same role as the fibers in a composite material, providing stiffness.
On the other side, the extra-fibrilar matrix consists mainly of non-collageneous
proteins, water and amorphous mineral.
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Before the image analysis, bone samples were prepared. First, the samples
were cleaned to remove all the organic remains, and then the lamellar tissue
surface was ready for applying both imaging techniques, the field emission
scanning electron microscope (FESEM) and the stereomicroscope. Through
the use of the FESEM, it is possible to distinguish the mineralised skeleton
of bone lamellar tissue and to infer the location of the collagen fibrils and
their orientation at the struts. The knowledge of fibril orientation extracted
from the images is essential for defining the elastic and stiffness properties of
lamellar tissue in highly detailed numerical models.

In summary, in this chapter, we study the cancellous bone architecture and
the lamellar tissue using µCT, the stereomicroscope, and the FESEM. The
specimens studied in this section came from swine lumbar vertebral trabecular
bone and human femoral heads.

3.2 Cancellous bone samples description

In this thesis, two types of cancellous bone samples have been analysed. On
the one hand, swine lumbar vertebral cancellous samples have been studied
by imaging techniques, such as FESEM and the stereomicroscope. Besides,
the numerical models used for validating the elastic properties equations de-
veloped for lamellar tissue in Chapter 4 were generated from the vertebral
specimens. Furthermore, bone surrogates manufactured by additive manufac-
turing (AM) studied in Chapter 7 were vertebral trabecular samples from the
swine specimens.

On the other hand, cancellous bone samples from human femoral heads have
been assessed by several approaches, such as imaging techniques, experimen-
tal tests, and numerical models. We have three types of femoral specimens,
depending on whether they have or not a pathology, such as osteoporosis and
osteoarthrosis, which are the bone diseases studied in this PhD thesis. These
specimens have been studied and analysed in Chapter 6.

In the following sections, swine and human cancellous bone specimens will be
described.
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3.2.1 Swine cancellous bone samples from lumbar vertebrae

The vertebral column forms the central axis of the body skeletal structure.
Together with the sternum and twelve pairs of ribs, it constitutes the trunk
skeleton. The vertebral column provides strength and flexibility as a sturdy
and flexible midline support [283]. The spine is composed of vertebrae, which
are divided into seven cervical (C1-C7), twelve thoracic (T1-T12) and five
lumbar (L1-L5). The sacrum and the coccyx are at the lower end of the spine.
Figure 3.1 shows the anatomical parts of a standard vertebra.

Figure 3.1: Anatomical regions of a standard vertebra [283].

Porcine spines are a common substitute for human specimens in both in vivo
and in vitro experiments related to spinal fusion and instrumentation meth-
ods. The choice of experimental specimens is influenced by several factors,
including the experiment nature, the animal characteristics, such as anatomi-
cal and functional similarities to human models, the composition of the bones
and considerations of cost and availability [284]. McLain and colleagues [285]
compared the morphometry of the fourth lumbar vertebrae in human, porcine,
dog, and ovine specimens. The results revealed that porcine specimens dis-
played several distinct advantages compared to the other models investigated.
Consequently, porcine samples are a viable substitute for human specimens in
vitro analyses.

The vertebral bodies play a vital role in providing essential support to the spine
weight-bearing system. Primarily composed of cancellous bone, the central
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part of the vertebral body is specifically designed to withstand the typical
forces exerted on it. By examining the orientations of trabeculae within the
bone, we can infer the customary forces that the vertebra experiences [286].

The vertically oriented trabeculae within the vertebral body play a crucial role
in supporting compressive loads. Additionally, at the upper and lower surfaces
of the body, oblique trabeculae extend upward or downward to further assist
in this compression-bearing function. These oblique trabeculae converge at
the pedicles, providing resistance against tensile forces in that area. Moreover,
they extend towards the superior and inferior facets and outward to the spinous
process. The trabeculae oriented towards the facets are specifically aligned to
support both compressive and shear forces acting on them. In contrast, the
trabeculae directed towards the spinous process are designed to withstand the
tensile and bending forces applied to this region. Altogether, this intricate
arrangement of trabeculae within the vertebral body enables it to effectively
manage various types of loads and stresses, maintaining the spine stability and
functionality [286].

During compressive loading, the center of the end plate supports elevated
pressure, making it a usual site for failure. This failure often arises from the
nucleus of the disc rupturing the endplate. This can become a significant issue
for patients with reduced bone strength, as seen in osteoporosis. Osteoporosis
is characterised by decreased bone volume, leading to an increased risk of
fractures even with smaller external loads. The vertebrae, filled with blood,
may exhibit behavior akin to hydraulically enhanced shock absorbers when
subjected to suddenly applied loads. This hydraulic-like effect could help
dissipate and distribute forces, potentially reducing the impact on the end
plates and lowering the risk of failure.

In Figure 3.2, from Mosekilde’s work [287], it can be seen the trabecular ar-
chitecture of the body of a vertebra with a prominent structure orientation in
the vertical direction, formed by plates, and a trabecular lattice in the other
two orthogonal directions, called rods or struts. This structure is directly re-
lated to the loads that the vertebrae withstand. Owing to the location of the
vertebrae in the skeleton, the predominant applied loads are in the vertical
direction. Therefore, plates grow and develop in such a direction, resulting in
the stiffest direction of the vertebral body. Whereas in the other two orthogo-
nal directions, the dominant structure is the strut which creates a trabecular
lattice.

Moreover, age effects can be observed. Figure 3.2 (a) corresponds to a verte-
bral body from a young individual with a dense central trabecular network,
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(a) (b)

Figure 3.2: Human vertebral body from a young (a) and elderly (b) donor. Figure taken
from [287].

whereas Figure 3.2 (b) corresponds to a vertebral body from an elderly indi-
vidual whose trabecular bone density has decreased causing greater porosity.
The degradation of bone architecture has a strong impact on the mechanical
properties; thus, the vertebra shown in Figure 3.2 (b) can withstand less level
of stress, being more likely to undergo a fracture.

Figure 3.3: Swine cancellous bone samples from lumbar vertebrae analysed in this thesis.

Figure 3.3 presents the vertebral cancellous specimens used in this thesis.
The studied cancellous bone samples were taken from the bodies of lumbar
vertebrae of a skeletally mature swine, which does not have any pathology or
disease that can affect the mechanical properties of bone. For its preparation,
the specimens were cut using a saw, resulting in cubic samples with minimum
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dimensions of 10 mm per side. The sample dimensions are crucial to ensure
they are representative of the bone they originated from. In this chapter,
cancellous bone structure and orientation of lamellar tissue are evaluated.
The lumbar cancellous samples are used in this thesis to validate the elastic
equations developed in Chapter 4 and to obtain bone surrogates manufactured
by additive manufacturing in polylactic acid (PLA) in Chapter 7.

3.2.2 Human cancellous bone samples from femoral heads

The femur is the heaviest, longest and strongest bone in the human body whose
principal function is gaiting stability and withstand the body weight [288]. The
upper third of the limb is call proximal femur which is divided in four main
sections (Figure 3.4): femoral head, femoral neck, intertrochanteric area and
subtrochanteric area. There are two prominent bony protusions alongside the
intertrochanteric area called greater trochanter and lesser trochanter. The
upper end of the femur, which is the femoral head, fits into the hip cavity,
called acetabulum, forming the hip joint. On the other hand, the lower end of
the limb is joined to the tibia by the knee joint [289].

Figure 3.4: Anatomic regions of the proximal femur. Figure taken from [290].

The femoral head-neck junction is situated within the joint capsule and con-
stitutes the subcapital area of the femoral neck. In contrast, the femoral neck-
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intertrochanteric junction, known as the basicervical region, is located outside
the joint capsule. The space between the greater and lesser trochanter of the
femur defines the intertrochanteric region. Additionally, the area extending
approximately 5 cm below the lesser trochanter is called the subtrochanteric
region [291]. The proportion of the femoral neck to the femoral head strikes
a balance between fracture resistance and the range of motion in the hip
joint [292].

The hip joint consists of a spherical ball, the femoral head, that fits on the
hip hole called the acetabulum. The hip joint plays a vital role in generating
and transmitting forces during everyday activities, with an essential biome-
chanical function [292, 293]. While bearing approximately two-thirds of the
total body weight, the hip joint must also facilitate the seamless movement
of the lower limbs to enable bipedal gait. Throughout regular daily activ-
ities, forces equivalent to about 5.5 times the body weight are transmitted
between the femur and pelvis [294–296]. The lower limb has evolved primarily
for bearing weight and facilitating movement and demands greater strength
and stability than the upper limb. The bones are larger and more robust, as
their form and structure have adapted to provide support and withstand me-
chanical stresses [293]. Understanding the biomechanics of the hip is essential
in comprehending structural hip abnormalities and injury mechanisms, with
significant implications for treating trauma-related injuries and reconstructive
surgeries [292].

Regarding the internal geometry of the femoral neck, in 1838, Ward [298] de-
tailed the trabeculae orientation of the upper third of the femur. He depicted
a trabecular network where he identified tensile trabeculae laterally along the
femoral neck (blue line in Figure 3.5 (c) located in the lateral system of lamellae
- L in Figure 3.5 (b)) and compression trabeculae medially along the femoral
neck (red line in Figure 3.5 (c) located in the medial system of lamellae - M
in Figure 3.5 (b)). In addition, the secondary trabeculae are oriented across
the rest of the proximal femur (green line in Figure 3.5 (c) located in the
intertrochanteric arch - I in Figure 3.5 (b)). Finally, the central part of the
femoral neck is called Ward’s triangle (red triangle in 3.5 (c) located in the
middle hole pointed out with a W in Figure 3.5 (b)) which is surrounded by
the compressive and tensile trabeculae and the secondary compression trabec-
ulae. It should be noted that in the middle of the femoral neck, in Ward’s
triangle, there is an absence of trabeculae resulting from bone adaptation.
All this trabeculae network system can be observed in the laminar structure
too, depicted in Figure 3.6 where the compression, tension trabeculae and the
secondary trabeculae are shown.
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(a) (b) (c)

Figure 3.5: (a) Trabeculae orientation of cancellous bone in the frontal section of the upper
third of the femur. (b) Internal weight-bearing system in the femoral neck. M - medial system
of lamellae, L - lateral system of lamellae, W - Ward’s triangle and I - intertrochanteric arch.
(Images (a) and (b) extracted from Garden 1961 [297]). (c) Plain AP radiograph of the left
hip demonstrating the principal compression (red line) and tension trabeculae (blue line)
of the proximal femur as well as the secondary compressive trabeculae (green line) and the
Ward’s triangle (red triangle), extracted from [291].

As presented in both Figure 3.5 and Figure 3.6, the trabeculae main orientation
changes according to bone adaptation, in contrast to the lumbar vertebrae
presented in Section 3.2.1, which have a more homogeneous main orientation.
Therefore, femoral cancellous specimens may not have such a predominant
direction because it is challenging to cut the femoral heads in the saw and
obtain the trabeculae aligned in one of the three orthogonal directions of the
sample. Owing to the diversity of loads the femur withstands, the predominant
structure observed in such samples is a strut and rod framework oriented in
several directions to support the applied loads.

The bone resistance to fracture is influenced by its material composition, in-
cluding the quantity and properties of the materials constituting it and the
spatial distribution of bone mass [299]. Additionally, it is widely recognized
that multiple factors influence fracture risk, and numerous independent risk
factors have been identified to improve the accuracy and sensitivity of predic-
tive fracture risk models [300].

Understanding the forces acting on the human femur is essential for healthcare
professionals. Determining these forces during walking and other daily activ-
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(a) (b) (c)

Figure 3.6: Serial radiographs of the calcar femorale showing its laminar structure. (a)
Antero-posterior view. (b) Oblique view. (c) Lateral view. Figure taken from Garden
1961 [297].

ities makes it possible to calculate the stresses exerted on the femur, thereby
identifying the areas prone to frequent femur fractures. Moreover, these forces
are of significant interest in cases involving total hip prostheses and femoral
neck and shaft fractures [301].

Proximal femoral fractures can be classified into two main groups based on
their location relative to the hip joint capsule: intracapsular and extracapsular
(see Figure 3.7). The hip joint capsule is a fibrous structure that surrounds
and stabilizes the hip joint. Understanding the differences between these types
of fractures is essential because it impacts their treatment and potential com-
plications. Their principal features and classification are the following [302]:

• Intracapsular Fractures: femoral neck fractures that occur within the
joint capsule of the hip. These fractures are associated with a higher risk
of complications such as avascular necrosis (AVN), the death of bone
tissue due to inadequate blood supply, and nonunion due to the tenuous
blood supply to the femoral head. Furthermore, these fractures may have
a higher risk of displacement and are generally less stable due to the lim-
ited blood supply and the absence of significant muscular attachments
in the femoral neck region, so they may require more delicate surgical
intervention to restore blood supply and stabilize the fracture. Intracap-
sular femoral fractures are presented in Figure 3.7 top, and are classified
as follows:
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Figure 3.7: Main fractures of the upper third proximal femur. Images extracted from [303].

– Capital fracture: a fracture that occurs in the femoral head, also
known as the capital region. Capital femur fractures are relatively
rare because the robust structures of the hip joint protect the femoral
head. However, this is usually the result of high-energy trauma and
is often accompanied by hip joint dislocation. They can also occur
in individuals with weakened bones, such as osteoporosis, or due
to underlying diseases that affect the bone integrity. Capital femur
fractures pose a significant risk of complications due to the potential
disruption of the blood supply to the femoral head.

– Subcapital fracture: a fracture that occurs just below the femoral
head at the so-called subcapital region. The fracture line is located
below the femoral head and may extend horizontally or obliquely
across the femoral neck. Subcapital fractures are prevalent in older
individuals who undergo a fall, and due to osteoporosis, which is
more common in old people, particularly in postmenopausal women.
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These fractures in the young population occur as a result of high-
energy injuries. Subcapital femur fractures, especially when dis-
placed, can lead to several complications, including avascular necro-
sis of the femoral head, nonunion (failure of the fracture to heal
properly), and post-traumatic arthritis in the hip joint.

– Transcervical fracture: a fracture that occurs in the femoral neck
where the fracture line is typically horizontal or slightly oblique,
crossing the femoral neck in a medial-to-lateral direction. Transcer-
vical fractures can disrupt the blood supply to the femoral head,
potentially leading to avascular necrosis.

– Basicervical fracture: a fracture that occurs at the junction of the
femoral neck base and the intertrochanteric region. The fracture line
is more oblique, extending from the base of the femoral neck into the
femoral shaft. Basicervical fractures have a higher risk of displace-
ment and may behave more like extracapsular fractures regarding
healing and treatment options. The incidence of avascular necro-
sis is considered to be low compared to subcapital and transcervical
fractures. Basicervical fractures have a high risk of displacement and
may behave more like extracapsular fractures in terms of healing and
treatment options.

• Extracapsular Fractures: occur outside the joint capsule and are as-
sociated with a more robust blood supply to the femoral head. These
fractures are less likely to result in chronic complications such as avas-
cular necrosis (AVN) or nonunion. Extracapsular fractures are generally
more stable than intracapsular fractures due to the presence of robust
muscular attachments and a better blood supply to the fractured area,
and they can often be managed with more straightforward surgical fix-
ation methods. Extracapsular femoral fractures are presented in Figure
3.7 bottom, and are classified as follows:

– Intertrochanteric fracture: a fracture that occurs between the greater
trochanter and the lesser trochanter of the femur, whose fracture line
joins the greater and lesser trochanter through the intertrochanteric
line. It is the most common type of hip fracture, and the prognosis
for bone healing is generally good if the patient is healthy. Com-
plications from intertrochanteric femur fractures include nonunion
malunion, infection, and blood clots. Early mobilization and re-
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habilitation are essential to reduce the risk of complications and
promote functional recovery.

– Subtrochanteric fracture: a fracture that occurs below the lesser
trochanter of the femur extending into the shaft (diaphysis) of the
femur. In the elderly population, the most common trauma is due
to low-energy, such as falls, whereas in the youth population, the
injuries are because of high-energy traumatism, such as traffic acci-
dents. Rehabilitation and physical therapy are crucial for regaining
strength and function after surgery.

– Greater trochanter fracture: a fracture that occurs in the greater
trochanter, in which the fracture line separates the greater trochanter
from the rest of the femur.

– Lesser trochanter fracture: a fracture that occurs in the lesser trochanter,
in which the fracture line separates the lesser trochanter from the
rest of the femur.

Femur fractures can be classified as displaced or nondisplaced based on the
alignment of the broken bone fragments. On the one hand, in a displaced
femur fracture, the broken ends of the bone are no longer in their normal
anatomical position. The bone fragments have moved, resulting in a visible
gap or misalignment between the broken pieces (see Figure 3.8 c and d). Dis-
placed fractures can be shifted laterally, angulated, or rotated. This fracture
type often requires more aggressive treatment, such as surgery, to realign and
stabilize the bone for proper healing. In addition, in displaced fractures, the
broken bone ends may shift or misalign, potentially compressing the blood
vessels that supply the fractured segment. This compression can reduce or
completely obstruct blood flow to the affected area. Furthermore, AVN is a
severe complication that can occur if the blood supply to the fractured segment
is significantly compromised or wholly cut off.

On the other hand, nondisplaced femur fracture occurs when the broken ends
of the bone remain relatively aligned and in their proper anatomical position
(see Figure 3.8 a and b). The bone may have a crack or break, but the
overall alignment is maintained. Nondisplaced fractures can often be treated
effectively with conservative methods like immobilization using casts or splints.
While a nondisplaced femur fracture can still be painful, the pain may be less
severe than a displaced fracture. Additionally, there may be minimal to no
visible deformity or swelling. Moreover, nondisplaced femur fractures can often
be managed without surgery and have a shorter healing time than displaced
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a) b) c) d)

Figure 3.8: Classification of subcapital femoral neck fractures. a) Stage 1: can be in-
complete or valgus impacted. b) Stage 2: complete but nondisplaced subacapital fractures.
c) Stage 3: complete subcapital fractures which are partially displaced. d) Stage 4: com-
plete subcapital fractures which are fully displaced. Image extracted from Sheehan et al.
work [302].

fractures. Treatment usually involves immobilizing using a cast or brace to
keep the bone fragments in place while healing. Weight-bearing restrictions are
often enforced during the healing process. Lastly, in nondisplaced fractures,
the bone ends remain relatively aligned, reducing the risk of direct compression
or obstruction of blood vessels. As a result, the risk of blood supply problems
is generally lower than displaced fractures. Regarding AVN, the risk may be
lower and can still cause minor disruptions to the blood supply, especially if
there is extensive bruising or swelling around the fracture site.

3.2.2.1 Classification of the human femoral cancellous bone
specimens

In this thesis, human cancellous bone samples have been studied. These speci-
mens come from human femoral heads extracted during total hip arthroplasty
surgery in the Hospital Universitario Infanta Leonor of Madrid. The extracted
femoral heads belong to different clinic groups, divided according to the doc-
tors’ criterion based on the type of fracture the patients present. The doctors
classified the femoral heads into three groups: the healthy group (HG), the
osteoarthrosic group (OA), and the osteoporotic group (OP). The definition
of each group is the following:
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• Healthy Group (HG): specimens obtained during total hip replacement
surgery in the assistance process of mechanical pathology in patients
under 65 years of age.

• Osteoarthrosic Group (OA): specimens obtained during total hip replace-
ment surgery in the assistance process of degenerative pathology (arthro-
sis) in patients over 65 years of age.

• Osteoporotic group (OP): specimens obtained during total or partial hip
replacement surgery in the assistance process of displaced subcapital frac-
ture in patients over 65 years of age (see Figure 3.8 c and d).

The cancellous bone specimens studied in this thesis (see Figure 3.9 b) were
prepared after rough cuts performed in the femoral head. In Chapter 6, the
workflow followed to develop this research will be explained in detail.

a) b)

Figure 3.9: a) Femoral head extracted at the total hip arthroplasty surgery and b) cancel-
lous bone samples studied in this thesis, prepared from the femoral head. Original contri-
bution.

3.3 Cancellous architecture assessment at the
stereomicroscope

In this section, we will focus the study on the trabecular architecture of bone.
Some researchers, such as Stauber et al. [22], reveal the importance of con-
sidering these cancellous bone structures because they influence bone quality
and stiffness. For this reason, it is essential for our work to study this archi-
tecture to improve our numerical models and our approaches to defining the
cancellous bone properties.
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Furthermore, rods and plates play an essential role when bone degenerates
because, depending on the disease, these structures degrade differently, as
Ding and Overgaard have shown in some recent studies [20, 21]. When bone
is young and healthy, there is a greater density of rods and plates with higher
thickness. In contrast, in an elderly or diseased bone, this trabecular network
has a low quality and density. Some crucial parameters like ultimate stress,
ultimate strain, or Young’s modulus change as the trabecular architecture
does.

For these reasons, both swine and human samples have been examined at
the stereomicroscope to analyse our specimens trabecular architecture. A
stereomicroscope or stereo microscope is a type of microscope used to provide
a three-dimensional (3D) view of a specimen. Also known as a stereo zoom
microscope, this microscope is fitted with separate objective lenses and two
separate eyepieces, providing a different optical path to each eye. The result is
a three-dimensional image because each eye sees at a slightly different angle.
The magnification range of a stereomicroscope can vary, but it generally starts
around 5x and can go up to around 100x, sometimes higher, depending on the
model. These magnifiers view live or dead, opaque or translucent specimens
of relatively large size.

The images exhibited in this section have been obtained at the stereomicro-
scope in the Department of Mechanical and Materials Engineering (DIMM)
at the Polytechnic University of Valencia (UPV), which is shown in Figure
3.10. One essential part is the microscope objective, composed of a set of
lenses that generate a first magnified image of the sample. Besides, there are
two screws to focus the sample and zoom in and out. At the microscope base,
there is a hole for the plate where the specimen is placed. On one side, this
plate is white, and on the other is black, which is useful for having different
backgrounds depending on the colour of the evaluated sample and having con-
trast for getting high-quality images. On the top of the column, there is a
camera that allows to see the specimen on the computer screen. This camera
has a software with several functions, such as controlling and modifying image
parameters like brightness or contrast. In addition, it is possible to measure
the image, which is highly helpful for taking measurements of the specimens.
A light source can be switched on if brightness is needed. Additionally, it
has a dimmer to regulate the light intensity in the field of view. Finally, the
stereomicroscope has two light bulbs at the end of the tubes, which are flexible
to adapt them to the necessity of exposition, height, and location of the light
beam relative to the sample.
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Figure 3.10: The stereomicroscope available at the Department of Mechanical and Mate-
rials Engineering (DIMM) used for the assessment of cancellous bone samples architecture.
Original contribution.

The studied specimens do not need any specific treatment before using the
stereomicroscope. It is recommended to take the samples out of the freezer
around 24 hours before and let them in the fridge for defrosting. Even so, ice
can be seen in the cancellous architecture in some images. As a final point,
it is recommended to dry the samples so that no droplets are visible on the
surface of the bone.

Figure 3.11 reveals the cancellous bone architecture of a vertebra from a lum-
bar vertebra of a skeletally mature swine. It is possible to identify the rod-
and plate-like structures in each image, respectively. In Figure 3.11 b) it is
shown the plate-like structure which is oriented along the vertical direction
of the vertebra, as Mosekilde established in her work [287]. This preferred
orientation is the stiffest direction of the vertebra because it is the one where
most of the loads remain. Plates are the scaffolds of this type of bone. Owing
to the function that plates develop, compared with the struts, they are thicker
and longer. Lastly, it can be noted that for generating the plate architecture,
little struts are also needed to join them, as seen in the image. On the other
side, in the other two orthogonal directions of the vertebra, the prominent
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architecture is the rod-like structure as evidenced in Figure 3.11 a). As can
be seen, these struts constitute the trabecular network.

(a) (b)

Figure 3.11: Cancellous bone architecture acquired at the stereomicroscope (swine verte-
bral cancellous bone). a) Rod-like structure and b) plate-like structure.

Several thickness measures have been taken on some struts and plates, pre-
sented in Figure 3.12. The lowest value collected is 106 µm for a transverse
strut, whereas the highest is 223 µm for a vertical plate. It is important to
consider that these results are merely a few values from the whole structure,
which means it is possible to find higher or lower values in other architectural
regions. Various works conduct a local morphometry analysis to evaluate bone
microarchitecture separately for plates and rod structures. They also found
slight differences in trabecular thickness between rods and plates, such as
Stauber and Müller [22, 23]. Some researchers have defined the trabecula di-
ameter around 100 µm; however, it is crucial to contemplate the body location
because the trabecula thickness can barely change between different regions.

Table 3.1 collects the trabecular thickness (Tb.Th) obtained in the measure-
ments made in our lumbar vertebral samples together with various results
from the literature for vertebrae. These results are presented in microns (µm)
with the mean value and the standard deviation. Our results are in agreement
with the findings of Poillot et al. [304], Nazarian et al. [24] and Stauber and
colleagues [22]. The lowest values are reported in Li et al. work [305]. It is
essential to bear in mind that numerous other factors can vary the trabecular
thickness, such as age or gender. Therefore, the minor differences between re-
sults can be related to these factors. Moreover, bone diseases are also a huge
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(a) (b)

Figure 3.12: Trabecular thickness (Tb.Th) measured at the stereomicroscope.

problem, as many degrade the trabecular structure. However, all the results
presented in Table 3.1 are for healthy vertebral specimens.

Table 3.1: Trabecular thickness (Tb.Th) from healthy vertebral cancellous bone.

Trabecular thickness (Tb.Th) (µm)

This work Literature

165.67 ± 58.53

146 ± 10 [24]

136 ± 19 [22]

113.3 ± 15.9 [305]

160 ± 20 [304]

Conversely, the trabeculae from femoral head specimens do not have a clear
predominant direction. Unlike the vertebrae, the femur has to withstand dif-
ferent loads during daily activities; then, the trabeculae are distributed to
support such loads, as shown in Figure 3.5. Depending on the cutting plane,
in some samples it is possible to see a more oriented trabecular structure, such
as in Figure 3.13 (a) and (b), than in other samples or cutting planes, such as
in Figure 3.13 (c) and (d).

The trabecular thickness has been measured for each studied group of human
specimens in Figure 3.14, Figure 3.15 and Figure 3.16. The measurements
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(a) (c)

(b) (d)

Figure 3.13: Trabeculae direction in the cancellous bone femoral head specimens. Blue
arrows point out the main direction of the trabeculae, a) and b) cutting plane with the tra-
beculae oriented in the blue arrows direction, c) and d) cutting plane with rod-like structure.

obtained for the studied human femoral specimens have been presented with
the mean value and the standard deviation in Table 3.2.

Before analysing the trabecular thickness (Tb.Th) results, it is possible to ap-
preciate several differences between groups by examining the Figures 3.14 -
3.16. First of all, the trabeculae are thicker in the images of the HG samples
compared to the groups that present a pathology, both OA and OP, being
greater than the difference between HG and OP. The trabecular thickness
(Tb.Th) is directly related to another morphometric parameter, the trabecu-
lar separation (Tb.Sp). Generally, when the trabecular thickness is large, the
specimen is healthy or without pathologies that affect its architecture. There-
fore, the trabecular separation is lower than in specimens with a degraded
structure.
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(a) (b)

Figure 3.14: Trabecular thickness (Tb.Th) measured in cancellous bone specimens from
the healthy group (HG) femoral heads.

The high diversity between specimens from the same group and between re-
gions within a sample makes it necessary to take a large number of measure-
ments to represent the group under study. This will be accomplished through
the analysis of micro-CT images reducing time costs. Moreover, it is impor-
tant to analyse the results to check possible further points which are extreme
points out of the range of the studied group. When a high number of speci-
mens is examined, it is possible to find a few exceptions that are not in the
trend of the rest of the results. In these cases, it is crucial to neglect these
results.

Regarding the results for the thickness of our human cancellous femoral spec-
imens, the healthy group (HG) presents the highest values, 279.64 ± 62.04
µm. The groups presenting pathology, osteoarthrosic (OA) and osteoporotic
(OP) groups, show lower values for the trabecular thickness than HG. Between
diseased specimens, the osteoporotic samples show the lowest values for the
trabecular thickness, 149.54 ± 52.70 µm, whereas the OA specimens present
a thickness of 203.83 ± 36.05 µm. As a consequence, in the morphometric
analysis we would expect that the trabecular separation presents an inverse
trend than the trabecular thickness.

Trabecular thickness is a morphometric parameter that substantially influ-
ences the bone mechanical properties. A large thickness usually is presented
in healthy individuals; hence, they are expected to withstand higher load lev-
els. Specimens with a degraded structure due to bone disease are expected
to support lower load levels, such as OA and OP specimens. Morphometric
analysis has been carried out for the cancellous femoral specimens of the three
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(a)

(c) (d)

(b)

Figure 3.15: Trabecular thickness (Tb.Th) measured in cancellous bone specimens from
osteoarthrosic (OA) femoral heads.

groups and the stress level that each group can resist, and both are presented
in Chapter 6.

Apart from obtaining our results, it is essential to confront them to results
in the literature. Table 3.2 presents the trabecular thickness (Tb.Th) for our
human femoral cancellous specimens with the mean and standard deviation
in microns (µm). Several results from the literature are collected from human
femoral head cancellous specimens in the same conditions to compare the
measurements.

First of all, it is important to keep in mind that many factors, such as body
location, sex, gender, or bone disease, modify the trabecular thickness. In
our samples, we have made different measures in the same specimen for the
thickness variability. Depending on the literature work, there is a wide range
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(a)

(c) (d)

(b)

Figure 3.16: Trabecular thickness (Tb.Th) measured in cancellous bone specimens from
osteoporotic (OP) femoral heads.

Table 3.2: Trabecular thickness (Tb.Th) from human femoral head cancellous samples
classified into three groups: healthy group (HG), osteoarthrosis group (OA), and osteoporotic
group (OP).

Trabecular thickness (Tb.Th) (µm)

This work Literature

HG OA OP HG OA OP

279.64 ± 62.04 203.83 ± 36.05 149.54 ± 52.70

193 ± 25 [21] 205 ± 28 [21] 187 ± 14 [21]

150 - 240 [20] 160 - 330 [20] 110 - 210 [20]

294.6 ± 48 [95] 95.1 ± 2.5 [189] 80.9 ± 4.1 [189]

144.7 ± 11.9 [305] 200 ± 30 [306] 180 ± 30 [306]

190 ± 30 [307] 238 ± 5 [190] 190 ± 10 [190]

206.14 ± 34.11 [308] 170 ± 30 [307] 190 ± 30 [307]
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of values for each studied group. Regarding HG, the lowest values have been
found in Ding and Overgaard work [20] and in Li et al. [305]. In the patholog-
ical groups, both OA and OP, the lowest trabecular thickness is presented in
Blain and colleagues’ work [189]. Nonetheless, our results for the trabecular
thickness are in agreement with those found in the literature.

In general terms, the lowest values are presented in the osteoporotic specimens.
These findings are supported by the fact that osteoporosis degrades the tra-
becular network. Owing to the unbalanced activity of the remodelling cycle,
many voids and holes arise in the lamellar tissue removing more mineral than
it is deposited. Regarding the other two groups, although OA has pathology
and HG does not, the trabecular thickness in certain works are similar or even
overlap. Osteoarthrosis (OA) is considered inversely to osteoporosis, and both
cannot coexist in the same patient. In OA, apart from the degeneration and
degradation of the cartilage, the bone remodelling process has greater activity
than in a healthy bone. For this reason, depending on the grade or stage
of OA, in the most severe cases, the individual can have more bone material
quantity in the anatomical location affected by this disease than a healthy
individual. Hence, in some works, such as in Ding and Overgaard [20], the
range for the OA group is slightly higher than for HG.

3.4 µ-CT images analysis of cancellous bone specimens

Two groups of cancellous bone samples are analysed in this thesis: (1) human
femoral heads extracted from donors during total hip arthroplasty surgery and
(2) lumbar vertebra from mature swine. From scanning all the cancellous bone
samples by the micro-CT, we assess the microarchitecture of the specimens
with high resolution for optimal morphometric analysis presented in Chapter
6.

The specimens were cut in a minitom saw (Struers ApS, Bellerup, Denmark).
As an example, for human femoral head, Figure 3.17 depicts one sample of
each group highlighting their dimensions. The sample dimensions are at least
10x10x10 mm to be representative of the whole specimen. Although the spec-
imens are several centimeters long, at least in some directions, it is rather
challenging to observe the bone microarchitecture due to the dense network
of trabecular lattice, as shown in Figure 3.17. Most severe architecture prob-
lems, such as big holes, can be appreciated primarily in the diseased specimens
usually belonging to OP (see Figure 3.17 osteoporotic group specimen).
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Healthy Group (HG)

14.43x24.84x13.18 mm

Osteoporotic Group (OP)Osteoarthrosic Group (OA)

13.76x13.49x12.06 mm 18.80x9.50x24.45 mm

Figure 3.17: 3D reconstruction of femoral cancellous bone specimens of each group: healthy
(HG), osteoarthrosic (OA) and osteoporotic (OP).

Nevertheless, it is possible to visually examine the specimens microarchitecture
in the DICOM (Digital Imaging and Communication in Medicine) images
from the micro-CT scan. Certain features of the sample structure, such as
trabecular thickness, primary orientation, holes or interconnected regions are
exhibited in these images. In most cases, this visual information is enough
to distinguish between the three studied groups. Figure 3.18 presents one
DICOM image representing each group.

At first sight, it is possible to distinguish several differences between the three
images of Figure 3.18. When comparing the HG image with the other two
images, the trabeculae are more homogeneous and thicker overall than in the
other two specimens. Moving to the right, the middle DICOM image belongs
to an OA specimen. The main feature of the OA group is the mineral con-
centration, the white localized regions. Moreover, the rest of the trabeculae
are slightly thinner than in the HG specimen. Finally, the OP specimens are
characterised by very separated thin trabeculae, such as the one shown in Fig-
ure 3.18. Therefore, as has been demonstrated, with the structure information
provided by the DICOM images, it is possible to qualitatively discern between
healthy (HG), osteoarthrosic (OA), and osteoporotic (OP) specimens in most
cases.
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Healthy Group (HG) Osteoporotic Group (OP)Osteoarthrosis Group (OA)

Figure 3.18: Differences between the three groups of human femoral cancellous bone spec-
imens using DICOM images obtained with the micro-CT scanner.

On the other hand, some other significant structure features are found in some
of the studied specimens, as shown in Figure 3.19. First of all, some structural
defects are observed in most of the samples (probably due to the advanced
age of the donors), such as big holes within the sample, as presented in Figure
3.19 a. This specimen belongs to the OP group, that besides of having these
defects, shows other characteristics of this group, such as thin trabeculae. In
addition, in both Figure 3.19 b and c images, the so-called epiphysis or growth
line can be appreciated, which is the line of bone growth where most of the
mineral is concentrated. This line is found at the ends of long bones, such
as the femur, humerus, and tibia, and is responsible for bone length growth
during childhood and adolescence. Regarding the femoral head being part of
the epiphysis of the femur, it is possible to see this bone growth line in several
cancellous samples. During this growth process, a large quantity of minerals,
such as calcium and phosphorus are deposited in this area, making it denser
and more visible on X-rays. When bone growth is complete, the growth plate
closes and becomes solid bone, indicating that longitudinal growth is no longer
possible.

Furthermore, in Figure 3.19 a and c, the orientation of the trabeculae can be
recognised. As mentioned in Section 3.3, the trabeculae orientation can vary
depending on how the cut was made in the microtom saw (see Figure 3.13)
and depending on the cut region of the femoral head, such as shown in Figure
3.5 in Section 3.2.2.
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c

b

a

Figure 3.19: a) Hole within the specimen, b) epiphysis or growth line, and c) defects on
the DICOM images due to insufficient cleaning.

Finally, it is essential to clean the specimens exhaustively; otherwise, the dirt
remaining in the sample will show up in the micro-CT, as exhibited in Figure
3.19. The greyish area around the bone appears because the specimen is not
cleaned enough, so some rests remain. Owing to these organic rests having a
different density of bone, the intensity is that greyish colour in the DICOM
images. If we compare Figure 3.19 c with Figure 3.19 a and b, it is recognised
that both are well-cleaned because only the background in black and the can-
cellous bone in white are shown. Besides, cleaning is also crucial because the
metallic rests of the saw disc can remain on the specimen. The metallic rests
will reflect the rays more than bone, which are considered image artifacts, as
explained in Section 2.3.3.

3.5 Lamellar tissue assessment at the field emission scanning
electron microscope (FESEM)

Cancellous bone behaviour has been studied for years owing to the relevance of
its mechanical properties and understanding its failure mechanisms. Over the
years, meso- and macroscale bone numerical analyses have been carried out
mainly considering two different material properties definition: using isotropic
or anisotropic elastic properties. Lamellar tissue mechanical response has
been evaluated by different techniques, such as experimental tests, imaging
techniques, or numerical models, and the evidence is that cancellous tissue
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is arranged orderly. Because of the great controversy between researchers on
this issue, we have decided to evaluate the bone samples used in this work.
Checking cancellous tissue structure enables us to make a better approach in
our numerical models of the natural arrangement of the bone tissue in order
to improve the results predicted by these numerical models.

3.5.1 Cancellous bone sample preparation procedure for FESEM

In this section, lamellar tissue organisation of cancellous bone samples have
been analysed at the field emission scanning electron microscope (FESEM).
This research required adhering to a stringent and systematic procedure due to
the sensitivity of the microscope and the need to have a clean bone structure
for obtaining great quality images. Figure 3.20 presents the scheme of the
procedure followed from bone sample cleaning to FESEM image acquisition.

1.
2. 3.

4.

Osteoporotic Healthy Osteoarthrosis

5.1.

5.2.

6.

Figure 3.20: Scheme of the procedure followed in cleaning and preparing cancellous bone
samples for getting images at the field emission scanning electron microscope (FESEM). 1)
Cleaning of the specimens, 2) ultrasound cleaner machine, 3) FESEM setup for cancellous
bone samples, 4) vacuum machine, 5) gold coating (5.1) and platinum coating (5.2) for the
cancellous bone samples and 6) cancellous bone sample tilted inside of the FESEM.
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Swine and human cancellous bone samples have been observed at the FESEM
ULTRA 55 (ZEISS, Jena, Germany) at the microscopy service of the UPV. On
the one hand, swine cancellous bone samples come from the lumbar vertebrae,
whereas human bone comes from the femoral heads of three types of patients:
healthy, osteoporotic, and osteoarthrosic. The starting point of the procedure
is cleaning the bone samples in order to remove all the organic remains and
blood (Figure 3.20.1). To this end, bone samples were immersed in distilled
water inside bakers and placed inside the ultrasonic cleaner machine (see Fig-
ure 3.20.2) between 10 to 20 minutes controlling the temperature. This process
has to be repeated several times owing to the nature of cancellous bone, which
is highly porous and hinders cleaning, as the waste remains in the voids of the
bone framework. Before each ultrasound bath, distilled water must be changed
to ensure good cleaning. When the bone sample changes its reddish colour
to white and distilled water after the ultrasound bath is almost transparent,
the cleaning process is over. The following step is preparing the samples for
the FESEM. For this purpose, it is essential to carry out the following assign-
ments: assemble cancellous bone in a metal sample holder, bring it to vacuum,
and apply a metal coating.

The following step is to place the specimens in the sample holders. There
are two usual methods: adhesive tape, which is usually made of carbon, and
conductive cement, of which silver is the most widely used. Due to the high
porosity of the specimens, conductive cement is not the best option; for this
reason, we have used adhesive carbon tape (see the setup in Figure 3.20.3).

One essential feature that must be considered is that the FESEM works in
vacuum conditions to ensure that nothing inside the microscope chamber can
deflect the electron beam. For this purpose, once bone specimens are fixed in
the sample holder, they are introduced in a vacuum machine (Figure 3.20.4) to
dry them and remove the last residues and moisture. Subsequently, the non-
conductive nature of the samples requires to apply a metal coating, usually
gold or platinum. Henceforth, the specimens are conductive, so they need to
be grounded, and the carbon adhesive tape performs this function. In the
beginning, the applied coating was platinum, as shown in Figure 3.20 5.2, but
in order to enhance the obtained images, we tried gold coating (Figure 3.20
5.1). The main reason is that gold particles are smaller than platinum ones;
thus, it is possible to reach more magnification in the microscope without
observing the coating particles on the bone surface.

At this point, bone samples are ready to be introduced in the FESEM. As
aforementioned, this microscope works in vacuum conditions, so once the sam-
ple is in, the vacuum starts until the pressure reaches 10−7 mbar. Lastly, for
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this type of specimen, the sample is tilted between 8 to 10 degrees (see Figure
3.20.6). This intermediate tilt angle falls between the low and high tilt angles
and offers a balance between surface visualization and internal structural anal-
ysis. This moderate tilt angle can enhance surface visualization and obtain
information about the bone surface. This is really useful for studying surface
features and potential changes in the surface due to several factors, such as
bone remodelling or disease. Furthermore, by using this tilt angle, it becomes
easier to analyse the trabeculae alignment and orientation, which is one of
the main targets of this chapter. Working conditions also include using 3 kV
voltage and a working distance between 6 and 8 mm.

3.5.2 Imaging assessment of lamellar tissue structure

The main target is to browse the lamellar structure in order to assess the
preferred orientation of cancellous tissue. The knowledge extracted from the
FESEM images will be used to establish cancellous tissue properties and to
apply homogenization methods. This permits to develop an accurate numeri-
cal model of cancellous bone in an upper length scale that considers cancellous
tissue properties.

Swine vertebral cancellous bone samples were the first ones to be observed
at the FESEM. Figure 3.21 illustrates three relevant sites for evaluating can-
cellous tissue: in the surrounding of voids, in branching structures and in a
trabecula. This image reveals how lamellar tissue has been deposited in agree-
ment with bone growth and tissue location. What is shown in each image of
Figure 3.21 is the mineralised skeleton of cancellous tissue because the speci-
mens are cleaned, and each organic remains, such as collagen fibrils, has been
removed. Figure 3.21 a) shows how and where the osteoblast deposited the
new bone material, and it is clarified that lamellar tissue is deposited sur-
rounding the hole. Figure 3.21 b) shows how and where the collagen fibrils
were deposited in a branch. It is possible to appreciate that lamellar tissue
reaches the branch with the orientation of the trabecula. However, lamellar
tissue has to adapt when both trabeculae converge at the branch, resulting in
a homogeneous zone without a clear orientation.

Figure 3.21 c) and d) show a single trabecula, with the only distinction be-
ing the magnification, facilitating a clearer assessment of the arrangement of
lamellar tissue. In the images, the lamellar tissue is observed to be arranged
in successive layers, aligning the collagen fibrils longitudinally along the tra-
becula.
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a) b)

d)c)

20 µm

20 µm 100 µm

10 µm

Figure 3.21: Lamellar tissue orientation evaluated at the field emission scanning electron
microscope (FESEM). a) Lamellae arranged circumferentially around the hole, b) lamellae
orientation in a brach, where two trabeculae join, c) lamellae arranged longitudinally along
the trabecula and d) single trabecula.

Increasing the magnification, the canaliculi lattice can be observed, shown in
Figure 3.22. This whole string framework is the calcophore canaliculi network
which consists of tiny channels, which pass through the calcified matrix of the
bone and connect bone cells to each other, called osteocytes. The canaliculi
constitute a tridimensional network that allows communication and exchange
of nutrients, metabolites, and signals between bone cells.

In conclusion, the examination of the lamellar tissue surface has provided
insights into the mineral deposition and arrangement in bone tissue. While
the lamellae align with the trabeculae from which they originate, there is a
lack of dominant orientation at points where trabeculae converge. Thus, it has
been shown that lamellar tissue is arranged according to the structures which
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b)

1 µm1 µm

a)

Figure 3.22: Calcophore canaliculi network seen at the field emission scanning electron
microscope (FESEM).

form it. This finding highlights the need of considering material properties
oriented according to the microstructure.

The knowledge of lamellae orientation has a significant role in lamellar tissue
properties definition. Mineralised collagen fibrils direction are parallel within
the lamellae; therefore, this will be the stiffest direction of cancellous bone.
Cancellous bone presents anisotropic behaviour, which could be simplified to
transversely isotropic behaviour due to the similar behaviour in two of the
three orthogonal directions, corresponding to the bone matrix. As a result of
imaging evaluation of lamellar tissue structure, we know how to orientate the
lamellae in the trabeculae and surrounding holes, and then define the trans-
versely isotropic properties in the numerical models. Nevertheless, lamellae
lack of main direction in branches, resulting in a homogeneous region in which
isotropic properties can be assumed.

3.5.3 Imaging assessment of lamellar tissue porosity

Once lamellar orientation has been clearly defined, it is important to consider
another essential tissue feature, that is the porosity at tissue level. This sec-
tion assesses cancellous tissue porosity at the FESEM, considering swine and
human trabecular bone samples. Two sources of porosity have been distin-
guished: natural tissue porosity and porosity due to bone diseases, such as
osteoporosis.
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Cancellous bone inherently exhibits greater porosity than compact bone. The
presence of trabeculae imparts structural support while facilitating processes
such as nutrient diffusion and bone remodeling. Nonetheless, excessive poros-
ity surpassing physiological thresholds could compromise the strength and
stability of bone tissue. The primary influence of porosity on bone tissue
manifests through its effect on mechanical properties, with an inverse rela-
tionship observed as porosity increases. Furthermore, bone porosity directly
affects strength, stiffness, and the entire structural integrity of bone tissue.

Mat́ınez-Reina et al. [44] established the main sources of tissue porosity for
cortical bone as the sum of canaliculi porosity (Pcan), lacunae porosity (Plac)
and vascular porosity (Pvas). Regarding cancellous bone, the natural source
of porosity is the lacunocanalicular system formed by Pcan and Plac amounts
about 5 % of tissue porosity. Another source which incorporates porosity to
lamellar tissue could be due to some bone diseases, such as osteoporosis. The
imbalance of the remodelling cycle at osteoporosis implies a loss of bone mass.
In the most severe cases, the rapid activity of the osteoclasts produces depth
cavities at the tissue level leading to trabecular bone perforation. This phe-
nomenon is referred to as osteoclastic perforation, which instigates a significant
decline in the mechanical characteristics of the bone.

Figure 3.23 presents the primary sources of porosity found in swine cancellous
tissue. Both Figures 3.23 a) and b) exhibit the ellipsoidal lacunae that har-
bour osteocytes. In his work, Marotti [55] defined approximately the lacunae
diameters as 4 x 9 x 22 µm. Furthermore, in these images, it is possible to
appreciate that these lacunae are arranged in the lamellar direction or circum-
ferentially to the holes, such as the lamellae. In addition, Figures 3.23 c) and
d) show small pores which correspond to the canaliculi system. These pores
have been found both in lamellar surface, as in Figure 3.23 c), and inside the
trabeculae, such as in Figure 3.23 d). Finally, it is important to emphasise
that these cancellous samples come from healthy mature swine.

As the magnification increases, it is possible to see clearly the pores at lamellar
tissue due to the canaliculi system, such as in Figure 3.24. Owing to the
possibility of measuring on the FESEM images, in Figure 3.24 a) is presented
one pore measurement, which is less than 1 µm. The pores dimensions in
Figure 3.24 b) are in the same order of magnitude as the measured in Figure
3.24 a). At this scale, these pores concern the natural porosity of lamellar
tissue, specifically, all the voids of the canaliculi system.

The previous images correspond to healthy cancellous bone samples, swine
and human, respectively. Regarding diseased bone, Figure 3.25 shows three
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a) b)

c) d)

20 µm

20 µm 10 µm

10 µm

Figure 3.23: Lamellar tissue porosity evaluated at the field emission scanning electron
microscope (FESEM) of swine vertebral cancellous samples. a) lacunae that harbour osteo-
cytes circumferentially arranged around the holes, b) and c) present lamellar tissue natural
porosity and lacunae and d) natural porosity of the lamellar tissue observed in a single tra-
becula.

images of osteoporotic lamellar tissue. Noticeably, a large quantity of gnawed
tissue surface is observed. These large holes appear could be attributed to
the disease because the osteoclasts activity is greater than the osteoblast one.
This negative balance in the bone remodelling cycle ends in a lower quantity
of bone mass, leading to this gnawed tissue, know as osteoclastic perforation.
This huge porosity drastically affects bone mechanical properties by reducing
them severely.

Some researchers only consider in their studies the macroscopic porosity, which
is related to the deterioration and degradation of bone architecture and results
in the reduction of struts thickness, greater separation between trabeculae, or
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1 µm1 µm

a) b)

860.7 nm

Figure 3.24: Lamellar tissue pores, corresponding to the voids of the canaliculi system,
found at lamellar tissue evaluated at the field emission scanning electron microscope (FE-
SEM) of human cancellous samples from femoral heads.

less framework connectivity. This porosity type is easily evaluated, such as
the stereomicroscope or using micro-CT, examining some morphometric pa-
rameters such as the previously mentioned. However, pores, cavities, and
perforations have a strong effect on tissue properties and, therefore, on bone
stiffness and resistance. For all these reasons, it is essential to consider can-
cellous tissue porosity to study bone mechanical properties.

Finally, the porosity assessed in the osteoporotic cancellous samples is not
classified as natural bone porosity because it is specific to the diseased bones.
The holes found at the tissue surface are much bigger than the little pores due
to lacunocanalicular system. Therefore, the amount of this type of porosity
will be assumed in the further chapters between 5 % and 25 %, i.e. when the
percentage of porosity exceeds 5 %, the cancellous bone sample has some bone
disease.

3.6 Conclusions

In this chapter, we have evaluated swine and human cancellous specimens
using different imaging techniques: the stereomicroscope, micro-CT (µ-CT),
and field emission scanning electron microscopy (FESEM). The specimens
examined are from different body locations, including lumbar vertebrae and
femoral heads. The anatomy and the trabecular orientation of the vertebra
and the femoral head have been defined. The vertebral specimens belong to
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100 µm 100 µm

100 µm

a) b)

c)

Figure 3.25: Osteoclastic perforation observed at lamellar tissue evaluated at the field
emission scanning electron microscope (FESEM) of human cancellous samples from osteo-
porotic femoral heads.

a skeletally mature swine, and the human femoral heads are provided by the
Hospital Universitario Infanta Leonor of Madrid, which have been extracted
during the total hip replacement. Human femoral heads were classified into
three groups based on the patient’s pathology, which can be osteoarthrosis
(OA) or osteoporosis (OP), or healthy individuals (HG).

Regarding the stereomicroscope, we have revealed the trabecular microarchi-
tecture of the vertebral and femoral specimens. First of all, the lumbar verte-
bral specimens have shown a predominant direction, the samples longitudinal
direction. In addition, such direction is the stiffest and mainly composed of a
plate-like structure. By contrast, struts and rods constitute the trabecular lat-
tice in the other two orthogonal directions of the specimens. Moreover, struts
and rods also joint the plates in the longitudinal direction. On the other hand,
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femoral cancellous specimens predominant direction depends on the region of
the femur. In the femoral heads, the trabeculae are oriented in several direc-
tions to withstand all the daily stresses the femur has to deal with. For this
reason and regarding the cutting plane, cancellous specimens from the femoral
heads present different orientations, mainly in an oblique direction.

Furthermore, the stereomicroscope software allows for measuring the image,
and then we acquired several values for the trabecular thickness (Tb.Th) of
the different specimens. Our measurements for the vertebral specimens give a
trabecular thickness (Tb.Th) of 165.67 ± 58.53 µm, which is in agreement with
the findings in the literature, such as Poilliot et al. work that presents 160 ±
20 µm, or Nazarian et al. [24] with 146 ± 10 µm. For the femoral specimens,
the trabecular thickness measured was 279.64 ± 62.036 µm for HG, 203.83
± 36.05 µm for OA and 149.54 ± 52.70 µm for OP. The lowest trabecular
thickness was presented in the osteoporotic specimens due to the degraded
microarchitecture because of the pathology. However, between HG and OA
specimens sometimes exist overlapping because of some Tb.Th are higher for
OA specimens than for HG groups, as Ding and Overgaard indicated in their
work [20]. The reason is that osteoarthrosis triggers a large deposition of
mineral. Therefore, in the regions where bone is most affected by the disease,
the trabecular thickness is slightly higher than in healthy specimens.

On the other hand, the DICOM images obtained from µ-CT scanning revealed
structural differences, which enable us to distinguish between the three groups
of femoral cancellous samples. The trabecular thickness, the separation be-
tween trabeculae, or localized vast regions of mineral has been identified in
DICOM images. Images with high trabecular thickness, lower separation be-
tween them, and a high quantity of rods and struts represent the HG group.
The images that show regions with high mineral content and the rest of the
trabeculae are slightly thin than the HG, are mainly from the OA group.
Lastly, images with less number of trabeculae, thinner than the others with a
high separation between them, and sometimes with holes within the specimen,
are indeed osteoporotic specimens. In addition, some other microarchitecture
features are revealed in the DICOM images, such as big holes in specimens,
which usually belong to OP samples, and the bone growth line, which is where
the bone has been growing during childhood and adolescence, and is closed in
the when the bone matures to adulthood. Finally, the relevance of an exhaus-
tive cleaning of the specimens has been stated. If the specimens have rests of
organic remains, they appear on the DICOM images in greyish depending on
their density and are part of the greyscale of the DICOM image.
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Ultimately, vertebral and femoral cancellous samples have been examined at
the FESEM. On the one side, the lamellar tissue has been assessed, empha-
sizing the lamellar orientation. In addition, the lamellar tissue porosity, called
microporosity, has been observed. All this information will be used to improve
the numerical models of the specimen to make them more realistic and better
capture the mechanical behavior of those samples. Lamellae orientation is
mainly arranged along the trabeculae direction and circumferential to holes,
while in branches, this lamellae orientation is not as clear. Regarding micro-
porosity, the natural porosity of the tissue is composed of the lacunae, after
osteocytes death, and the canaliculi network that connects the osteocytes.
Then, this natural tissue porosity is caused by the so-called lacunocanalicular
system. On the other hand, when bone suffers a pathology, such as osteoporo-
sis, besides the reduction of trabecular thickness, big holes and deep cavities
arise at the lamellar tissue. This porosity is called osteoclastic perforation.
The images captured at the FESEM have allowed us to evaluate all the mi-
croarchitecture, lamellar tissue, and microporosity of the vertebral and femoral
cancellous specimens.
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Chapter 4

Explicit expressions for the
estimation of the elastic
constants of lamellar bone as
a function of mineral content
and porosity

4.1 Introduction

Elastic and strength properties of lamellar tissue are essential to analyse the
mechanical behaviour of bone at the meso- or macro-scale. Although many
efforts have been made to model the real architecture of cancellous bone, in
most cases, isotropic elastic constants are assumed for tissue modelling. In
such cases, its non-isotropic behaviour has been neglected, together with the
influence of the bone mineral density and porosity on its mechanical response.
Hence, usually, isotropic damage laws are used to estimate bone failure.
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In this chapter, the non-isotropic terms of the stiffness matrix for the lamellar
tissue are derived as explicit functions of the volumetric bone mineral density
and microporosity at tissue scale (1 − 5 % for normal bone and up to 25 %
for osteoporotic bone) by considering a multiscale approach. Microcomputed
tomography (µ-CT) scans have been performed to obtain the micro-finite el-
ement (µ-FE) model of the representative volume of cancellous bone from
the lumbar vertebra of one skeletally mature swine specimen. The numeri-
cal model has been analysed under quasi-static tension and compression load
cases. In this model, the elastic constants and the inferred strength limits of
lamellar tissue are defined by considering a unidirectional layer pattern being
the mineralised collagen fibrils oriented in the most representative geometri-
cal feature of the trabeculae network. In this study, we have considered the
Hashin’s orthotropic interactive failure criterion for estimating the initiation
of the tissue failure. In addition, in order to analyze the damage evolution,
a Material Property Degradation (MPDG) approach has been implemented.
A detailed study about the influence of the damage parameters on the bone
mechanics behaviour is also given.

The main contributions of the research presented in this chapter can be sum-
marized in: (1) it addresses the numerical modelling of the cancellous bone
mechanical behaviour. In this case, not only considering the microstructure,
as usually done in literature, but also the non-isotropic elastic tissue proper-
ties, as a function of bone mineral density (BMD) and microporosity. (2) It
includes the orientation of the mineralised collagen fibrils in the main geometri-
cal feature of the trabeculae network. (3) It also proposes to use an interactive
failure criterion based on the inferred orthotropic lamellar strength limits. (4)
The post-yield behaviour is also addressed in a sensitivity analysis by means
of an efficient technique, based on the elastic property degradation.

The objective of this chapter becomes even more important when character-
ising the mechanical competence of bone that exhibits certain pathologies.
In osteoporosis, for example, the presence of “non-healthy” micro pores by
the osteoclastic perforation as a consequence of the bone turnover unbalanced
process [52–54] is scarcely addressed in literature from a mechanical point of
view. These pores, as in any structural material, will undermine the mechan-
ical functionality of bone. In addition, in this pathology, the increase of the
mineral content in certain regions causes more heterogeneity and weakens the
mechanical behaviour of bone. In order to deal with these phenomena from a
numerical point of view, non-isotropic detailed constitutive models are needed.
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4.2 Explicit modelling of porosity at tissue level

Cancellous bone is highly porous and heterogeneous, primarily located at the
epiphysis and metaphysis of long bones and within vertebral bodies. Adult
bone tissues, including cortical and cancellous bone, exhibit a laminated struc-
ture at the microscale. This laminated structure consists of lamellae, con-
stituting the lamellar bone tissue, where mineralised collagen fibrils are the
main component. Therefore, lamellar tissue stiffness and strength properties
are crucial to studying and understanding bone mechanical behaviour at the
meso and macro-scale.

Lamellar tissue porosity directly affects bone mechanical properties, reducing
them as porosity increases. Lamellar tissue has an inherent source of poros-
ity due to the lacunocanalicular system, which consists of lacunae and the
canaliculi system. Moreover, when any bone disease is developed can pro-
duce large voids which accumulate porosity at lamellar tissue. For example,
in osteoporosis, the high activity of the osteoclasts produces the so-called os-
teoclasts perforation, which causes big voids within lamellar tissue. These
porosity sources will be explicitly modelled to develop equations of lamellar
tissue properties as a function of bone mineral density (BMD) and porosity.

Regarding the numerical models, with the recent advances in acquisition tech-
niques of high-resolution medical image and postprocessing software, the nu-
merical analysis of the strength of trabecular bone through µ-FE models has
become an interesting option. Non-linear µ-FE models were used to simulate
pre- and post-yielding cancellous bone behaviour [97, 105, 209, 210, 309, 310].
In this numerical context, an option to simulate the bone failure is the Con-
tinuum Damage Mechanics (CDM) approach. In this approach, the initiation
and propagation of cracks is based on a smeared crack approach [97,210,212,
213,311]. In a quasi-static loading case, isotropic damage laws are often used
to represent the non-linear behavior of cancellous bone [97, 105]. In addition,
finite element deletion technique is also considered to model the complete
fracture of the trabeculae [210].

Concerning the strength of trabecular bone, a detailed review of several failure
criteria applied in material science is reported in Oftadeh et al. work [59], that
have been considered for the study of the bone mechanics under multi-axial
stresses. In that work, it is also highlighted that bone mechanical behaviour
is highly dependent on tissue properties.

In order to implement a damage evolution law in a three-dimensional nu-
merical analysis, the Material Property Degradation (MPDG) is a procedure
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very efficient computationally. This method can simulate the post-damage
degradation of brittle anisotropic materials. The MPDG results in a non-
linear evolution where the damage variable, d, takes predefined discrete values
depending on the dominant failure mode, and assumes an instant stiffness re-
duction of the material. In contrast, in the Continuum Damage Mechanics
(CDM) approach, the damage variable gradually increases with the amount
of fracture energy dissipated. The discrete damage method is also applied to
the study of progressive failure in laminate structures.

Stiffness matrix of lamellar tissue
Direct homogenization

𝐶𝐶 = 𝑓𝑓 𝐵𝐵𝐵𝐵𝐵𝐵,𝑝𝑝

Influence of BMD (Vercher-Martínez et al. 2018)
Transversely elastic constants for lamellar tissue:

𝐸𝐸𝑡𝑡 = 107 770𝐵𝐵𝐵𝐵𝐵𝐵0.8 + 1.54
𝐸𝐸𝑙𝑙 = 108 130𝐵𝐵𝐵𝐵𝐵𝐵1.8 + 6.4

𝜈𝜈𝑡𝑡𝑡𝑡 = ⁄0.6 1.1𝐵𝐵𝐵𝐵𝐵𝐵 + 1 10 + 0.38
𝜈𝜈𝑡𝑡𝑡𝑡 = 0.253𝐵𝐵𝐵𝐵𝐵𝐵3 − 0.84𝐵𝐵𝐵𝐵𝐵𝐵2 + 0.77𝐵𝐵𝐵𝐵𝐵𝐵

𝐺𝐺𝑡𝑡𝑡𝑡 = 106 3300𝐵𝐵𝐵𝐵𝐵𝐵0.9 + 3
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Figure 4.1: Work flow of the analysis performed in this work, from tissue micromechanics
characterisation to the µ-FE numerical model.

The scheme shown in Figure 4.1 depicts the work flow of the numerical study
carried out in this chapter. As a starting point, we consider the equations
for the estimation of the non-isotropic elastic constants of lamellar tissue as a
function of the BMD [46]. Subsequently, the influence of the microporosity on
the elastic constants is also included explicitly in the numerical models and,
therefore, the new homogenization stiffness matrices are derived as a function
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of BMD and porosity p. On the other hand, the tissue strength limits have
been inferred from the literature [312–314]. Hence, the resulting mechanical
properties of lamellar tissue are applied to the µ-FE model of a representative
volume of trabecular bone from swine lumbar vertebra. As a first approxima-
tion, in the numerical model, the bundles of fibres are oriented following the
predominant direction of the trabeculae network. Then, Hashin’s orthotropic
three-dimensional quadratic failure criterion for fibre composites [315] has been
implemented to estimate the onset of the failure in quasi-static displacement-
controlled tension and compression numerical simulations. Finally, the damage
evolution law follows the Material Property Degradation (MPDG) method. A
study of the influence of the damage parameters is also performed.

4.2.1 Modelling porosity at tissue level

Lamellar tissue porosity has been defined and evaluated in the previous chap-
ters. The lacunocanalicular system tissue porosity and osteoclasts perforation
will be explicitly modelled in this section. The porosity ranges from 1 to 5
% for natural tissue porosity and from 5 to 25 % for a diseased bone, whose
porosity is due to a bone illness such as osteoclasts tissue perforation.

In Figure 4.2, the mineralised skeleton of a swine vertebral trabecular bone
sample is observed using the field emission scanning electron microscope (FE-
SEM) of the Microscope Service at the Polytechnical University of Valencia.
These images show that lamellar tissue deposition exhibits a predominant
multilayer arrangement. The lamellar nature of the cancellous tissue is clearly
manifested at certain regions (Fig. 4.2 (a-d)). In contrast, some regions show
a more homogeneous appearance (Fig.4.2 (e)). The lacunocanalicular porosity
at tissue level is also observed (see Fig.4.2 (f)). Furthermore, in Fig.4.3 empty
lacunae are clearly distinguished.

In the present study, the porosity at tissue level is explicitly modelled by sub-
tracting non-overlapping spheres randomly distributed from a representative
elementary volume of lamellar tissue model. The different values of porosity
considered are 1, 5, 10, 15, 20 and 25 % [44]. In order to obtain averaged
properties, 10 models with random distribution of spheres have been analyzed
for each value of porosity. In Figure 4.4 (a), three models out of the ten ran-
dom distributions of voids are shown for each porosity. The numerical model
of a representative volume of porous lamellar tissue is depicted in Figure 4.4
(b), where the elastic properties for the non-porous part of the lamellar tissue
are estimated as a function of BMD, using the equations proposed in [46]:
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(a)

(b)
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Figure 4.2: Mineralised skeleton of the lamellar tissue deposition in a swine vertebral
trabecular bone sample (Field Emission Scanning Electron Microscope - FESEM). (a) Cross
section of a plate structure showing a prone multilayer lamellar tissue deposition. (b) A
magnification of (a). In (c) lamellar arrangement exhibits a circumferential pattern around
a cavity. (d) A magnification of (c). In (e) a branched region is localized showing a more
homogeneous tissue arrangement. In (f), the surface of a strut is observed. Microporosity
due to lacunocanaliculli system is clearly identified.

Elam
l = 108(130BMD1.2 + 6.4) (4.1)

Elam
t = 107(770BMD0.8 + 1.54) (4.2)

νlam
tl = 0.253BMD3 − 0.84BMD2 + 0.77BMD+ 0.01 (4.3)

νlam
tt =

0.6

(1.1BMD+ 1)10
+ 0.38 (4.4)

Glam
tl = 106(3300BMD0.9 + 3) (4.5)
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20 μm

20 μm20 μm

10 μm

Figure 4.3: Porosity due to the lacunocanalicular system in cancellous bone from swine
vertebral sample (Field Emission Scanning Electron Microscope - FESEM).

Glam
tt =

Elam
t

2(1 + νlam
tt )

(4.6)

where E is the Young’s modulus, ν represents the Poisson’s ratio and G is the
shear modulus. In addition, subscripts l and t indicate the longitudinal and
transverse directions of the fibre bundles and lam indicate that the properties
are estimated for non-porous lamellar tissue.

In Figure 4.4 (c), the reference system (x, y, z) corresponds to an orientated
reference system where 1 indicates the longitudinal direction of the mineralised
collagen fibrils (l), 2 and 3 are two orthogonal or transverse directions (t) of
the fibril array. This reference system is only used to set the transversely
isotropic elastic properties and strength limits for lamellar tissue.
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Figure 4.4: (a) Random distribution of non-overlapping spheres representing the voids.
Three examples of the ten models for each level of porosity (plane view projections). (b)
Numerical model of the representative elementary volume of porous lamellar tissue. (c)
Transversely isotropic elastic properties of lamellar tissue as a function of BMD at tissue
level [46]. (d) µ-FE model of trabecular bone with homogenized tissue elastic properties.
Note that reference system (x, y, z) corresponds to an orientated reference system where 1
indicates the longitudinal direction of the fibrils, 2 and 3 are two transverse directions.

Cancellous tissue is less mineralised than cortical bone, mainly due to a higher
activity of the bone turnover in the trabeculae network. Therefore, considering
the work by Koller and Laib [316], the minimum value for the BMD at tissue

level is assumed 0.653 g/cm
3
and the maximum is derived from the work by

Yu et al. [317] being 1.5 g/cm
3
. Table 4.1 summarizes the numerical values

of porosity and BMD at tissue level that have been analyzed in the present
work.

In order to estimate the averaged apparent stiffness of the porous lamellar
tissue the following procedure has been carried out. First, a direct homoge-
nization technique has been applied by means of the finite element method.
Periodic boundary conditions are enforced, guaranteeing that the hexahedron
analyzed behaves as a continuum domain. The displacement gradients along
the corresponding external surfaces must be equal, and, for this purpose, the
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Table 4.1: Values of BMD (g/cm3) and porosity (%) at tissue level considered for estimating
the elastic constants of lamellar tissue.

BMD 0.653 0.75 0.85 0.95 1.05 1.16 1.24 1.32 1.39 1.44 1.48 1.50

Porosity 1, 5, 10, 15, 20, 25

equations established in Hohe [318] are employed. Assuming the linear elastic
Hooke’s law (Eq. 4.7)

σij = Cijkl εkl (4.7)

where σij and εkl are the stress and strain tensors, the elements of the consti-
tutive elastic tensor Cijkl are derived applying six independent unitary strain
fields.

Lastly, the elastic constants are explicitly expressed as a function of BMD and
porosity, p, using non-linear multi-variable regressions. These equations will
be provided in the following Section 4.3.1, and applied to define the elastic
properties of lamellar tissue for the µ-FE model (see Figure 4.4 (d)).

4.2.2 Strength limits inferred of lamellar tissue

In the secondary osteons, lamellae arrange circumferentially around the Havers
canal. Within a lamella, mineralised collagen fibrils maintain their orientation
constant and change it across the radial direction of the osteon in succes-
sive lamellae building the so-called rotated plywood pattern. In the work of
Giner et al. [319] the lamellar structure observed in a secondary osteon, was
condensed in two equivalent layers: the thin and thick lamellae. In the thin
lamellae, fibrils are mainly aligned with the circumferential direction of the
osteon and in the thick lamellae, fibrils are roughly parallel to the long axis
of the osteon (see Figure 4.5). Thin and thick lamellae do not have any di-
rect application on the trabecular bone numerical model, we use them only to
estimate the strength limits of lamellar tissue.

The in-plane strength properties for lamellar tissue were derived from several
works of Ascenzi and Bonucci in which tensile and shear loading were applied
on different types of isolated osteons [312, 314], with the circumferential σθθ,
radial σrr and shear σrθ stresses (see Figure 4.5) and their respective strength
limits.
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Figure 4.5: Model of an osteon showing the cylindrical reference system (r, θ, z). The
thin and thick lamellae are defined bunching the layers where mineralised collagen fibrils are
orientated in a predominant direction [319].

In this work, the strength limits of an orthotropic material S1t, S2t, S3t, Ss23,
Ss13 and Ss12 depicted in Figure 4.6 (following the customary terminology
in structural composite materials), are inferred: the circumferential tensile
strength Sθθ,t for thin lamellae derived in Giner et al. [319] corresponds to
S1t whereas Sθθ,t for thick lamellae corresponds to S2t and S3t. Additionally,
the shear strength Srθ,s for thick lamellae is equivalent to Ss23 and for thin
lamellae is Ss12 and Ss13 (see Figure 4.5 and Figure 4.6).

In order to infer the strength limits under compressive loading, the work of
Ascenzi and Bonucci [313] has been considered. In their work, the stress-
strain curves for compressive loading tests in the longitudinal direction of
the osteon were obtained for different degrees of calcification and ages. The
experimental analysis were developed for different types of osteons, classified
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S1t

S2t = S3t

S1c

S2c = S3c
Ss23Ss12 = Ss13

1

2

2

3

Figure 4.6: Schematic representation of the strength limits in an orthotropic material
following customary terminology in structural composite materials. Reference system (1,2,3)
corresponds to the orientated reference system where 1 indicates the longitudinal direction
of the fibrils, 2 and 3 are two orthogonal directions (see Figure 4.4).

according to the predominant orientation of the mineralised collagen fibrils,
in osteons of type I, II and III. In type I osteons, fibrils are mainly orientated
in the circumferential direction of the osteon, consequently, the strength limit
inferred from the stress-strain curve corresponds to S2c = S3c. Additionally,
in type III osteons, fibrils are mainly aligned with the longitudinal direction
of the osteon, hence, the strength limit S1c can be estimated.

Table 4.2: Strength limits for fully calcified lamellar tissue. Approximated from Ascenzi
and Bonucci [312–314].

S1t = 120MPa S2t = S3t = 50MPa

S1c = −115MPa S2t = S3t = 50MPa

S2c = S3c = −160MPa Ss12 = Ss13 = 46MPa

Ss23 = 38MPa

Ascenzi and Bonucci works of tensile [312], compressive [313], and shear [314]
properties from single osteons provided their results in different graphics. The
results were presented separately depending on the disposition of the osteon
trabeculae, whether they were air-dried or wet, and the level of calcium, the
initial stage of calcification or fully calcified. For the present work, the nu-
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merical values considered are an intermediate value of the range recorded by
Ascenzi and Bonucci. The numerical values come from the graphics of fully
calcified osteons in wet conditions and are summarized in Table 4.2.

4.2.3 Micro-FE of trabecular vertebral specimen

The trabecular bone sample was prepared at Instituto de Biomecánica de
Valencia (IBV) from lumbar vertebrae of one skeletally mature swine recently
euthanised. The parallelepiped-shaped sample, was at least 10 mm side.

The specimen was scanned by µ-CT (Skyscan 1172, Bruker, Kontig, Belgium)
at the Estación de Biolox́ıa Mariña de A Graña (Universidad de Santiago
de Compostela, Spain) µ-CT service, with an isotropic voxel resolution of
13.58 µm (voltage 100 kV, intensity 100 µA, Al/Cu filter). µ-CT images were
segmented using ScanIp software (Simpleware, UK). Before generating the
mesh, the geometrical model was cut leading to a cube shaped volume with
approximately 2× 2× 2 mm side.

µ-FE mesh was generated using ScanIP Software (Simpleware, UK), leading
to a mesh of 3D linear elements. The finite element model of the specimen
was able to reproduce with good accuracy the heterogeneous microstructure
of cancellous bone (see Figure 4.7). The numerical model is built in a global
reference system (x, y, z) where loads and constraints will be applied. In this
mesoscale finite element model, y direction denotes the principal bone direction
where plates predominate. Instead, x and z directions show a higher porosity
and a strut-like structure.

The stiffness matrix for bone tissue has been estimated considering the ap-
proach developed in this work, assuming uniform reference values for bone
mineral density (BMD) and porosity at tissue level: 0.85 g/cm3 and p = 5 %.
Regarding the strength limits, values summarized in Table 4.2 are specified in
the numerical model. As a first approximation, we have assumed that the fibril
bundles are unidirectionally orientated following the predominant direction of
the trabecula [62]. Consequently, local material reference systems are defined
with the purpose of considering the non-isotropic lamellar tissue properties,
both elastic and strength features, in the µ-FE model.
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Figure 4.7: µ-FE model of a lumbar vertebra trabecular bone. (a) Geometrical model
from segmentation of µ-CT images, (b) isometric, (c) front and (d) top view. The numerical
model has been analyzed with Ansys© APDL Software.

4.2.4 Bone failure modelling

In this section an orthotropic failure criterion is presented for defining the
failure onset. Owing to the possibility of considering lamellar tissue as a
laminate structure, the Hashin criterion [315], which is widely used in anal-
ysis of structural composite materials to predict intralaminar failure, is an
interesting option to analyze the failure initiation at tissue level. The Hashin
failure criterion is specially formulated to account for different damage mech-
anisms. Matrix failure is associated with intralaminar transverse and shear
loads, whereas fibre failure is related to longitudinal tension.

The three-dimensional formulation of this orthotropic failure criterion is given
by the following equations:
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where the subscript f corresponds to fiber failure and m refers to matrix
failure. In addition, Xt = S1t, Xc = S1c, Yt = S2t, Yc = S2c, S = Ss12 and
Q = Ss23 are the strength limits for lamellar tissue detailed in Section 4.2.2.

The most critical of the failure modes is selected by means of:

f = max(ff , fm) (4.12)

Note that in the above equations, f denotes the inverse of reserve factor, hence,
critical values are greater or equal to one.

4.2.5 Material property degradation MPDG for damage
evolution law

Once the failure has initiated, the damage evolution law based on the material
property degradation MPDG method is considered. In this smeared crack
approach, the discrete domain is a continuum mesh where the continuity in
the displacement field is preserved. In order to reproduce the presence of
cracks, the material stiffness is reduced, once the failure is achieved according
to a failure criterion. A scheme of the method is shown in Figure 4.8.

This progressive damage model is used to analyze the post-damage degrada-
tion of brittle anisotropic materials. The instant stiffness reduction is applied
by means of the degradation parameter d that affects the element stiffness
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Figure 4.8: Scheme of the material property degradation MPDG method.

matrix. In the damage model, no tissue properties that could influence on the
bone fracture toughness are considered.

Assuming a linear elastic behavior, σ̃ = Cϵ is verified, where σ̃ is the effective
Cauchy stress (stress measured in the undamaged domain) and C is the un-
damaged constitutive matrix. Hence, the relationship for a damaged material
is given by the following equation:

σ = Cdϵ (4.13)

where σ is the nominal stress (effective stress averaged over the entire domain,
including both damaged and undamaged domains), ϵ is the strain and Cd is
the damaged constitutive matrix. The relationship between the effective stress
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σ̃ and the nominal can be found in Barbero and Cabrera [320]. Cd can be
written in terms of the damage variables as follows:

Cd=



S11

(1−df )
S12 S13 0 0 0

S21
S22

(1−dm)
S23 0 0 0

S31 S32
S33

(1−dm)
0 0 0

0 0 0 S44

(1−ds)
0 0

0 0 0 0 S55

(1−ds)
0

0 0 0 0 0 S66

(1−ds)



−1

(4.14)

where Sij represent the terms of the the compliance matrix of the undamaged
material S and df , dm and ds are the fiber, matrix and shear damage variables,
respectively. Equation 4.14 represents the three-dimensional approach of the
stiffness matrix for a damaged unidirectional lamina formulated under the
plane-stress assumption in Matzenmiller et al. [321]. Valid values for the
damage variables are between 0 and 1, where 0 implies no damage and 1
complete loss of stiffness in the affected mode. This method assumes four
damage modes:

df =

{
dtf if σ11 ≥ 0
dcf if σ11 < 0

(4.15)

dm=

{
dtm if σ22 + σ33 ≥ 0
dcm if σ22 + σ33 < 0

(4.16)

ds = 1−
(
1− dtf

) (
1− dcf

) (
1− dtm

)
(1− dcm) (4.17)

Note that the shear damage variable ds is not an independent variable being
determined by df and dm by means of Equation 4.17 . Degradation parameters
are scalar user-specified quantities. In this analysis, both the initiation failure
criterion and the MPDG method have been implemented in the finite element
code using scripts in Ansys APDL. Following a usual procedure in structural
composite materials, the non-linear analyses are performed assuming certain
parameter values. A sensitivity study on the post-yield behavior has been
performed in the current work, considering different values for the damage
parameters df and dm. For the damage variable associated with the failure
due to loads acting on the longitudinal direction of the fibrils, two values have
been considered: df = 0.9 and df = 0.9999. In laminate strength analysis,
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fibre failure is usually associated with a severe failure mode, hence, a high
value is usually assumed. That means a very important reduction of element
stiffness. In fact, the large value of the degradation parameter, df = 0.9999,
entails the elimination of the element, producing an overload on the neigh-
bour elements that will not be supported. This situation usually prompts
a catastrophic failure. Regarding the damage variable dm, this failure mode
occurs mainly when loads are acting on the transverse direction of the fibrils
or shearing. The numerical values here considered are: dm = 0.5, 0.95 in the
light of the possibility of redistributing the loads when matrix fails, being still
able to bear certain level of load. Finally, the ply discount approach is also
considered, being dm = 0.9999 [320, 322]. In this later approach, for the sake
of completeness, the stiffness of the element that reaches the damage onset as
a consequence of transverse loading, is reduced almost to zero.

4.3 Results

In this section, the explicit expressions for the terms of the stiffness matrix as
a function of bone mineral density (BMD) and microporosity are presented.
These expressions have been used for studying the trabecular bone behaviour
under tension and compression loads. Several degradation parameter values
for fibers df and matrix dm have been analysed to study failure in each orthog-
onal direction of the trabecular sample. Finally, the obtained results for the
yield strain and the Young’s modulus have been compared with those found
in the literature.

4.3.1 Stiffness of lamellar tissue as a function of bone mineral
density (BMD) and microporosity

From now on, subscript 1 denotes the longitudinal direction of the fibrils, sub-
scripts 2 and 3 represent two orthogonal directions in the transverse plane of
lamellar tissue as shown in Figure 4.4. In Figures 4.9-4.11, the orthotropic
terms of the symmetric stiffness matrix of lamellar tissue are plotted, as a
function of the variables BMD and porosity. The anisotropic terms are neg-
ligible. The markers correspond to the averaged results obtained from ten
numerical homogenized random models. Nonlinear regressions are shown as
solid lines, given in Eqs. 4.18 to 4.26.

As summarized in Table 4.1, the analyses have been performed for six values
of porosity and, for each one, twelve values of BMD. Additionally, as detailed
in Section 4.2.1, for each level of porosity, ten geometrical configurations with
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Figure 4.9: Evolution of the terms C11, C22 and C33 of the stiffness matrix for lamellar
tissue as a function of BMD and porosity. Markers denote the averaged results from ten
numerical homogenized random FE models. Solid lines represent the least square fitting by
an exponential function given in Eqs. 4.18 to 4.20.

randomly distributed voids have been analyzed. For this propose, scripts in
Matlab© and Ansys© APDL have been programmed.

A consistent trend is observed in these results. The higher level of BMD makes
the bone stiffer for all porosity values. Likewise, for a given value of BMD,
the bone loses stiffness as the porosity increases. It should be highlighted the
uniform trend of the principal diagonal terms of the stiffness matrix with both
variables, BMD and porosity. A transverse isotropic behavior is observed,
being the stiffest direction coincident with the mineralised collagen fibrils ori-
entation (values of C11 are the highest, whereas C22 and C33 are very similar).

For the sake of clarity, in Figure 4.12 the multivarible regressions for the
orthotropic terms of the stiffness matrix of lamellar tissue are depicted in
three-dimensional plots. Numerical results are represented by blue markers
and the regression fitted as a grey surface.
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Figure 4.10: Evolution of the terms C23, C13 and C12 of the stiffness matrix for lamellar
tissue as a function of BMD and porosity. Markers denote the averaged numerical results
from homogenization by FE. Solid lines represent the least square fitting given in Eqs. 4.24
to 4.26.

The equations that explicitly relate the stiffness terms with the variable BMD
and porosity are derived using a least square fitting (note that results from
Equations 4.18 to 4.23 are expressed in GPa and results from Equations are
expressed in Pa):

C11 = 7.3876 e−0.022229 p e0.82134BMD R2 = 0.99 (4.18)

C22 = 5.4868 e−0.021726 p e0.58165BMD R2 = 0.99 (4.19)

C33 = 5.8386 e−0.021805 p e0.58304BMD R2 = 0.99 (4.20)

C44 = 1.3475 e−0.02013 p e0.72977BMD R2 = 0.99 (4.21)
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Figure 4.11: Evolution of the terms C44, C55 and C66 of the stiffness matrix for lamellar
tissue as a function of BMD and porosity. Markers denote the averaged numerical results
from homogenization by FE. Solid lines represent the least square fitting by an exponential
function given in Eqs. 4.21 to 4.23.

C55 = 1.4673 e−0.02058 p e0.81231BMD R2 = 0.991 (4.22)

C66 = 1.4682 e−0.02060 p e0.81189BMD R2 = 0.991 (4.23)

C23= 2.1878× 109 − 1.2627× 108 p+ 8.4022× 105 p2 + 4.0292× 109 BMD

−1.1405× 109 BMD2 R2 = 0.992
(4.24)

C13= −6.6623× 109 − 1.1082× 108 p− 3.9345× 105 p2 + 30227 p3

+3.0459× 1010 BMD− 2.5596× 1010 BMD2 + 7.0279× 109 BMD3

R2 = 0.995
(4.25)
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Figure 4.12: Three-dimensional representation of the orthotropic stiffness matrix terms for
lamellar tissue as a function of BMD and porosity.

C12= −3.6721× 109 − 1.0889× 108 p− 6.1566× 105 p2 + 36350 p3

+1.9131× 1010 BMD− 1.0812× 1010 BMD2 + 5.8818× 108 BMD3

R2 = 0.995
(4.26)
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4.3.2 Numerical modelling of the trabecular bone strength

In this section, the finite element model of a representative volume of tra-
becular vertebral bone from a swine specimen (see details in Section 4.2.3) is
analyzed under displacement controlled tension and compression loading. As-
suming quasi-static conditions, the bone strength assessment in longitudinal
and transversal directions is under scope. Through Equations 4.18 - 4.26 we
estimate the stiffness properties assuming uniform values of BMD and poros-
ity: BMD = 0, 85 g/cm

3
, p = 5 %. Strength properties for lamellar tissue are

summarized in Table 4.2. As mentioned in Section 4.2.3, custom reference sys-
tems are defined to align the element coordinate systems considering that the
mineralised collagen bundles are orientated parallel to the main geometrical
feature of the trabecula. Therefore, transversely isotropic elastic properties
and strength limits of lamellar bone, defined in an orientated reference system
(1,2,3) (see Figure 4.4), are currently oriented in the mesoscale model. The
bone failure onset and the post-yield regime are analyzed through the Hashin
criterion and Material Property Degradation method, respectively. Besides,
the influence of the damage variables df and dm (see details in Section 4.2.5)
is also analyzed. The numerical values considered are df = 0.9, 0.9999 and
dm = 0.5, 0.95, 0.9999.

The graphs shown in Figures 4.13 - 4.15 outline the stress-strain relationships
for the tensile and compressive loading, where the apparent stress is estimated
from the resultant force on the supported area in the same direction of the
applied displacement. It is remarkable the non-isotropic mechanical behavior
of trabecular bone being able to identify approximately an orthotropic trend.

If we compare the results shown in Figure 4.13 (a) and (b), the damage pa-
rameter df presents an important influence on the longitudinal tensile and
compressive mechanical behavior (y direction of the model). These results
are expected because the mineralised bundles of fibres are mainly orientated
in that direction. In general, the graphs of Figure 4.13 (a) show an elastic
regime followed by a damage zone where the elements progressively fail simu-
lating the presence of diffuse microcracks. Then, a more generalized element
failure is observed suggesting that bone fracture initiates. Further material
softening and densification is observed for dm = 0.95 and 0.9999, whereas
strain hardening behavior is noticeable for dm = 0.5. The yield strain can
be estimated as ϵ+y =

∣∣ϵ−y ∣∣ = [0.0058 − 0.0071], resulting similar for the dif-
ferent values of dm analyzed. The compression yield stress is slightly higher
than the tension yield stress, for dm = 0, 5: S+

y = [6.41 − 7.08] MPa and∣∣S−
y

∣∣ = [6.41− 7.22] MPa.
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Figure 4.13: Tensile and compressive stress-strain relationships under displacement control
in y direction of the model for (a) df = 0.9 and (b) df = 0.9999. Results for different values
of the degradation parameter dm = 0.5, 0.95 and 0.9999.

In Figure 4.13 (b) a quasi-brittle response is observed for tensile and com-
pressive loading. This situation is promoted by the damage parameter value
df = 0.9999 that gives rise to the elimination of elements just after failure
initiation. The elastic linear zone is followed by a small damage mechanics
regime. In this case, we observe that the resistance of the sample in the y
direction is fully conditioned by the strength of the bundles in longitudinal
direction, leading abruptly to a catastrophic failure when elements begin to
fail. In tensile load, and considering dm = 0.5, the yield strain is estimated as
ϵ+y = [0.0052− 0.0068], and for compressive load as

∣∣ϵ−y ∣∣ = [0.0056− 0.0068].

The apparent elastic moduli in the longitudinal direction results equal for both
tension and compression loading cases, being estimated in Ey,app = 1104 MPa.
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Figure 4.14: Tensile and compressive stress-strain relationships under displacement control
in x direction of the model for (a) df = 0.9 and (b) df = 0.9999. Results for different values
of the degradation parameter dm = 0.5, 0.95 and 0.9999.

In Figures 4.14 - 4.15 the results for tensile and compressive loading in x
and z transverse directions are shown. A high influence of dm on the post-
yielding is observed independently of df . A quasi-brittle behavior is obtained
only when the ply discount is assumed, i.e. removing the element when the
transverse failure mode occurs, dm = 0.9999. In the other two situations, an
important damage mechanism regime is observed. The post-yielding behavior
changes with dm. For dm = 0.5 a strain hardening behavior is exhibited and
for dm = 0.9 the relationship indicates an increment of elongation at an almost
constant stress value without strain hardening regime.

The maximum yield strain is reached for dm = 0.5. For this case, it can be
defined the elastic limit at the 0.2 % of strain. The averaged transverse yield
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Figure 4.15: Tensile and compressive stress-strain relationships under displacement control
in z direction of the model for (a) df = 0.9 and (b) df = 0.9999. Results for different values
of the degradation parameter dm = 0.5, 0.95 and 0.9999.

strain is ϵ+y = [0.0079 − 0.0084] in tension and
∣∣ϵ−y ∣∣ = [0.0075 − 0.0085] in

compression.

The apparent elastic moduli in the transversal x and z directions are estimated
as Ex,app = 292 MPa and Ez,app = 252 MPa. These values are the same both
for tension and compression.

In our results, it is observed the quasi-brittle stress-strain behavior of bone
described in Zioupos [112] assuming the damage parameter df = 0, 9999 in
case of longitudinal load and dm = 0, 9999 for transverse load. When an
element fails, such a large stiffness reduction is equivalent to the elimination
of the element, hence the remaining elements are not able to withstand the
overload, which causes a generalized fail.
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On the other hand, regarding the elastic regime, results shown in Table 4.3
highlight the influence of the non-isotropic elastic properties of lamellar tissue
on the elastic behavior of cancellous bone at mesoscale. Results shown in series
with markers are obtained considering Equations 4.18 - 4.26 for BMD = 0.653,
0.85, 1.05, 1.24, 1.39 and 1.48 g/cm3 and natural values of porosity p = 1, 2.5,
5, 7.5 and 10 %.

When isotropic properties for tissue are defined in the numerical model, E =
10 GPa and ν = 0.3 [323], the apparent moduli result Eiso

x,app = 428.7 GPa,
Eiso

z,app = 367.9 GPa and Eiso
y,app = 1164.6 GPa. As it can be appreciated,

stiffness in the transverse directions of the sample (x and z directions) can be
easily overestimated, particularly for increasing levels of microporosity. In the
longitudinal direction (y direction), the apparent modulus can be reasonably
estimated for regular values of BMD and natural microporosity considering
isotropic properties for tissue. However, when bone is highly mineralised, the
differences increase following a potential law in both variables, bone mineral
density and porosity.

Convergence analyses have been performed in order to guarantee the results
accuracy. The energy norm of the estimated solution, ||U ||, has been obtained
as a function of the total number of degrees of freedom (DOF) in the numer-

ical model (where ||U || =
√
2Π, being Π the computed total strain energy

expressed in mJ). The influence of the discretisation has been analysed ap-
plying a quasi-static compression load in the three orthogonal directions of
the sample. To this aim, isotropic properties have been defined in the model.
Note that the total DOF may vary slightly for each load case because the
number of constraints is different. The strategy is based on a uniform mesh
refinement. Values summarized in the Table 4.4 show that the assumed dis-
cretisation provides accurate results without compromising the computational
cost.

In Table 4.5 the results presented in the current work are summarized, together
with reference values found in the literature.

4.3.3 Discussion of the obtained results

Bone fracture risk assessment is nowadays a prominent topic of interest in
an increasingly aged population. In this sense, many enhancements in high-
resolution image acquisition and its treatment have been made to capture the
patient specific real architecture of bone. This enables to perform numerical
analysis of detailed micro-finite element (µ-FE) models. At this point, in most
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Table 4.3: Evolution of the apparent moduli in x, y and z directions of the cancellous bone
numerical model considering two approaches to define the lamellar tissue elastic properties.
Results shown in series with markers are obtained considering the Eqs. 4.18 - 4.26 presented
in this work which estimate the stiffness matrix of lamellar tissue as a funtion of BMD and
porosity at tissue level. The dotted black line shows the numerical solution when isotropic
elastic properties are defined for lamellar tissue: E = 10 GPa and ν = 0.3 [323].

cases, isotropic elastic constants are assumed for tissue modelling, neglecting
its anisotropic behavior, mineral content and the porosity influence on its
mechanical response. In fact, isotropic damage continuum approaches are
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Table 4.4: Estimated solution in energy norm, ||U ||, for different discretizations in the
x, y, z directions. DOF represents the number of degrees of freedom in the numerical model.

x -direction y-direction z -direction

DOF ||U || DOF ||U || DOF ||U ||
5.10× 104 1.8 5.10× 104 3.0 5.12× 104 1.7

6.46× 104 1.8 6.39× 104 3.0 6.42× 104 1.7

1.01× 105 1.7∗ 1.00× 105 2.9∗ 1.01× 105 1.7∗

6.11× 105 1.6 6.11× 105 2.9 6.12× 105 1.6

1.85× 106 1.6 1.85× 106 2.9 1.86× 106 1.5
∗ Results obtained for the mesh refinement used in this work

often used to estimate bone failure through numerical modelling [97,210,310,
311,323].

On the other hand, slow bone loss is associated with an incomplete osteoblastic
deposition and leads to thinner structural elements. This is one characteristic
indicator of an age-related or senile osteoporotic bone. This bone feature is
revealed at micro scale length and can be included in a micro-numerical model
obtained from processing µ-CT images. Essential morphometric parameters
can be then captured. However, a very important impact on the porosity at
tissue level is observed when a rapid bone loss accounts as a result of a deeper
osteoclastic perforation that can generate discontinuities in the bone structure.
This occurs most commonly in postmenopausal women, induced by the abrupt
reduction of estrogens [52]. For the moment, the influence of the porosity at
tissue level on the elastic behaviour of bone has not been addressed in the
literature. It is essential to characterise the mechanical properties of bone
tissue with prevalence of osteoclastic perforation [54] in the post menopausal
women with osteoporosis, where BMD and microporosity values are altered as
a consequence of an unbalanced bone turnover process.

The transversely isotropic model for the elastic tissue properties presented in
this work addresses the non-isotropic behaviour due to mineralised collagen
fibrils orientation, the bone mineral density and microporosity. In addition, in
a trabecular bone numerical model at mesoscale, the main fibrils orientation is
also considered. In [80], an isotropic Young’s modulus for tissue was calibrated
from experimental compression tests. Results of that work highlighted that
different Young’s moduli for tissue in the three orthogonal directions of the
sample were to be inferred in order to reproduce the experimental results. A
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Table 4.5: Results summary. Estimation of yield strain and Young’s moduli (apparent
values) for trabecular bone and comparison with some reference values from literature.

Longitudinal loading case (y-direction)

Tension Compression

Thesis Literature Thesis Literature

Yield
strain∗

[0.0052-
0.0071]

0.0078 ± 0.0004 [74](1,m)

0.0078 ± 0.0004 [74](3,m)

0.0072 [107](1,m)

0.0078 ± 0.00041 [323](1,c)

[0.0052-
0.0071]

0.0124 ± 0.00197 [324](4,m)

0.0109 ± 0.0012 [74](3,m)

0.0084 ± 0.0006 [74](1,m)

[0.0046-0.0063] [105](3,m)

0.0081 [107](1,m)

0.00951 ± 0.00125 [323](1,c)

0.00119 − 0.0168
[80,309](2,m)

Young’s
modulus
(MPa)∗

1104

384.1 ± 155.1 [107](1,m)

1017 ± 0.088 [64](5a,c)

1800 ± 0.058 [64](4b,c)

908.2 [309](2,c)

1104

309 ± 109 [74](1,m)

384.4 ± 162.9 [107](1,m)

1017 ± 0.088 [64](5a,c)

1800 ± 0.058 [64](5b,c)

1265.2 [80](2,m)

908.2 [309](2,c)

1022.9 [309](2,m)

Transversal loading cases (averaged values for x and z-directions)

Tension Compression

Thesis Literature Thesis Literature

Yield
strain∗

[0.0079-
0.0084]

≈ 0.007 [107](1,m)

0.00899 ± 0.00181 [323](1,c)
[0.0075-
0.0085]

≈ 0.0082 [107](1,m)

0.0105 ± 0.00115 [323](1,c)

Young’s
modulus
(MPa)∗

252− 292

129.7 ± 54.7 [107](1,m)

196±58−306±14 [64](5a,c)

499±63−538±70 [64](5b,c)

361.04− 382.66 [309](2,c)

252− 292

119.5 ± 74.2 [107](1,m)

196±58−306±14 [64](5a,c)

499±63−538±70 [64](5b,c)

361.04− 382.66 [309](2,c)

328.1− 346.0 [309](2,m)

(1) Human vertebral trabecular bone (2) Swine vertebral trabecular bone
(3) Bovine proximal tibia trabecular bone (4) Bovine distal femora trabecular bone
(5a) Human vertebral bone T11/woman/60 years (5b) Human vertebral bone T12/man/56 years
∗ Apparent values m: Mechanical test; c: Computational analysis

plausible explanation is that the fibrils orientation varies with the direction and
this is in consonance with the building substrucures of cancellous bone (plates
and rods). Composition, distribution and architecture of lamellar tissue are
very important to reproduce the micromechanics failure mode of trabecular
bone [67].

We highlight different novelties of this analysis: (1) New explicit equations
for the estimation of the elastic constants of lamellar tissue are provided.
These equations have been obtained as a function of BMD and microporosity
in a multiscale analysis, which enable to study the influence of these char-
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acterising parameters on the mechanical behavior of bone particularly with
certain pathologies, like osteoporosis. (2) The strength limits for fully cal-
cified lamellar tissue have been inferred from literature. (3) The approach
herein presented considers the orientation of the mineralised fiber bundles in
the trabeculae network, which is essential for the implementation of elastic and
strength tissue properties in the numerical model. (4) In accordance to the
non-isotropic elastic and strength properties of lamellar tissue, an orthotropic
failure criterion is proposed to analyze the damage onset of cancellous bone.
The Hashin’s interactive failure criterion is considered. (5) The Material Prop-
erty Degradation (MPDG) method is used to model numerically the damage
evolution law at tissue level. A detailed study about the influence of the dam-
age parameters on the mechanical post-yielding response of trabecular bone
is also presented.

In Section 4.3.1, Equations 4.18 - 4.26 provide the terms of the stiffness matrix
of lamellar tissue as a function of two essential tissue parameters, the bone
mineral density (BMD) and the microporosity. In the main terms, a power
regression in BMD is observed. There are previous studies that show a similar
tendency for the Young’s moduli of lamellar tissue [46, 47]. Additionally, we
observe an inverse power relationship for the microporosity.

Results summarized in Table 4.3 show the influence of the non-isotropic elas-
tic properties of lamellar tissue on the apparent moduli of the cancellous bone
at mesoscale. When isotropic tissue properties are assumed, stiffness can be
frequently overestimated in the transverse directions. In the longitudinal direc-
tion, stiffness equally exhibits a high dependence on BMD and microporosity
although isotropic tissue properties can be reasonable for values of BMD and
microporosity within a natural range.

On the other hand, in Section 4.3.2, numerical results show that small dif-
ferences are found for apparent yield strain between tension and compression
for the sample analyzed, in agreement with [74] and [107]. It is known that,
although yield strain represents a pretty uniform failure property, it is more
influenced by the apparent density in compression than in tension, especially
in less dense bone [74]. This can be the main reason for some discrepancies ob-
served in the literature for the apparent yield strain in compression [309,324].
In tension, the apparent yield strain estimated in this work is also in good
agreement with values found in the literature (see Table 4.5), and confirms
the tendency to a more uniform value, being less sensitive to the apparent
density and anatomical site [80].
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In addition, in accordance with [107] no relevant differences between appar-
ent moduli in tension and compression were observed, for both longitudinal
and transverse direction of the trabecular bone sample. The apparent elastic
moduli estimated in this work are, in general, in good agreement with the
values reported in literature [64, 309]. However, our results differ from oth-
ers [74, 107]. This can be motivated by differences in the mineral content of
the samples, anatomic site, bone volume fraction, shape complexity of the
structure or experimental conditions.

Nevertheless, this study presents some limitations. Bone surfaces present a
high activity of bone remodelling. Consequently, lamellar tissue is often re-
newed at surfaces, leading to a lower mineral content than through in the core.
Hence, the tissue elastic constants change through a cross section of a trabec-
ula. For example, a higher elastic modulus (between 5 to 12 %) was found
at the core than at the cortex of a trabecula. Additionally, values for the
strength limits of lamellar tissue summarized in Table 4.2 correspond to fully
calcified tissue and assume healthy bone porosity. However, strength limits
are strongly dependent on the degree of calcification [313] and on the degree
and shape of porosity. Further investigations will be necessary to quantify
the influence of the presence of micropores on the strength limits for lamellar
tissue. These considerations should be addressed in a more general context.
As aforementioned, orientation of the mineralised collagen fibrils in the tra-
beculae network has been estimated based on the main geometrical feature.
A more refined strategy would be necessary to automatize the orientation of
the elementary coordinate system, considering the predominant geometrical
definition [63], but also including information based on the main pattern that
osteocyte long axis follows in the microstucture, what effectively will provide
information about how mineralised collagen fibrils are aligned. Besides, BMD
and porosity vary within the trabeculae architecture and, in contrast, these
values have been assumed homogeneous in our numerical mesoscale trabecular
bone model. Lastly, the influence of the penalization parameters on modelling
the post-yield behavior has been addressed. However, a more refined mesh
should be necessary for a more detailed analysis.
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4.4 Conclusions

This chapter addresses the numerical analysis of the mechanical response of
cancellous bone including a new approach for the elastic and strength lamellar
tissue properties. The non isotropic elastic behaviour of lamellar tissue deals
with the influence of the bone mineral density and, as a novelty, the micro-
porosity or porosity at tissue level. In addition, according to the strength
limits inferred from literature, the failure onset is modeled by means of the
Hashin failure criterion in combination with the Material Property Degrada-
tion (MPDG) method. The value of the degradation parameters can simulate
different post yielding scenarios compatible with the bone damage mechanisms
observed in literature, as a quasi-brittle failure or significant loss of stiffness,
due to smeared crack regions where the presence of multiple microcracks re-
duces the load transmission capability.

Results show that, when isotropic elastic tissue properties are considered, the
anisotropic ratio of the apparent moduli of cancellous bone is, in general,
undervalued, particularly when microporosity increases. Not only the mi-
crostructure but tissue properties govern the elastic response of bone at the
mesoscale.

On the other hand, the yield strain for tension and compresion quasistatic
loadings has been estimated in the three orthogonal directions of the bone
sample. Results indicate that, for the cancellous bone analyzed, there are
no significant differences between tension and compression behavior for each
direction. These results are in agreement with several works found in literature
(see Table 4.5) and they are also compatible with the evidence that a higher
apparent density in bone results in a higher yield strain in compression than
in tension.

To conclude, the approches presented in this chapter enable to deal with a
scarcely treated topic from the mechanical point of view: the undermined
capabilities of osteoporotic bone due to severe alterations in parameters, such
as bone mineral density (BMD) and porosity at tissue level. Adaptation of the
morphometric parameters at micro scale level is commonly investigated under
this pathology, but neglecting the underlying changes at the tissue level.
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Chapter 5

Estimation of the strength
limits of lamellar bone as a
function of mineral content
and porosity

5.1 Introduction

In this chapter, we aim to define the strength limits for the lamellar tissue as
a function of the bone mineral density (BMD) and the microporosity, such as
in Chapter 4. In this thesis, an exhaustive analysis of the cancellous bone is
carried out. To achieve this goal, we have studied the elastic and strength prop-
erties of lamellar tissue in depth. With this information and a homogeneous
procedure, we can go up in the hierarchical bone scale to study cancellous
bone, considering its lower-level behavior.

The hierarchical nature of bone is attributed to the variable proportions of
their main constituents and its changing spacial arrangement through different
scale lengths. Hence, the main structural unit varies from the sub-microscale
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to the macroscale. Lamellar tissue constitutes the building block in the sub-
microscale length (1 - 10 µm), for both cortical and cancellous bone, although
its arrangement is different (see Figure 5.1). While in cortical bone, lamellar
tissue is placed following circumferential patterns around the principal vas-
cularisation channels (secondary osteons or Haversian system), in cancellous
bone, lamellar tissue is deposited in units of parallel layers (hemiosteons). The
main constituents of lamellar tissue are fiber bundles of collagen type I, min-
eral (in crystal and amorphous phase) and water. Lamellar tissue is composed
of thin substructures called lamellae (of a few microns in thickness), within
which the mineralised collagen fibers course unidirectionally. At this length
scale, osteocytes are found. They are bone cells interconnected through the
canaliculi calcoforo network, that live in the small ellipsoidal cavities called
lacunae. Osteocyte-canaliculi system controls the bone turn over process and
ensure the bone remodeling activation under a threshold stimulus of mechan-
ical strain.

100 μm

20 μm

100 μm

Osteocyte lacunae

10 μm

Osteocyte lacunae

Microscale (10-500 μm)

Lamellar tissue

Simplified diagram of a lamella

Sub-micro scale (1-10 μm) Macroscale (mm-m)

Collagen fiber
Mineral (HA crystals)
Amorphous-phase
mineral
Water

Granke, M. et al. (2013)

Figure 5.1: Lamellar tissue arrangement in the hierarchical organisation of bone from
the sub-microscale to the organ - or - macro-scale. The lacunae that hosted the osteocyte
introduce porosity at the tissue level. Compact bone image taken from Granke et al. work
[143].

Marotti measured the dimensions of the ellipsoidal lacunae are D1 ≊ 22 µm,
D2 ≊ 4 µm and D3 ≊ 9 µm [55]. The major axis, D1, is aligned with the
longitudinal direction of the mineralised collagen fibrils, the minor axis, D2, is
perpendicular to the lamellar plane and the intermediate, D3 is perpendicular
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to the axis-1 and contained in the lamellar plane, as shown in Figure 5.2.
Porosity associated with the lacunocanalicular system is in the range 1 - 5 %,
according to Cowin and Martinez-Reina et al. works [44,56].

(b)

1

2 3

𝑆1
𝑡,𝑐

𝑆3
𝑡,𝑐

(a)

𝐷1 ≅ 22𝜇𝑚
𝐷2 ≅ 4𝜇𝑚
𝐷3 ≅ 9𝜇𝑚

2 3 (trans)

1 (long) Lamellar plane

Marotti (1979)

Figure 5.2: (a) Model of the ellipsoidal osteocyte lacunae and the reference system (1, 2,
3) used to define the orientation of the ellipsoid within lamellae (Marotti, 1979 [55]). (b)
Definition of the lamellar plane and the terminology used for the in-plane utlimate normal
strength St,c

1 and St,c
3 .

Bone strength is highly dominated by its hierarchical arrangement. At the dif-
ferent scale lengths, diverse failure mechanisms seem to govern the mechanical
response of bone under loading, from the inelastic behavior at the nano-scale
passing through the emergence of microcracks at the microscale until the brit-
tle mechanical response at macro or organ level.

As a biological tissue, bone is constantly remodeling, carried out by the os-
teocyte cells’ activity. The osteocyte-sensory role is mainly based on the ca-
pability of these cells to detect the fluid flow inside the lacuno-canaliculi net-
work due to the deformation of the lacunae. An increment of the stress (and
strain) around the lacunae can trigger the bone remodelling process (see Fig-
ure 5.3). In this context, ellipsoids will act as “natural” amplifiers of strains.
Osteocyte-canaliculi system controls the bone turn over process and ensure the
activation of the bone remodelling under a threshold stimulus of mechanical
strain. Cowin et al. [325] suggest that, a very small strain would be enough to
activate the osteocyte activity. Assuming an elastic behavior of the extracellu-
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lar matrix [326], the local strain field around the lacunae will disappear when
the load is released, returning the ellipsoids to their original shape. When the
load increases excessively, microcracks can initiate and are particularly dense
at osteocyte lacunae [327,328]. A plausible explanation for this phenomenon is
that lacunae act as stress contentrators, which are reinforced by microdamage
zones around these cavities.

Figure 5.3: Confocal micrograph of the tensile surface of a beam specimen of bovine tibia.
MC: macrocrack, OL: osteocyte lacunae, MDX: microdamage, and C: canaliculus. Image
extracted from [327].

In Ebacher et al. [329], the importance of canaliculi network in the intralamel-
lar cracking is analyzed. In their findings, through images from a laser scan-
ning confocal microscope, show the interaction of microcracks with osteocyte
lacunae and also with canaliculi. Voite et al. [330] state in their work that
osteocyte lacunae do not stop the crack growth but rather provide guidance
for microcrack propagation.

On the other hand, in-silico analysis of the bone failure process is nowadays
widely used in order to evaluate the risk of bone fracture, to understand how
bone microarchitecture and the concentration of bone constituents can influ-
ence the mechanical properties and mechanisms failure, to simulate the inter-
action between scaffolds or implants and bone, etc. All these topics involve
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the need of using micromechanical models to define the elastic and strength
properties of bone tissue.

In finite element simulation, the continuum damage mechanics approach is an
option to evaluate the bone failure onset. The initiation and propagation of
cracks is based on a smeared crack approach [97,210,212,213,309,311]. In this
approach, despite lamellar tissue is a non-isotropic material, an isotropic fail-
ure criterion is considered, defining an equivalent strain. In Meǵıas et al. [331]
the orthotropic Hashin’s criterion was considered to capture the failure onset
at tissue scale. In this work, the strength limits were inferred from Ascenzi
& Bonucci works [312, 313]. Recently, Casari et al. [332] considered Hashin’s
criterion also, being shear strength components deduced from literature and
the tensile and compressive strength were calibrated from microtensile test on
a dry ovine osteonal bone at the length scale of a single lamella. Samples with
osteocyte lacunae were neglected.

Additionally, the mineral content and the porosity at the lamellar tissue level
(microporosity) are two essential parameters related to the bone mechanics
behavior. It is well known that an increase in the volumetric bone mineral
density (BMD) has a direct implication on the rise of the stiffness and strength
[47–50, 333]. Porosity induces a strong influence on the strength and stiffness
of bone. These mechanical properties vary inversely with increasing porosity
[48,49].

The main goal of the present work is to estimate the in-plane ultimate strength
of lamellar tissue (see Figure 5.2 b): St,c

1 , St,c
3 and Ss13 as a function of the

mineral content BMD and level of natural tissue porosity owing to the la-
cunae concentration. Superscripts t and c denote tensile and compressive,
respectively.

The methodology followed in this work is schematically depicted in Figure 5.4.
Ascenzi and Bonucci [312, 313] performed mechanical tests under tensile and
compressive load until failure, of different types of wet osteons for two levels of
mineralisation. Microporosity level due to lacunae concentration was not pro-
vided. From their results, we have inferred the homogenised ultimate stress of
lamellar tissue attending to the fibers bundle orientation in the osteons tested.
Moreover, the BMD is estimated, considering the slope of the elastic stress-
strain curves and the micromechanical model provided in Vercher-Mart́ınez et
al. [46].

Then, a representative numerical model of lamellar tissue is considered. The
element size is established through a convergence analysis. In this model,
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Bounds on the ultimate stress of the
non-porous lamellar tissue for two BMD

Estimation of the homogenized
ultimate stress of lamellar tissue, 

𝑺𝒍𝒐𝒏𝒈
𝒕,𝒄 , 𝑺𝒕𝒓𝒂𝒏𝒔

𝒕,𝒄

Mechanical tests of different
type of wet osteons

(Ascenzi and Bonucci, 1967, 1968)

FEM analysis of a lamellar tissue model:
- Applying the homogenized ultimate stress of lamellar tissue

- Considering non-isotropic elastic properties (BMD)
- With osteocyte lacunae porosity, p [1 – 5 %]

Convergence
analysis

p = 5 % 

Estimation of bone
mineral density (BMD) 

Bounds on the homogenized ultimate stress
of lamellar tissue for two BMD and different p values

Regressions for the mean values of the ultimate strength
of lamellar tissue as a funtion of BMD and p [1-5 %]

p = 1 %

Figure 5.4: Scheme of the methodology followed to estimate the strength limits.

the non-isotropic elastic properties depend on BMD. The microporosity is
modelled by subtracting ellipsoid voids corresponding to the variable osteocyte
lacunae concentration. The homogenised ultimate stress of lamellar tissue is
then applied to the finite element model.

Osteocytes produce stress gradients and failure occurs because the maximum
local stress reaches the strength of non-porous lamellar tissue. In order to
estimate it, we assume two scenarios: osteons present a minimum porosity
level of p = 1 % and a maximum value of p = 5 %. Once we know the bound
on material strength, the homogenised ultimate stress for lamellar tissue with
other levels of porosity can be ascertained by finite element analysis. Lastly,
we present the regression fitting of the results obtained in this work.
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5.2 Finite element model description

In order to address the numerical estimation of the in-plane ultimate stress of
lamellar tissue we model a volume of interest (VOI). It considers the lamellar
tissue with lacunae explicitly modelled as discrete ellipsoids. Then, using the
finite element method we estimate how a variation in the mineral content and
the natural porosity affects to the ultimate stress of lamellar tissue. Ellipsoids
are randomly distributed in the VOI, being their major diameters, D1, aligned.
This direction will represent the longitudinal course of the mineralised collagen
fibrils. The intermediate diameters of the ellipsoids, D3, are also aligned,
hence, the lamellar plane D1 - D3 is established, such as in Figure 5.2. The
homogenised elastic properties of lamellar tissue have been estimated through
Equations 4.1 to 4.5 from Vercher et al. work [46], presented in Chapter 4.
This model provides the transversely isotropic properties as a function of bone
mineral density (BMD) and will be applied to the domain around ellipsoids.
Consider that the longitudinal direction is parallel to axis-1 and the transverse
is contained in the plane 2-3, as exhibited in Figure 5.2.

The VOI of lamellar tissue is a cubic control volume whose edge length, LV OI ,
is obtained through Equation 5.1, setting a constant ratio between the number
of ellipsoids, NEllip, and the volume fraction of voids, Vp, accordingly to the
values summarised in Table 5.1. In Equation 5.1, V olEllip represents the vol-
ume of an ellipsoid whose principal diameters are obtained from Marotti [55].

LV OI =

(
V olEllipNEllip

Vp

)1

3 (5.1)

Table 5.1: Relationship between the ellipsoid number, NEllip. and the volume fraction of
porosity, Vp, in the control volume or VOI of lamellar tissue

NEllip. 1 2 3 5 10 15 20 25

Vp(%) 0.2 0.4 0.6 1 2 3 4 5

A convergence study has been made to determine the finite element size that
guarantees a further accurate numerical solution, but also considering the
computational cost associated. In order to avoid numerical singularities, the
geometric model of the ellipsoid has been created deforming a sphere through
the application of scaling factor. Figure 5.5 shows the h−refinement strategy
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followed in this work. The variable h represents the element size near the
ellipsoids and h′ the element size in the outer areas of the control volume
or VOI (both expressed in µm). Two parameters are defined: n is the ratio
between the element sizes previously defined, and k controls the degree of
refinement in successive iterations.

n =
hi

h′
i

(5.2)

k =
hi

hi+1

(5.3)

ℎ0 → ℎ′0 = 𝑛 · ℎ0

ℎ1 =
ℎ0
𝑘

ℎ1 → ℎ′1 = 𝑛 · ℎ1

ℎ2 =
ℎ1
𝑘

ℎ2 → ℎ′2 = 𝑛 · ℎ2

ℎ3 =
ℎ2
𝑘

ℎ3 → ℎ′3 = 𝑛 · ℎ3

ℎ0

ℎ𝑖 → element size near ellipsoid

ℎ′𝑖 → element size in cell

ℎ𝑖 , ℎ′𝑖 𝜇𝑚 , k = 2

𝑛 = 4𝑘 = 2

𝑘 =
ℎ𝑖
ℎ𝑖+1

𝑛 =
ℎ′𝑖
ℎ𝑖

ℎ𝑖=0…3 𝑛 ℎ′𝑖=0…3
6

2

12

3 6

1.5 3

0.75 1.5

6

4

24

3 12

1.5 6

0.75 3

6

6

36

3 18

1.5 9

0.75 4.5

Figure 5.5: H-refinement strategy followed for the convergence analysis.

The convergence is analysed by maintaining a uniform refinement in each
step k = 2 for different element size ratios n = 2, 4, 6. Figure 5.6 shows
the evolution of the relative error in energy norm (left) and the number of
degrees of freedom (right) with the inverse of element size in the VOI, h′, for
a value of porosity p = 1 %. The analysis has been performed for linear and
quadratic solid elements. Smooth marks on the graph correspond with the
solution for the parameters adopted in the current work: linear interpolation
element, h = 1 µm and h′ = 6 µm. As it can be seen, for these parameters,
the relative error in energy norm is lower than 2 % and the computational
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cost is feasible. It is worthy to mention that the numerical error tends to
remain or decrease when the level of porosity increase, because, despite the
higher stress gradients, more ellipsoids imply a much more quantity of small
elements. However, computational cost will become excessive if lower element
sizes or quadratic interpolation is chosen.
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Figure 5.6: Evolution of the relative error in energy norm (%) (left) and number of degrees
of freedom (right) with the inverse of the element size h′. Analysis performed for p = 1 %
(5 ellipsoids), the solutions are the averaged from 5 models with a random distribution of
ellipsoids. Refinement parameters: k = 2 and n = 6. Solutions for linear and quadratic
element interpolation.

5.3 Bounds on the ultimate tensile strength of non-porous
lamellar tissue for different bone mineral content

In the present work, the bounds on ultimate tensile strength of non-porous
lamellar tissue have been estimated considering as starting point the Ascenci
& Bonucci work’s [312] where different wet osteons were tested until failure.

In Figure 5.7 (a and c), the mean stress-strain curves for several osteons with
fibers bundles having a longitudinal spiral course with different degree of cal-
cification are depicted [312]. In the current work, fully calcified has been de-
noted as BMDmax and the initial stage of calcification as BMDmin. Note that
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for this kind of osteons, the tensile stress applied during the mechanical test
is transferred to the longitudinal direction of the fibers bundles of the lamel-
lae. Considering the linear-elastic regime, the estimated mean values for the
elastic modulus and ultimate tensile strength result: Elong = 119.400 kg/cm

2

(11, 71 GPa) and St
long = 11.65 kg/mm

2
(114.28 MPa) for BMDmax (Figure

5.7 (a)), and Elong = 61.100 kg/cm
2
(5, 99 GPa) and St

long = 10.95 kg/mm
2

(107.42 MPa) for BMDmin (Figure 5.7 (c)), values from Ascenci & Bonucci
[312]. Substituting the elastic modulus for different mineral content in Equa-

tion 4.1, the values of BMD can be inferred: BMDmax = 0.875 g/cm
3
and

BMDmin = 0.477 g/cm
3
.

Longitudinal osteon. Fully calcified (a)

Longitudinal osteon. Initial stage of calcification (c)

Alternate osteon. Fully calcified (b)

Alternate osteon. Initial stage of calcification (d)

Figure 5.7: Tensile stress-strain curves of wet osteons with different orientation of fibers
bundles in successive lamellae and degree of calcification (30-year-old man). Note: 1g/µm2 ≈
104 MPa. Reprinted from Ascenci & Bonucci [312] with permission of John Wiley and Sons.

Figure 5.7 (b and d) represent the stress-strain curves for osteons with fibers
bundles running alternately in successive lamellae. In Ascenci & Bonucci
[312], it is stated that these osteons present the same degree of calcification
as longitudinal (a and c), hence, the same values for BMDmax and BMDmin

will be assumed. In these osteons, the tensile stress applied is transferred
as a transverse load into the lamellae whose fibers bundle roughly curse 90o.
Since these stress-strain curves exhibit a pronounced plastic behavior, ultimate
strength was approximated in 50 MPa [319]. Following a composite analysis
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Table 5.2: BMD and ultimate tensile strength for both longitudinal and transverse direction
of lamellar tissue. Values inferred from mechanical testing until failure of longitudinal and
alternate osteons with different stage of calcification [312].

BMD (g/cm
3
) 0.477 0.875

St
long(MPa) 107.42 114.28

BMD (g/cm
3
) 0.477 0.875

St
trans(MPa) 30.75 32.96

approach, the failure would firstly occur in the lamellae whose fibers round at
an angle of 90o, hence, the ultimate tensile strength in the transverse direction
of the lamellar tissue can be estimated from Equation 5.4.

St
trans =

50 Etrans

Eapp

MPa (5.4)

Where Eapp is the elastic modulus of the whole alternate osteon in the direc-
tion of the applied load and Etrans is the elastic modulus of the lamella in
its transverse direction. Applying Equation 4.2, Etrans results 6.93 GPa for
BMDmax and 4.28 GPa for BMDmin. In order to determine Eapp, the rule of
mixtures has been considered (see Equation 5.5).

Eapp = Elong Vlong + Etrans Vtrans (5.5)

Where Elong represents the elastic modulus of the lamella in the longitudinal
direction of the fibers bundles, being 11.71 GPa for BMDmax, and 5.99 GPa for
BMDmin (from Figure 5.7 (a and c)). Vlong and Vtrans are the volume fraction
of lamellae whose fibers are aligned to the loading direction and forming an
angle of 90o, respectively, and they result Vlong = 0.75 and Vtrans = 0.25 from
Giner et al. [319].

Substituting previous values in Equation 5.4, the ultimate tensile strength in
the transverse direction of the lamella is estimated: St

trans = 32.96 MPa for
BMDmax and 30.75 MPa for BMDmin. Table 5.2 summarises the values of BMD
and the ultimate tensile strength acting on the longitudinal and transverse
direction of lamellar tissue, that have been inferred from the empirical tests
performed by Ascenci & Bonucci [312].

As described in Section 5.1, natural porosity in a healthy bone is in the range
[1 − 5 %] and is mainly attributed to the lacuno-canaliculi system. In the
previous approach from the Ascenci & Bonucci work [312] where different wet
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osteons were tested until failure, no date about the degree of porosity was
available, subsequently, healthy tissue can be assumed. Hence, bounds on
ultimate tensile strength of non-porous lamellar tissue can be inferred assum-
ing two scenarios: the natural porosity of lamellar tissue in osteons was the
minimum p = 1 % (hypothesis 1) and the maximum p = 5 % (hypothesis 2).

Figure 5.8 illustrates a scheme of the workflow followed in order to estimate the
mean value of the ultimate tensile strength in the longitudinal direction (a) and
transverse direction (b) of the non-porous lamellar tissue. Firstly, a control
volume of lamellar tissue is modeled assuming orthotropic elastic properties
(Eqations 4.1 to 4.5). Then, accordingly with each hypothesis, five models
with random distribution of ellipsoidal voids are generated. Secondly, the
remote ultimate tensile strength for different mineral content from Ascenzi and
Bonucci [312] is applied to the five models. Voids act as stress concentrators
and also reduce the effective area. Subsequently, the nodal stress component
aligned with the applied load will increase with a higher porosity level. The
mean value of the maximum nodal stress component from the five models, will
be identified as the corresponding ultimate strength for the non-porous tissue,
the lower bound for hypothesis 1 (S̄t,low

long (BMD, p 0 %), S̄t,low
trans(BMD, p 0 %))

and the upper bound for hypothesis 2 (S̄t,upp
long (BMD, p 0 %), S̄t,upp

trans(BMD, p 0
%)).

5.4 Bounds on ultimate compressive strength of non-porous
lamellar tissue for different bone mineral content

In this section, the bounds on the ultimate compressive strength of non-porous
lamellar tissue have been estimated. For this proposal, the Ascenci & Bonucci
work [313] was considered.

Figure 5.9 (a and b) represents the range of the stress-strain curves under
compressive load resulting from testing several osteons, with fibers bundles
showing a transversal spiral course in successive lamellae. Different degree of
calcification is also considered [313]. For these sort of osteons, the compres-
sive stress applied during the mechanical test is entirely transferred to the
lamellae acting in the transverse direction of the fibers. As in Section 5.3, the
linear-elastic regime enables to estimate the mean values for the elastic mod-
ulus and ultimate compressive strength: Etrans = 94.905 kg/cm

2
(9.3 GPa)

and Sc
trans = 16.70 kg/mm

2
(163.83 MPa) for BMDmax (Figure 5.9 (a)), and

Etrans = 73.662 kg/cm
2
(7.22 GPa) and Sc

trans = 10.02 kg/mm
2
(98.29 MPa)

for BMDmin (Figure 5.9 (b)), values from Ascenci & Bonucci [313].
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= 1%

* From Ascenzi & Bonucci 1967 = 0.477 / = 0.875 /
Hypothesis 1: = 1% = 107.42 * = 114.28 *

Hypothesis 2: = 5%Longitudinal osteon under 
tension load until failure

FEM analysis (5x)

, , _0% = _1%
, , _0% = _5%

= 5%

1 (long)

2 3 

1

2

(a)

Alternate osteon under 
tension load until failure

= 1% = 5%
, , _0% = _5%
, , _0% = _1%

1 

2  3(trans) 

* From Ascenzi & Bonucci 1967 and Eq.13 = 0.477 / = 0.875 /
Hypothesis 1: = 1% = 30.75 * = 32.96 *

Hypothesis 2: = 5%

3

2

FEM analysis (5x)

(b)

Figure 5.8: Scheme of the methodology followed for the estimation of the mean bounds
on ultimate tensile stress in the longitudinal (a) and transverse (b) direction of non-porous
lamellar tissue. St

long, St
trans, BMDmax and BMDmin are inferred from tensile test until

failure of wet longitudinal and alternate osteons with different mineral content [312].
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Hence, substituting the elastic modulus for different degree of mineralisation
in Equation 4.2, the values of BMD can be inferred: BMDmax = 1.264 g/cm

3

and BMDmin = 0.920 g/cm
3
.

Analogously, Figure 5.9 (e and f) represents the range of the stress-strain
curves under compressive load resulting from testing several osteons, with
fibers bundles showing a marked longitudinal direction in successive lamel-
lae. In this case, the compressive stress applied during the mechanical test is
transferred to the lamellae acting in the longitudinal direction of the fibers.
From the linear-elastic regime, the mean values for the elastic modulus and
ultimate compressive strength are again estimated: Elong = 64.497 kg/cm

2

(6.32 GPa) and Sc
long = 11.20 kg/mm

2
(109.87 MPa) for BMDmax (Figure

5.9 (e)), and Elong = 49.063 kg/cm
2
(4.81 GPa) and Sc

long = 8.96 kg/mm
2

(87.89 MPa) for BMDmin (Figure 5.9 (f)), values from Ascenci & Bonucci [313].
Replacing the elastic modulus in Equation 4.2 for different degree of miner-
alisation, the values of BMD can be inferred: BMDmax = 0.502 g/cm

3
and

BMDmin = 0.387 g/cm
3
.

Longitudinal osteon. Fully calcified (e) 

Longitudinal osteon. Initial stage of calcification (f)

Transversal osteon. Fully calcified (a)

Transversal osteon. Initial stage of calcification (b)

Figure 5.9: Range of compressive stress-strain curves of wet osteons with different orien-
tation of fibers bundles in successive lamellae and degree of calcification (30-year-old man).
Note: 1g/µm2 ≈ 104 MPa. Reprinted from Ascenci & Bonucci [313] with permission of John
Wiley and Sons.

Table 5.3 summarises the values of BMD and the ultimate compressive strength
resulting on the longitudinal and transverse direction of lamellar tissue. These
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Table 5.3: BMD and ultimate compressive strength for both longitudinal and transverse di-
rection of lamellar tissue. Values inferred from mechanical testing until failure of longitudinal
and transverse osteons with different stage of calcification [313].

BMD (g/cm
3
) 0.387 0.502

Sc
long(MPa) 87.89 109.87

BMD (g/cm
3
) 0.920 1.264

Sc
trans(MPa) 98.29 163.83

values have been deduced from the empirical tests performed by Ascenci &
Bonucci [313].

Analogously as described in Section 5.3, mean bounds on ultimate compres-
sive strength of non-porous lamellar tissue can be estimated assuming the two
previous scenarios: the natural porosity of lamellar tissue in osteons was the
minimum p = 1 % (hypothesis 1) and the maximum p = 5 % (hypothesis
2). Figure 5.10 illustrates a scheme of the workflow followed in order to esti-
mate the mean value of the ultimate compressive strength in the longitudinal
direction (a) and transverse direction (b) of the non-porous lamellar tissue.
In this case, the remote ultimate compressive strength for different mineral
content from Ascenci & Bonucci [313] is applied to the five models with ran-
domly distributed ellipsoids. The mean value of the maximum nodal stress
component (in absolute value) aligned with the applied load direction will be
identified as the corresponding ultimate strength for the non-porous tissue,
the lower bound for hypothesis 1 (S̄c,low

long (BMD, p 0 %), S̄c,low
trans(BMD, p 0 %))

and the upper for hypothesis 2 (S̄c,upp
long (BMD, p 0 %), S̄c,upp

trans(BMD, p 0 %)).

5.5 In-plane ultimate strength of porous lamellar tissue
considering mineral content and lacunae concentration

5.5.1 Tensile and compressive strength

In this section, the methodology followed for studying the influence of the
porosity owing to osteocyte lacunae on the lamellar tissue strength will be
detailed.

Figure 5.11 summarises the procedure considered for the tensile load analy-
sis (analogous to the compressive load). Firstly, for each degree of porosity
(p1...pn) (see Table 5.1), five numerical models of a control volume or VOI of
lamellar tissue with randomly distributed ellipsoids are generated.
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𝑝𝑝 = 1%

* From Ascenzi & Bonucci 1968 𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 = 0.387 𝑔𝑔/𝑐𝑐𝑐𝑐3 𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 = 0.502 𝑔𝑔/𝑐𝑐𝑐𝑐3

Hypothesis 1: 𝑝𝑝 = 1 %
𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐 = 87.89 𝑀𝑀𝑀𝑀𝑀𝑀* 𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐 = 109.87 𝑀𝑀𝑀𝑀𝑀𝑀*

Hypothesis 2: 𝑝𝑝 = 5 %

𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐

Longitudinal osteon under 
compressive load until failure

̅𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑐𝑐,𝑙𝑙𝑙𝑙𝑙𝑙 𝐵𝐵𝐵𝐵𝐵𝐵,𝑝𝑝_0% = 𝜎𝜎1 𝑚𝑚𝑚𝑚𝑚 𝑝𝑝_1%

̅𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑐𝑐,𝑢𝑢𝑢𝑢𝑢𝑢 𝐵𝐵𝐵𝐵𝐵𝐵,𝑝𝑝_0% = 𝜎𝜎1 𝑚𝑚𝑚𝑚𝑚 𝑝𝑝_5%

𝑝𝑝 = 5%

𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐

1 (long)

2 3 

𝜎𝜎1 𝑚𝑚𝑎𝑎𝑥𝑥

𝑆𝑆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐

1

2

FEM analysis (5x)

(a)

𝑝𝑝 = 1%

* From Ascenzi & Bonucci 1968 𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 = 0.920 𝑔𝑔/𝑐𝑐𝑐𝑐3 𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 = 1.264 𝑔𝑔/𝑐𝑐𝑐𝑐3

Hypothesis 1: 𝑝𝑝 = 1 %
𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 = 98.29 𝑀𝑀𝑀𝑀𝑀𝑀* 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 = 163.83 𝑀𝑀𝑀𝑀𝑀𝑀*

Hypothesis 2: 𝑝𝑝 = 5 %

𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐

Transversal osteon under 
compressive load until failure

̅𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑐𝑐,𝑙𝑙𝑙𝑙𝑙𝑙 𝐵𝐵𝐵𝐵𝐵𝐵,𝑝𝑝_0% = 𝜎𝜎3 𝑚𝑚𝑚𝑚𝑚 𝑝𝑝_1%

̅𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑐𝑐,𝑢𝑢𝑢𝑢𝑢𝑢 𝐵𝐵𝐵𝐵𝐵𝐵, 𝑝𝑝_0% = 𝜎𝜎3 𝑚𝑚𝑚𝑚𝑚 𝑝𝑝_5%

𝑝𝑝 = 5%

2 
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3(trans) 
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2

𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐
FEM analysis (5x)

(b)

Figure 5.10: Scheme of the methodology followed for the estimation of the mean bounds
on ultimate compressive strength in the longitudinal (a) and transverse (b) direction of non-
porous lamellar tissue. Sc

long, S
c
trans, BMDmax and BMDmin are inferred from compressive

test until failure of wet longitudinal and transversal osteons with different mineral content
[313].

174



5.5 In-plane ultimate strength of porous lamellar tissue considering mineral content and lacunae

concentration

Mechanical properties of lamellar bone at the tissue level are specified in the
finite element models in the domain around the voids: the elastic properties
as a function of BMD are defined through Eqs. 4.1 to 4.6 and the strength
properties (non-porous tissue) that have been estimated as described in Section
5.3 and 5.4 (arrows in purple in Figure 5.11).

5 FE models for each 

value of porosity 

ҧ𝑆𝑡𝑟𝑎𝑛𝑠
𝑡,𝑙𝑜𝑤 𝐵𝑀𝐷, 𝑝_0%

ҧ𝑆𝑡𝑟𝑎𝑛𝑠
𝑡,𝑢𝑝𝑝

𝐵𝑀𝐷, 𝑝_0%

ҧ𝑆𝑙𝑜𝑛𝑔
𝑡,𝑙𝑜𝑤 𝐵𝑀𝐷, 𝑝_0%

ҧ𝑆𝑙𝑜𝑛𝑔
𝑡,𝑢𝑝𝑝

𝐵𝑀𝐷, 𝑝_0%

𝑝1

𝑝2

𝑝3

𝑝𝑛

𝑆𝑙𝑜𝑛𝑔
𝑡,𝑝2

𝑆𝑡𝑟𝑎𝑛𝑠
𝑡,𝑝2

FEM analysis

Mean bounds on ultimate strength of non-

porous lamellar tissue as a functions of BMD:

𝑆𝑙𝑜𝑛𝑔
𝑡 (𝐵𝑀𝐷, 𝑝)

𝑆𝑡𝑟𝑎𝑛𝑠
𝑡 (𝐵𝑀𝐷, 𝑝)

Figure 5.11: Scheme of the methodology followed to estimate the in-plane ultimate strength
of lamellar tissue considering porosity due to lacunae concentration. The analysis sequence
is reproduced for different mineral content (BMDmax and BMDmin) and lower and upper
bounds on the ultimate strength of non-porous lamellar tissue.

Subsequently, the remote load to be applied for achieving the failure, that
means the corresponding ultimate strength at tissue level (non-porous), will
determine the lamellar tissue strength for each degree of porosity (arrows in
red in Figure 5.11). Every analysis is performed considering the bounds on
ultimate strength for non-porous material and two mineral content values.
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5.6 Results obtained for in-plane strength limits

5.6.1 Ultimate strength of non-porous lamellar tissue

Table 5.12 presents the bounds on ultimate tensile/compressive strength in
the longitudinal and transverse directions of non-porous lamellar tissue. Solid
markers represent the averaged values of lower and upper bounds from five
models with ellipsoids randomly distributed.

Notice that these results correspond with the maximum nodal stress compo-
nent aligned with the loading direction considering hypotheses 1 and 2, where
the porosity of the tested osteons from Ascenzi & Bonucci [312, 313] was as-
sumed to be p = 1 % and p = 5 %, respectively (see Sections 5.3 and 5.4).
Nodal stress increases near ellipsoids as a result of the stress concentration.
Porous lamellar tissue will fail under certain remote uni-axial load, when max-
imum nodal stress reaches the ultimate strength of the material, this is the
non-porous lamellar tissue.

Results are obtained for two stages of mineralisation. The micromechanic
model for elastic properties used (Equation 4.1 to Equation 4.5) includes the
BMD influence on the orthotropic elastic properties of lamellar tissue. Hence,
as seen in Figure 5.12, strength increases with BMD because more load is
transferred when bone tissue is stiffer.

The Table 5.4 summarises the mean and standard deviation of the ultimate
tensile/compressive strength for the longitudinal and transverse directions of
non-porous lamellar tissue, for two stages of mineralisation.

Theoretically, under pure compressive load, the maximum shear stress occurs
at 45o from the direction of the applied load, such in the longitudinal as
in the transverse direction of compression loading, as shown in Figure 5.13.
Failure of the lamellar tissue under compressive load can be attributed to this
shear stress. Table 5.5 summarises the mean and standard deviation of the
maximum shear stress, τ45o , when the remote failure load is applied [313], for
different stages of mineralisation of the bone tissue.
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Figure 5.12: Bounds on ultimate tensile (a) / compressive (b) strength (in MPa) for non-
porous lamellar tissue (p = 0 %) in the longitudinal (left) and transverse (right) direction,
for two degree of mineralisation, BMD (g/cm3).
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Table 5.4: Ultimate tensile/compressive strength (MPa) in the longitudinal and transverse
direction of non-porous lamellar tissue (p = 0 %) for different mineral content (g/cm3) (mean
values and standard deviation).

BMD (g/cm3) 0.477 0.875

S̄t
long± SD (MPa) 161.39 ± 15.17 175.69 ± 16.29

S̄t
trans± SD (MPa) 79.41 ± 9.67 84.80 ± 10.34

BMD (g/cm3) 0.378 0.502

S̄c
long± SD (MPa) 126.00 ± 13.60 158.40 ± 17.20

BMD (g/cm3) 0.920 1.264

S̄c
trans± SD (MPa) 215.40 ± 24.20 355.40 ± 39.80

Table 5.5: Mean and standard deviation of the maximum shear stress acting on 45o (MPa)
for compressive load.

BMD (g/cm3) 0.378 0.502 0.920 1.264

τ̄max
45o ± SD (MPa) 63.9 ± 7.69 79.9 ± 9.47 96.0 ± 9.89 162.2 ± 20.06

5.6.2 In-plane ultimate strength of lamellar tissue considering
mineral content and lacunae concentration

After estimating the ultimate tensile/compressive strength at the tissue level,
the main goal of the present work can be addressed. In the following sections,
the results for the in-plane ultimate strength of lamellar tissue considering the
porosity due to the lacunae concentration and mineral content are presented.
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3 (trans)

1 (long)

𝜏45°

Figure 5.13: Scheme showing the direction where maximum shear stress is produced when
compressive loading is applied.

5.6.2.1 Ultimate tensile and compressive strength

In Figures 5.14 and 5.15 results for the ultimate tensile and compressive
strength are depicted. The objective is to determine the remote tensile load
(arrows in red) to be applied to the porous lamellar tissue with certain min-
eral content, needed to reach the ultimate strength at tissue level (see Section
5.6.1). The methodology followed to obtain these results has been described
in Section 5.5 and summarised in Figure 5.11.

In the graphs, light and dark blue represent the solutions for the lower and
upper bounds, the solid line indicates the averaged ultimate strength. Results
show that strength is highly reduced when porosity is considered, being re-
markable the strong gradient when it initiates. This behaviour is motivated
by the stress concentration attributed principally to the ellipsoidal geometry
of the voids. As the porosity is higher, the number of ellipsoids increases (all
of them being equal) and, hence, the effective area is reduced. This is the
factor that will predominantly cause the smoother reduction of the strength
when increasing porosity.

Subsequently, the averaged values are fitted using a potential multi-variable
nonlinear regression in Matlab, being the parameters: BMD and porosity.
To this aim, two conditions are added: the tissue strength should be equal
to the strength of the hydroxiapatite crystal when, being the porosity equal
to zero, the BMD reaches its maximum value (the hydroxyapatite density).
Additionally, when porosity tends to be the maximum (p = 100 %), then, the
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Figure 5.14: Bounds and averaged (AVG) ultimate tensile strength (in MPa) of lamellar
tissue in the longitudinal (a) and transverse (b) direction as a function of the porosity due
to osteocyte lacunae concentration, for two degree of mineralisation.
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Figure 5.15: Bounds and averaged (AVG) ultimate compressive strength (in MPa) of
lamellar tissue in the longitudinal (a) and transverse (b) direction as a function of the
porosity due to osteocyte lacunae concentration, for two degree of mineralisation.
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fitting should fulfill that the strength tissue will become zero. Equations 5.6
and 5.7 contain the regressions for the ultimate tensile strength and Equations
5.8 and 5.9 for ultimate compressive strength, both in the longitudinal and
transverse direction of lamellar tissue.

St
long(BMD, p) = St

HA

(
BMD

ρHA

)0.11024 (
1− p

100

)0.29755

MPa R2 = 0.985

(5.6)

St
trans(BMD, p) = St

HA

(
BMD

ρHA

)0.5025 (
1− p

100

)0.11559

MPa R2 = 0.915

(5.7)

where ρHA and St
HA are the density and ultimate tensile strength of the hry-

droxyapatite (3.6 g/cm
3
and 190 MPa, respectively [334]). BMD is the bone

mineral density (in g/cm
3
) and p represents the porosity due to lacunae con-

centration (in %).

Sc
long(BMD, p) = Sc

HA

(
BMD

ρHA

)0.90634 (
1− p

100

)0.33564

MPa R2 = 0.988

(5.8)

Sc
trans(BMD, p) = Sc

HA

(
BMD

ρHA

)1.0076 (
1− p

100

)0.16183

MPa R2 = 0.946

(5.9)

in this case, Sc
HA is the ultimate compressive strength of the calcium hrydrox-

yapatite mineral (900 MPa [334]). As in the corresponding expression for the

tensile strength, BMD is the bone mineral density (in g/cm
3
) and p is the

porosity due to lacunae concentration (in %).

The first exponent near one in Equations 5.8 and 5.9, denotes that lamellar
compressive strength is highly dominated by the mineral phase. In Figures
5.16 and 5.17 results from the regressions obtained are depicted.
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Figure 5.16: Results from the regressions for the ultimate tensile strength (in MPa) of
lamellar tissue in the longitudinal (a) and transverse (b) direction, as a function of the
mineral content (BMD) and porosity due to osteocyte lacunae concentration (Equations 5.6
and 5.7).
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Figure 5.17: Results from the regressions for the ultimate compressive strength (in MPa)
of lamellar tissue in the longitudinal (a) and transverse (b) direction, as a function of the
mineral content (BMD) and porosity due to osteocyte lacunae concentration (Equations 5.8
and 5.9).
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5.6.2.2 Intralamelar shear stress evolution with porosity and
mineral content

Results from the numerical compressive stress analysis in the longitudinal
and transversal direction of lamellar tissue, show that for a given compressive
load σc, the maximum intralamella shear stress at tissue level increases with
the porosity and mineral content. In Figure 5.18, the finite element solution

for the ratio
τ13

BMDσc
has been fitted with a multi-variable nonlinear model

considering as variables BMD and porosity. The relationship of the in-plane
shear component τ13 with these parameters is given in Equation 5.10.

τ13 =
(
0.091BMDp0.381 + 0.12678BMD−0.293

)
σc for p ≤ 5 R2 = 0.980

(5.10)

where σc is the remote compressive load applied in the longitudinal or trans-
verse direction of the lamellar tissue.
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Figure 5.18: Evolution of the ratio
τ13

BMDσc
as a function of the degree of porosity within

the natural range due to lacunae concentration.
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5.7 Discussion

In this work, a micromechanical model for evaluating the tensile/compressive
ultimate stress of lamellar tissue is proposed. This novel approach includes
the influence of the bone mineral density BMD and micro-porosity p values
within the range of a healthy bone.

A representative volume of lamellar tissue has been numerically modelled. The
elastic properties of the bone for different mineral content have been defined
from Vercher-Mart́ınez et al. [46] and the porosity due to osteocyte lacunae has
been explicitly modelled creating a random distribution of smooth ellipsoids
with dimensions and orientation in the lamellar plane known fromMarotti [55].
Subsequently, we have inferred the failure stress acting on the longitudinal and
transverse directions of the lamellar tissue from Ascenzi and Bonucci [312,313].
In their work, mechanical tests of quasi-static tensile/compressive load were
applied to wet osteons with different orientation patterns of the fibers bundles
in the successive lamellae, for both fully calcified and at the initial stage of
mineralisation. In order to include the micro-porosity in the micromechanical
model, two scenarios have been considered: the first assumes that osteons have
a minimum porosity level, p = 1 %, and the second, a maximum porosity level,
p = 5 %, always considering healthy bone tissue. These hypotheses allow to
obtain the bounds on the ultimate stress of non-porous tissue.

The ultimate stress of non-porous tissue (p= 0 %) increases with higher min-
eral content, reaching a value of S̄c

trans = 355.40± 39.80 MPa for compression
in the transversal direction of the fiber bundles, being BMD = 1.246 g/cm3.
Similar values have been reported in the literature. In Casari et al. [332] the
yield stress for compressive load for transverse specimens in dry conditions was
300 ± 20 MPa, however, no data about mineral content is available. In the
present work, the longitudinal to transverse strength mean ratio for tension
is 2.47:1 and for compression is 1.55:1, evaluated for the values of porosity
p = 0 %, 1 % and 5 % and considering a mineral content BMD = 1.2 g/cm3.
These values are in agreement with Casari et al. [332], where the corresponding
strength ratios are 2.7:1 for tension and 1.25:1 for compression.

Additionally, the shear stress acting at 45o from the compressive load direc-
tion is also increasing with the mineral content and reaches τ̄max

45o = 162.2 ±
20.06 MPa for BMD = 1.246 g/cm 3. The osteons tested under compressive
load in Ascenzi and Bonucci [313] exhibit fissures oriented roughly 30o − 35o,
for both longitudinal and transverse samples. Based on that empirical evi-
dence, although the micro-bending of the collagen fibers bundles can occur
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under compressive longitudinal load, the shear component causes bone tissue
failure.

From Fig. 5.14, the longitudinal tensile strength is significantly higher than in
the transverse direction. This is in agreement with the highest tensile strength
in the osteons with fibers roughly aligned with the osteon axis observed by
Ascenzi and Bonucci [312]. Considering results from Fig. 5.15, it is not possible
to establish a direct comparison because the mineral content of the osteons
tested in the longitudinal and transverse directions is different. This drawback
is avoided when considering the results from the multi-variable regressions
(Fig. 5.17). Nevertheless, the compressive strength is considerably increased
with the increment of mineral content.

Results obtained in this work show that the strength of lamellar bone de-
creases potentially with the lacunae porosity concentration. This behaviour
is in accordance with Sang et al. [335] where the strain amplification around
osteocytes is potentially related to the lacunae volume.

The evolution of the intralaminar shear stress τs13 has been analyzed in this
study, although the corresponding ultimate shear strength is not addressed.
Following the composite materials approach, it can be estimated as Ss13 ≈
1

2
S̄c, being S̄c =

Sc
long+Sc

trans

2
. Another limitation of this work is that it

considers all the ellipsoids with the same dimensions, while morphological
modifications can occur due to physiological or pathological conditions. In
future work, the random generation code will incorporate the variability of
morphology. On the other hand, no porosity due to the canaliculi calcoforo
system is included, although its effect as stress concentrator, would not be
so critical as lacunae. However, the reduction of the effective cross-section
should be quantified. More experimental data from mechanical testing can
be considered for compressive load [336]. Lastly, an elastic linear constitutive
model has been assumed for the lamellar tissue. This is admissible for fully
calcified tissue, i.e. the common situation in an adult bone.

5.8 Conclusions

A novel micromechanical model for evaluating the tensile/compressive ulti-
mate stress of lamellar tissue is proposed, including the bone mineral content
and micro-porosity p. This approach can be implemented in micro- or meso-
numerical models of cancellous bone, obtained from processing clinical images,
in order to enhance the results derived from numerical simulations.

187



Chapter 5. Estimation of the strength limits of lamellar bone as a function of mineral content and

porosity

The strength micromechanical model given in this work (Eqs. 5.6 to 5.9), pro-
vides the expressions to estimate the tensile/compressive ultimate stress in the
longitudinal and transverse direction of lamellar tissue as a function of BMD
and micro-porosity due to osteocyte lacunae. From these equations (graph-
ically represented in Figs. 5.16 and 5.17), a higher strength in compression
than in tension, for both longitudinal and transverse directions of the lamellar
tissue, is clearly observed. This difference is more pronounced when BMD
increases and porosity is low. This is compatible with the mechanical function
of the hydroxyapatite mineral phase under compressive load because collagen
fibers tend to bend and failure can occur earlier [313].

The results shown in this work reveal the strong influence of the porosity due
to osteocyte lacunae on the increase of the stress at the tissue level, causing a
decrease of apparent strength. This trend is observed regardless of the mineral
content. Ellipsoidal lacunae act as stress concentrators around osteocytes,
and also reduce the effective cross-section, causing a potential reduction of the
lamellar bone strength as porosity increases. Our findings confirm that the
stress and strain increase around osteocytes rather than other locations of the
extracellular matrix, being the most potential location for microcracks.
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Chapter 6

Experimental characterisation
and numerical simulation of
the mechanical behaviour of
osteoporotic, osteoarthrosic
and healthy cancellous human
bone

6.1 Introduction

In this chapter, the aim is to characterise the mechanical behaviour of healthy
and diseased cancellous human bones. For this purpose, cancellous bone sam-
ples have been prepared from femoral head specimens. The samples have been
divided into three groups depending on the bone state: healthy, osteoarthrosic
and osteoporotic bone. Different approaches have been employed to study the
mechanical behaviour of these three types of cancellous bones: experimental
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tests, finite element (FE) simulations and imaging techniques. To obtain the
cancellous bone specimens geometry, we scanned the samples using a micro-
CT with 13.5 µm isotropic resolution. To study the mechanical behaviour, we
tested the cancellous specimens under quasi static compression loads. From
these compression tests, we obtained the stress-strain curves with the com-
pression response. To estimate the elastic and failure properties of the human
cancellous samples, we used the stress-strain curves of the experimental tests
to calibrate the numerical models.

This PhD thesis is focused on two bone diseases: osteoporosis and osteoarthro-
sis. The first one is the most prevalent bone pathology in society and consists in
a negative imbalance in the remodelling cycle of bone, resulting in a degraded
structure. Regarding osteoarthrosis, during the initial phase, there is a notable
increase in the remodelling of the subchondral bone tissue. These changes re-
sult in a temporary reduction in bone mass, increased porosity and decreased
bone density [337]. Nevertheless, in the final stages, the remodeling intensity
decreases, leading to an increase in bone density and volume, so-called sclero-
sis. When comparing bone volume and density of osteoarthrosis patients and
healthy individuals, it has been determined that patients with osteoarthrosis
present a 15 % rise in bone density and 30 % in bone volume [338–340].

Intending to clarify and establish some terminology that will be used through-
out this section, it is important to consider that in this thesis, the term OA will
be related to osteoarthrosis, defined as a degenerative joint disease [341–343].
A great amount of English-speaking authors misuse the term osteoarthritis
to design both an inflammatory bone disease, usually known as arthritis, and
the chronic degenerative joint disease, so-called arthrosis. The suffix “-itis”
implies the presence of inflammation, which is not involved in arthrosis. This
improper use of osteoarthritis has led to confusion about what bone disease is
referred to. Many researchers, at the beginning of their studies, explain which
type of osteoarthritis is addressed, inflammatory or degenerative [20,337,344].
To avoid this confusion, from now on, we will use osteoarthrosis (OA) for the
degenerative joint bone disease without an inflammatory implication.
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6.2 Methodology to obtain the cancellous bone samples

In this chapter, human cancellous bone samples are analysed. The speci-
mens come from human femoral heads extracted during total hip arthroplasty
surgery in the Hospital Universitario Infanta Leonor of Madrid. We divided
the specimens into three groups according to the doctors’ criterion based on
the classification of bone fracture presented by the patients: healthy group
(HG), osteoarthrosic group (OA), and osteoporotic group (OP). The defini-
tion of each group is defined in section 3.2.2.1 in Chapter 3.

Besides the femoral head samples, some relevant information from the donors
is available to study the specimens with bone diseases. The donors are anony-
mous, but they have filled out a survey with the signed consent and some
information about their clinical history, which consists of several questions as
follows:

− The study group (HG/OA/OP).

− Initials identifying the sample (ie: LCFB, MPR, AMMT).

− Age.

− Sex (male/female).

− Imaging technique employed for the diagnosis (RX/RM/TAC).

− Prescribed medicines.

− Whether they have previously undergone any protracted treatment.

− Whether they suffer any disease.

− Whether they have ever been immobilised.

− Whether they have a family history of osteoporosis.

− What kind of diet they follow (vegetarian, mediterranean, high in fat,
processed food).

− Whether they smoke.

− Whether they do any kind of physical exercise.

The information extracted from the patient’s survey is highly relevant because
some points directly influence bone state. For example, it is widely known
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that osteoporosis has a greater impact on women than in men [345], and
therefore, high likelihood of suffering a bone fracture [5]. In addition, age is
also relevant, i.e. in women age can be used to establish whether they are
pre- or post-menopausal women. We know that there are risk factors that can
increase the probability of developing osteoporosis, such as genetics, smoking,
long periods of immobilisation, some diseases and drugs [218]. For this reason,
we have asked the patients for their familiar clinical history, medicines, and
daily routines (regarding food, sport, smoking), to understand the obtained
results and whether any risk factor has directly influenced them.

Figure 6.1 presents the procedure followed. Firstly, the cancellous samples
from the femoral heads were prepared. Then, they were scanned by the µ-
CT with an isotropic resolution of 13.5 µm. On the one hand, quasi static
compression tests were carried out until fracture load levels were reached.
After the segmentation of the images, the morphometry of the cancellous bone
samples was studied and the finite element (FE) models were used to estimate
the elastic and failure properties.

3

Mechanical
properties
estimation

Finite element model Numerical response

Micro-CT image Threshold
image

3D reconstruction
RX source

Detector

Rotating
sample

1 2

Samples preparation
Compression

testing

Figure 6.1: Procedure followed to study the compression mechanical behaviour and mor-
phometry of healthy (HG), osteoarthrosic (OA) and osteoporotic (OP) human cancellous
bone.

The starting point is the preparation of the cancellous bone samples. From
the hospital, we received each femoral head wrapped in gauze individually
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6.3 High resolution scanning, image segmentation and morphometric characterisation

stored in a jar with the following information: study group, surgery date
and the patient’s initials that identify the samples (see Figure 6.2.1). It is
only needed the cancellous bone of the femoral heads. The first step is to
remove the cortical bone of the outermost part of the specimen. For this task,
it was have employed a metallographic cutting saw TR100 Evolution Remet
(Italy) (see Figure 6.2.3). From these cuts, we obtained a cancellous bone
cube, such as the one illustrated in Figure 6.2.4. In addition, opposite faces
of the cancellous samples are required to be parallel to apply perpendicular
the loads to the specimen at the testing machine. For this task, we have used
a Microtom Struers saw (Struers, Copenhagen, Denmark), such as the one
shown in Figure 6.2.5. The cancellous bone samples studied in this section are
such as the one shown in Figure 6.2.6. Finally, to remove the organic remains
and blood, the samples underwent ultrasound baths in distilled water.

1 2
3

4
5

6

Figure 6.2: Cutting procedure to obtain cancellous samples from femoral heads.

6.3 High resolution scanning, image segmentation and
morphometric characterisation

This section presents the morphometric analysis of the human cancellous spec-
imens from the femoral heads. To achieve this purpose, we have scanned the
cancellous samples using the µ-CT scanner. We segmented the images using
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a global manual thresholding procedure, allowing the 3D reconstruction ge-
ometry of the specimens to be available. With the geometry, we study the
cancellous morphometry and generate the FE models.

6.3.1 Micro-CT image segmentation

With the aim of characterising the 3D bone microarchitecture and generating
the FE models with high resolution, we have scanned the cancellous samples
using the µ-CT technique. We have used the µ-CT scanner from the Estación
de Biolox́ıa Mariña at A Graña (University of Santiago de Compostela). They
have a Skyscan1172 (Bruker, Kontig, Belgium), which can obtain images with
an isotropic resolution of 13.5 µm (voltage 100 kV, intensity 100 µA, Al/Cu
filter).

We have used ScanIP software (Simpleware, UK) and a global manual thresh-
olding procedure for image segmentation. The format of the scanned images is
DICOM (see Fig. 6.3 a), which contains all the information about the image,
such as voltage, intensity, specimen identification, image number, resolution,
etc. Firstly, we have to delete the black in the outer region of the scan to
keep only the area of the image containing the cancellous sample (see Fig. 6.3
b). This procedure is important for two reasons: we will use this geometry to
generate the FE models, so if we have parallel faces, we could apply the load
better; secondly, we will use the images to analyse the morphometry of the
samples: too much black background can lead to false voids and holes.

Then, the threshold to segment the images must be chosen. This part of the
procedure is essential so as not to thicken nor thin the geometry of DICOM
image. Whether we enlarge or slim the cancellous geometry, we will be misrep-
resenting morphometric information. Figures 6.3 d and e exhibit two masks
with different thresholds, being wider the red mask. To compare and evaluate
the differences, Figure 6.3 f presents overlapping masks. It is possible to ap-
preciate that the red mask is thicker than the blue mask. Therefore, between
these two masks, we will choose the blue mask, which neither overestimates,
nor underestimates trabecular thickness.

Then, we apply the “Flood fill” command to the selected mask to delete
the unconnected parts of the geometry, pointed out in Figure 6.4 with red
arrows. After this process, the small parts usually at the corners or edges
of the cancellous samples, disappear, and we obtain an entirely connected
cancellous geometry. The obtained 3D reconstructed geometry (see Fig. 6.4)
will be used to generate the FE models. The last step is to apply a binarisation
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a) b) c)

d) e) f)

Figure 6.3: Global manual thresholding segmentation procedure. a) DICOM image, b)
crop process, c) cropped image with parallel faces, d) mask 1 with larger threshold, e) mask
2 with smaller threshold and f) mask 1 and mask 2 overlapped.

filter and then export the mask with the voxels resolution because it will be
used to analyse the cancellous specimens morphometry at BoneJ software.

6.3.2 Assessment of the bone mineral density using micro-CT
images

Micro-CT images provide much information about the scanned specimen and
the acquisition features. When we scan the specimen through µ-CT we obtain
a three-dimensional matrix, wherein each voxel is assigned the attenuation co-
efficient value associated with the scanned material, directly linked to material
density. Calibration phantoms are materials with a previously known density.
They must be scanned using the same acquisition configuration as the studied
specimens because the acquisition parameters, such as voltage, intensity, or
integration time, highly influence the attenuation coefficient. Phantoms allow
us to estimate the density of the scanned specimens because of the relationship
that we can establish between them.

The most common phantoms employed to determine the bone mineral density
(BMD) are both hydroxyapatite (HA) and dipotassium phosphate (K2HPO4).
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Cancellous Geometry 3D Reconstruction

Figure 6.4: Cancellous geometry 3D reconstruction. Zoomed squares show the unconnected
parts of the geometry removed after applying the ‘Flood fill’ procedure.

The first one (HA), is widely known because it is the mineral component of
bone tissue, while K2HPO4 is also employed due to its comparable features to
HA when referring to the effective atomic number or density [346].

To estimate the bone mineral density (BMD) of the studied specimens, we
have scanned two hydroxyapatite (HA, Ca5(PO4)3OH) phantoms with 250

and 750 mg HA/cm
3
of density (see Figure 6.5 left). These phantoms were

scanned with an isotropic resolution of 13.5 µm with the equipment described
in Section 6.3.1, the same configuration employed to scan the cancellous bone
specimens. Figure 6.5 (right) shows the calibration relationship between the
grey scale value (GS) and the mask density. The linear relationship between
both parameters is presented in Equation 6.1:

ρ = 1.1575 GS + 781.87 (6.1)

Subsequently, we need to estimate both apparent and tissue properties from
the micro-CT data. On the one hand, to determine the apparent properties,
we will use the pre-segmented micro-CT images because they consider all
the image content, which includes both bone and holes. The cleaning of the

196



6.3 High resolution scanning, image segmentation and morphometric characterisation

250 mg HA/cm3

750 mg HA/cm3

Figure 6.5: Micro-CT images of HA phantoms used to the calibration (left) and relationship
established between both phantoms to calibrate density (right).

sample directly influences these results. If the marrow and the organic waste
are not properly removed, they will appear in the µ-CT images. That means
adding different grey values to the image that do not belong either to the
bone or the background (holes and voids). With the grey scale values (GS),
we aim to determine the apparent density (ρapp) and the apparent Young’s
modulus (Eapp). On the other hand, we use the mask GS, which only contains
information about bone, to estimate the bone mineral density (BMD) of the
specimens and Young’s modulus at the tissue level (Etis). Given that mask
GS information is only related to bone, not the whole specimen (considering
voids), the parameters obtained from this value will be related to bone tissue.

Several studies in the literature have explored formulations for stiffness-density
relationships [203,347], but there is no overall agreement on this issue. In the
same line, Morgan and colleagues [202] observed variations in stiffness-density
relationships depending on the skeletal location of the specimens. Schileo et al.
[347] provided a procedure for estimating stiffness using density measurements.
They reported several expressions that relate the phantom density with the ash
density for both cortical and trabecular bone, and also a combined expression.
In this study, we will only use the trabecular expression (Eq. 6.2) due to the
nature of our specimens.
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ρµCT = −0.05 + 0.98 ρash (6.2)

ρapp
ρash

= 0.6 (6.3)

Since Morgan et al. [202] stated that the skeletal location presents differences
once estimating stiffness-density, we employ their expression for the femoral
neck, depicted in Eq. 6.4, to determine the Young’s modulus.

E = 6850 ρ1.49app (6.4)

The procedure begins using Eq. 6.1 and obtaining the micro-CT density
(ρµCT), which will be applied in Eq. 6.2 to obtain the ash density (ρash).
Substituting in the Eq. 6.3, we find the apparent density (ρapp) to be used in
Eq. 6.4 and determine Young’s modulus. It is essential to highlight that if
in Eq. 6.1 is used the pre-segmented GS grey values we will obtain apparent
results (see Table 6.1), whereas if we employ the mask GS, we will estimate
tissue parameters (see Table 6.3).

The apparent parameters estimated using the grey scale (GS) mean values
of the raw micro-CT images are collected in Table 6.1. The analysed spec-
imens are from the different study groups: six osteoporotic (OP), seven os-
teoarthrosic (OA) and six healthy (HG). In order to have an overview of the
obtained results, we have presented the mean values and the standard devia-
tion of each parameter (see Table 6.2).

The presented results are apparent, meaning that the sample’s architecture in-
fluences them. For this reason, we have developed an ANOVA statistical anal-
ysis to evaluate whether there are significant differences between groups due
to bone diseases that affect the bone microarchitecture. The ANOVA analysis
concluded that all the studied parameters (GS, ρapp and Eapp) present signif-
icant differences between HG and both diseased groups, OA and OP. ρapp for
HG is 23.79 % higher than OA and 36.95 % than OP. In the case of Eapp, HG is
30.57 % greater than for the OA specimens and 49.13 % higher than OP. The
interpretation of the results is that we can differentiate between healthy and
diseased cancellous specimens with any of these apparent parameters. This
seems logical due to the vast differences between their cancellous microarchi-
tecture, where HG samples have a large amount of material compared to the
pathological groups. It is possible to appreciate that the most significant dif-
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ferences are between HG and OP because the osteoporotic structure is severely
degraded, and this reality is directly reflected in the apparent results.

Table 6.1: Apparent density (ρapp) and apparent Young’s modulus (Eapp) estimation from
the grey scale values for the three study groups.

Sample ID Group Grey value (-) ρapp (g/cm3) Eapp (MPa)

LCFB P1 HG -432.67 0.478 2281.03

MPR P1 HG -418.16 0.507 2488.64

MPR P2 HG -485.16 0.375 1586.95

MPR P3 HG -477.56 0.389 1682.21

JIMA P1 HG -476.38 0.392 1697.19

JIMA P2 HG -441.56 0.461 2157.68

AM P1 OA -484.93 0.375 1589.80

AM P2 OA -505.51 0.335 1340.86

AM P3 OA -487.69 0.369 1555.59

AM P4 OA -488.89 0.367 1540.75

AFA P1 OA -542.52 0.262 930.05

AFA P2 OA -546.98 0.253 884.01

AFA P4 OA -468.95 0.407 1792.34

FMF P1 OP -545.87 0.255 895.46

FMF P2 OP -586.33 0.176 512.83

ESR P1 OP -513.89 0.318 1243.56

ESR P2 OP -553.71 0.239 815.97

MADL P1 OP -531.81 0.283 1043.87

MCRC P1 OP -489.07 0.367 1538.60

Several researchers have found similar values for the apparent density ρapp,
such as Ranjanomennahary et al. [348] who stated for femoral head 0.417 ±
0.134 g/cm3 for healthy specimens which agrees with our HG result. Gujar
and Warhatkar [349] found for human femoral neck specimens results between
0.485 and 0.747 g/cm3. Abdullah et al. [350] and Auger et al. [351] studied
osteoarthrosic (OA) specimens, obtaining apparent density values from 0.28 to
0.34 g/cm3 and 0.37 ± 0.08 g/cm3, respectively, which are in the same range
of our estimated values for the OA group. Regarding the Eapp estimated
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through the grey scale values (GS), Gujar and Warhatkar [349] presented
results between 1880.96 and 3079.01 MPa, resulting in 2479.99 ± 599.027
MPa for healthy human femoral neck specimens, which is close to our HG
results.

Table 6.2: Mean values and standard deviation for the grey scale values (GS), apparent
density (ρapp) and apparent Young’s modulus (Eapp) for HG, OA and OP specimens pre-
sented in Table 1.1.

Grey value (-) ρapp (g/cm3) Eapp (MPa)

HG -455.23 ± 27.99 0.434 ± 0.055 1982.28 ± 375.24

OA -503.64 ± 30.05 0.338 ± 0.060 1376.20 ± 346.56

OP -536.78 ± 33.61 0.273 ± 0.066 1008.38 ± 355.82

Conversely, we have estimated the mineral content of the human cancellous
samples and tissue Young’s modulus based on the segmented mask of the
micro-CT images, which only considers bone content. For this reason, the
extracted results from this value are at the tissue level and are cancellous
bone features. We have evaluated six specimens per group and the results are
exhibited in Table 6.3. We have presented the mean values and the standard
deviation of each study group in Table 6.4.

The results present a mineral content between 1.149 and 1.837 g/cm3 for
human cancellous femoral head specimens. Pumarino et al. [352] studied the
most preferred skeletal sites to study bone mineral density: the spine and
the femoral head or neck. They obtained a BMD mean value for the femoral
neck of 0.931 g/cm3. Kröger et al. [353] studied both spine and femoral neck
bone density, and for the last ones, they registered values between 0.6 to 1.40
g/cm3. Cossio-Bolano and colleagues [354] studied bone density and mineral
content in the Chilean population from 5 to 80 years old. For the range of age
of our specimens, they obtained values of BMD between 1.26 and 1.47 g/cm3.
In addition, in their work, it is possible to appreciate that after the age when
bone finishes growing, the BMD has a stabilisation that is not present during
the growth of bone.

Regarding the results obtained for the tissue Young’s modulus, our values are
between 14290.10 and 16957.24 MPa, except for one sample that manifests the
lowest values with 8425.83 MPa. Zysset et al. [91] found similar results, 11.4
± 5.6 GPa. Other researchers, such as Zlámal et al. [355] registered 12.582 ±
2.18 GPa for the elasticity modulus at tissue level.
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Table 6.3: Bone mineral density (BMD) and tissue Young’s modulus (Etis) estimated from
the segmented mask values for HG, OA and OP specimens.

Sample ID Group
Segmented mask

(mg HA/cm3)
BMD (g/cm3) Etis (MPa)

LCFB P1 HG 194.548 1.713 15272.23

AMMT P1 HG -91.802 1.149 8425.83

AMMT P2 HG 157.356 1.639 14309.78

MPR P1 HG 167.925 1.660 14581.19

MPR P2 HG 170.132 1.665 14638.07

JIMA P1 HG 238.493 1.799 16435.66

AM P3 OA 256.477 1.835 16919.82

AM P4 OA 225.015 1.773 16075.85

AFA P1 OA 176.302 1.677 14797.49

AFA P3 OA 229.042 1.781 16183.08

JJCM P1 OA 176.723 1.678 14808.39

JJCM P2 OA 226.389 1.775 16112.41

ESR P2 OP 257.860 1.837 16957.24

FMF P1 OP 206.572 1.736 15587.76

FMF P2 OP 253.750 1.829 16846.10

MADL P1 OP 241.207 1.805 16508.43

MADL P2 OP 225.368 1.773 16085.24

JLO P1 OP 156.587 1.638 14290.10

We have developed an ANOVA analysis to assess the statistical differences
between HG, OA and OP tissue results. The study reveals that no statistical
differences are found between any group or parameter. These results state
that even though some specimens have pathologies at the tissue level, there
are no differences that allow us to distinguish between healthy and diseased
groups or discern between pathologies. It is important to point out that the
mineral content does not vary significantly, despite the cancellous bone suffers
osteoarthrosis or osteoporosis.

In agreement with our results, other researchers have found similar results for
healthy and osteoporotic specimens, such as Carretta et al. [99] who presented
16.24 ± 2.47 and 16.85 ± 2.1 GPa, respectively. Tkhia et al. [356] found the
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Table 6.4: Mean values and standard deviation for the segmented mask, bone mineral
density (BMD) and tissue Young’s modulus (Etis) for HG, OA and OP specimens.

Segmented mask

(mg HA/cm3)
BMD (g/cm3) Etis (GPa)

HG 139.44 ± 116.96 1.60 ± 0.23 13.94 ± 2.81

OA 214.99 ± 31.97 1.75 ± 0.06 15.82 ± 0.84

OP 223.56 ± 37.86 1.77 ± 0.07 16.05 ± 0.99

same trend in their results for the iliac crest for healthy and osteoporotic
patients being 15.6 ± 1.2 and 15.7 ± 1.3 GPa, respectively. Regarding the
mineral content, it is important to consider that the studied specimens belong
to bone-mature patients, which may be the reason why we found similar BMD.

The estimated apparent Young’s modulus will be compared in Section 6.4
with the results obtained from the quasi static compression tests for this same
parameter to assess differences between the methods. Analogously, we will
compare the estimated tissue Young’s modulus with the calibrated values ob-
tained from the finite element models in Section 6.6.

6.3.3 Morphometric analysis of the human cancellous bone
specimens

In this section, we have analysed the morphometry of twenty one cancel-
lous bone specimens: four from the healthy group (HG), eight from the os-
teoarthrosic group (OA) and nine from the osteoporotic group (OP). The
morphometric parameters studied are the following:

• Degree of anisotropy (DA): the fabric tensor measures the extent of
material anisotropy in orthotropic substances, such as cancellous bone
[133]. For cancellous bone, the mean intercept length (MIL) represen-
tation using a histological section of the cancellous specimen yields an
ellipse whose major axis is aligned with the primary trabecular orienta-
tion. These findings were demonstrated by Harrigan and Mann [357] and
can be indicated as presented in Equation 6.5 or as a tensor (Equation
6.6).

ax2 + bxy + cy2 = k (6.5)
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[M ] =

[
a b/2
b/2 c

]
(6.6)

Using the mean intercept length on a 3D mask of cancellous bone results
in an ellipsoid aligned in accordance with the favored trabecular direc-
tion. The significance of anisotropy plays a crucial role in the analysis
of cancellous bone [358]. Some researchers associate it with the mechan-
ical condition, along with apparent density or volume fraction, whereas
others have established its correlation with the elastic stiffness matrix.

• Connectivity density (Conn.D): this morphometric parameter was
assessed using BoneJ software [185], relying on Toriwaki and Yonekura
[359] and Odgaard and Gundersen [183] works. To determine the con-
nectivity the Euler-Poincaré equation 6.7 is applied, which relies on the
topological invariant Euler characteristic number (χ):

χ = β0 − β1 − β2 (6.7)

where β0 represents the number of parts in a structure, β1 denotes the
connectivity and β2 indicates the number of empty spaces enclosed by
bone. For cancellous bone, it is presumed to exhibit a singular connected
structure (β0 = 1), without any enclosed voids due to its open-cell nature
(β2 = 0). The connectivity density is determined by normalizing Eq. 6.7
to the volume (V ), as expressed in Equation 6.8:

Conn.D =
1− χ

V
(6.8)

The determination of Euler number in a 3D digitised image is defined in
Equation 6.9:

χ = n0 − n1 + n2 − n3 (6.9)

where n0 denotes the number of vertices in the object, n1 represents
the number of edges, n2 is the amount of faces and n3 is the number
of voxels. These values are influenced by the definition of connectivity
neighborhood (as illustrated in Figure 6.6). This definition determines
whether each voxel entity defines the same aspect of the 3D object or es-
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6-neighborhood 26-neighborhood18-neighborhood

Figure 6.6: Three types of neighborhood. Image extracted from Toriwaki and Yonekura
work [359].

tablishes a connection between voxels, without contributing to the Euler
number (χ).

• Fractal dimension (D): the concept of fractal dimension was intro-
duced by the mathematician Benoit Mandelbrot with the main goal of
accurately measuring the intricate complexity of nature through rela-
tively simple mathematical expressions. The fractal dimension serves as
an exponent that provides insight into how space is occupied when the
length scale of analysis changes. In nature, it is possible to find frac-
tal geometries, and cancellous bone manifests certain characteristics of
fractals.

Namely, for cancellous bone, which is the subject of this research, the
box-counting fractal dimension is calculated. Considering an object of
Euclidean dimension D, e.g. square of side size 1, and then, divide it by
a factor 1/λ at each direction. Hence, N = λD boxes are needed to cover
the object perimeter. The Euclidean or topological dimension would be
defined as presented in Equation 6.10.

D =
log N(λ)

log 1/λ
(6.10)

Extending the same reasoning to a fractal object, adjusting the charac-
teristic length (λ) of analysis, the data will conform to the expression
given in Equation 6.11.

log N = −D log λ+ k (6.11)
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a)

b)

Figure 6.7: Fractal development illustrations. a) Menger Sponge [360] and b) Sierpinski
Triangle [361].

where N is the number of boxes required to encompass the perimeter,
D represents the fractal dimension, λ denotes the characteristic length
under analysis, and k stands as a constant of proportionality.

• Bone volume fraction (BV/TV): is the ratio between the bone tissue
voxels and the total number of voxels (see Eq. 6.12) within the volume
of interest (VOI). This parameter is calculated using the 3D segmented
mask, and it can be presented both in percentage (%) or dimensionless
(-).

BV/TV =
number of bone tissue voxels

number of total voxels
(6.12)

• Bone surface area to volume ratio (BS/BV): represents the re-
lationship between the outer surface area of bone and its corresponding
volume (Equation 6.13), and it is expressed in mm−1. BS/BV is obtained
by calculating bone surface from the surface mesh, where Ai denotes the
discretised surface mesh area, whereas N represents the total number
of surfaces. Bone volume (BV) is determined by cancellous bone mask
voxel counting.
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BS/BV =

N∑
i=1

Ai

number of bone voxels
(6.13)

• Mean trabecular thickness (Tb.Th): this parameter determines the
trabeculae thickness and is usually presented in mm. Tb.Th is the mean
distance between the contour of the bone mask and its skeleton, as shown
in Figure 6.8. The approach to determine the mean trabecular thickness
involves fitting spheres of the maximum radius within the trabecular
structure [184], as exhibited in Figure 6.8b (left). This method enables
the calculation of Tb.Th without making any assumptions beforehand
about the nature of the analysed structure. Unlike some methods in
the literature, which tend to overstate Tb.Th [135], this is a fully three-
dimensional (3D) method.

• Mean trabecular separation (Tb.Sp): it represents the average size
of gaps within the cancellous bone marrow and is usually measured in
mm, although it is possible to find it in microns (µm). The computation
method is analogous to that of Tb.Th, but it involves applying the process
to the negative of the 3D segmented mask. This entails swapping 1s with
0s and vice versa.

Figure 6.8b shows the procedure to compute the Tb.Sp. In this case,
the spheres fit the spaces between trabeculae. Concerning the results,
in Figure 6.9 one slice of the segmented mask is shown with the mean
trabecular thickness and the mean trabecular separation. In Figure 6.9a,
the brighter colours are referred to higher trabecular thickness (Tb.Th),
whereas for the mean trabecular separation (Tb.Sp), brighter colours
represent the larger separation between trabeculae.

• Trabecular number (Tb.N): this is the ratio between the bone volume
fraction (BV/TV) in the VOI and the trabecular thickness (Tb.Th), such
as presented in Equation 6.14, and is expressed in mm−1.

Tb.N =
BV/TV

Tb.Th
(6.14)
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Skeleton

Contour

a)

b)

Figure 6.8: a) The contour and skeleton of a cancellous bone sample and b) procedures
to determine the mean trabecular thickness, Tb.Th (left) and mean trabecular separation,
Tb.Sp (right). Image a) taken from [362] and image b) extracted from [363].

6.3.3.1 Morphometric results of the healthy, osteoarthrosic and
osteoporotic cancellous bone specimens

The aforementioned defined morphometric parameters have been evaluated
for twenty-one cancellous bone samples divided into four healthy (HG), eight
osteoarthrosic (OA), and nine osteoporotic (OP). The analysed morphometric
parameters have been determined using the software ImageJ and BoneJ. We
have carried out a statistical ANOVA analysis for every morphometric pa-
rameter to determine if the obtained results are statistically different between
groups and if it is possible to differentiate each group according to each param-
eter. Table 6.5 collects the morphometric parameters results with the mean
value and the standard deviation and the results of the ANOVA statistical
analysis, that indicates significant differences between groups.
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a) Tb.Th b) Tb.Sp

Figure 6.9: Same slice of the segmented mask of a cancellous bone sample obtained at
BoneJ. a) Mean trabecular thickness (Tb.Th) and b) mean trabecular separation (Tb.Sp).

Figure 6.10 presents the results of the degree of anisotropy (DA), connectivity
density (Conn.D), fractal dimension (D) and bone volume fraction (BV/TV)
for the three study groups. In this study, we have obtained DA = 1 − long
axis eigenvalue / short axis eigenvalue, which means that values close to 0
indicate an isotropic distribution and 1 an anisotropic distribution. Most of
the results are in the range of 0.45 to 0.55, indicating the preferred oriented
direction for each cancellous bone sample. It seems that OA is the least
anisotropic distributed group, but it is important to consider that in some cases
the samples have calcified regions, which are translated to denser regions. This
can be one of the factors that lead to these results in the OA group. Regarding
HG and OP, the latter seems to present higher values. The ANOVA analysis
revealed significant differences between OA and OP.

Concerning connectivity density results, the highest values are presented by
the OA specimens. The ANOVA analysis revealed significant differences be-
tween HG and OA, 41.27 % higher for the OA samples. The statistical analysis
for the fractal dimension D shows differences between HG and OA cancellous
specimens specimens.

Ending with the results depicted in Figure 6.10, the bone volume fraction is
one of the most common analysed parameters. In this case, the trend is as
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Table 6.5: Morphometric results presented as mean values and standard deviation for
human cancellous specimens belonging to the three study groups HG, OA and OP. The
ANOVA analysis column determines which groups have statistically significant differences,
presenting the p-value < 0.05.

Morphometric parameters HG OA OP ANOVA analysis

Degree of anisotropy (-) 0.525 ± 0.073 0.465 ± 0.049 0.434 ± 0.064 OA-OP

Connectivity density (mm−3) 4.72 ± 2.38 8.04 ± 2.14 6.14 ± 1.34 HG-OA

Fractal dimension (-) 2.48 ± 0.05 2.51 ± 0.02 2.45 ± 0.02 OA-OP

Bone volume fraction (%) 25.20 ± 3.99 21.78 ± 3.39 17.94 ± 2.97
HG-OP

OA-OP

Surface ratio (mm−1) 15.05 ± 1.59 18.76 ± 2.59 19.36 ± 2.73
HG-OA

HG-OP

Mean trabecular thickness (mm) 0.217 ± 0.024 0.177 ± 0.020 0.177 ± 0.025
HG-OA

HG-OP

Mean trabecular separation (mm) 0.728 ± 0.102 0.749 ± 0.032 0.811 ± 0.088 -

Trabecular number (mm−1) 1.18 ± 0.19 1.23 ± 0.11 1.02 ± 0.11
HG-OP

OA-OP

expected. The higher values of the BV/TV are for healthy (HG) specimens
and the lowest for OP. It is important to highlight that the specimens have, as
far as possible, the same dimensions. Table 6.6 shows the results for the total
volume (TV), and it is possible to appreciate that the mean values are almost
equal. The ANOVA results support that evidence because TV results do not
present differences. Therefore, the differences are observed in the quantity
of bone, as can be recognised in Figure 6.12 in BV graph. BV/TV presents
statistical differences between HG-OP and OA-OP, which means that with this
morphometric parameter, it is possible to distinguish an osteoporotic specimen
from the other two. HG presents 28.81 % more bone volume fraction than the
osteoporotic samples, whereas OA specimens are only 13.61 % lower than HG.

Figure 6.11 shows the other morphometric parameters analysed: surface ratio
(BS/BV), mean trabecular thickness (Tb.Th), mean trabecular separation
(Tb.Sp) and trabecular number (Tb.N). The surface ratio (BS/BV) presents
the opposite trend to BV/TV, which is logical given the results. The ANOVA
analysis results presented in Table 6.6 state that no significant differences exist
in BS results. Then, if BS is almost the same and bone volume is different,
being the lowest values for OP, BS/BV present totally the opposite trend.
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Figure 6.10: Degree of anisotropy (DA), connectivity density (Conn.D), fractal dimension
(D) and volume fraction (BV/TV) results obtained from HG, OA an OP cancellous bone
samples.

The ANOVA analysis of BS/BV concludes that there are differences between
HG-OA and HG-OP, which means that this morphometric parameter can be
used to distinguish healthy specimens from pathological specimens. This can
be really useful in clinical diagnosis.

Regarding the trabecular parameters, the mean trabecular separation (Tb.Sp)
does not present differences between groups. The mean trabecular thickness
(Tb.Th) presents the highest values for HG, and similar lower values for both
OA and OP. The ANOVA highlights this difference by stating statistical dif-
ferences between HG and the pathological groups. Hence, this morphometric
parameter is helpful in distinguishing between healthy and pathological cancel-
lous bone samples. HG has a mean thickness of 217 µm, whereas OA and OP
have 176.49 and 176.60 µm, respectively, which results in a thickness difference
of 18.43 % between healthy and pathologic groups. Finally, the lowest values
for the trabecular number (Tb.N) are manifested in OP specimens. This pa-
rameter presents significant differences between OP and the other two groups,
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6.3 High resolution scanning, image segmentation and morphometric characterisation

Figure 6.11: Surface ratio (BS/BV), mean trabecular thickness (Tb.Th), mean trabecular
separation (Tb.Sp) and trabecular number (Tb.N) results obtained from HG, OA an OP
cancellous bone samples.

leading to the ability to distinguish the osteoporotic cancellous samples from
the other two groups. The highest values are registered for OA samples, which
are 17.21 % higher than OP values.

Figure 6.12 and Table 6.6 show the microarchitectural parameters that are
bone volume (BV), surface area (BS) and total volume (TV) of human cancel-
lous bone. They can also be classified as morphometric parameters, but they
have been employed to determine other more relevant parameters, such as
BV/TV or BS/BV. For this reason, we present them apart from the analysed
morphometric parameters.

Several researchers have analysed cancellous bone morphometry [20,21]. They
study rheumatoid arthritis (RA), OA, OP and control specimens from femoral
heads, and stated some similar conclusions, such as they do not find differ-
ences between groups in morphometric parameters such as DA, fractal di-
mension (D), connectivity density (Conn.D) or mean trabecular separation
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Table 6.6: Microarchitectural properties presented as mean values and standard deviation
for bone volume (BV), surface area (BS) and total volume (TV) used to estimate some of
the morphometric parameters. The ANOVA analysis column determines which groups have
statistically significant differences, presenting the p-value < 0.05.

Microarchitectural

properties
HG OA OP

ANOVA

analysis

Bone volume (mm3) 715.98 ± 11.56 627.99 ± 166.41 486.68 ± 81.70 -

Surface area (mm2) 10767.39 ± 1081.45 11582.93 ± 2567.80 9480.09 ± 2291.22 -

Total volume (mm3) 2857.72 ± 354.87 2915.55 ± 748.86 2797.38 ± 739.86
HG-OP

OA-OP

(Tb.Sp). Li et al. [306] studied OP and different stages of OA and presented
similar values for trabecular thickness for OP and OA in the first and medium
stages. Montoya et al. [190] analyse OA and OP patients with hip fractures
and present similar values for Tb.N and Tb.Th to ours.

Figure 6.12: Bone volume (BV), bone surface (BS) and total volume (TV) results obtained
from HG, OA an OP cancellous bone samples.
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To sum up, this section has reflected the need to study the morphometry of
bone because of the complete information we can extract about the architec-
tural state of bone. The results and some parameters have been analysed, such
as BV/TV or Tb.Th, permit to evaluate the degeneration of the cancellous
architecture. The stage of the microarchitecture directly influences the ap-
parent level mechanical results that will be presented in the following section.
Lastly, we have carried out a statistical analysis ANOVA of the results and
we conclude that the best morphometric parameters to distinguish between
healthy and diseased bone specimens are the surface ratio (BS/BV) and the
mean trabecular thickness (Tb.Th). Furthermore, both the trabecular num-
ber (Tb.N) and the bone volume fraction (BV/TV) permit to differentiate
osteoporotic specimens from the other groups.

6.4 Compression mechanical characterisation of human
cancellous bone specimens

This section presents the results concerning the experimental tests where the
cancellous specimens were subjected to quasi static compression loads. In
the first instance, we tested the three orthogonal directions of the cancellous
samples in the elastic range. Then, we applied compression load levels until
fracture in one of the three orthogonal directions. We tested the samples in
two rounds, where the first batch of specimens was tested until fracture in the
stiffest direction, whereas the last batch was tested in the largest direction.

The specimens were stored in a freezer at -20 ℃ until the day before they
were tested. Cancellous samples were defrosted around 12-24 hours before the
tests and kept them at 4-6 ℃. The compression tests were carried out in an
electromechanical testing machine MTS Criterion C42 (MTS Systems, USA),
with aluminum compression platens (see Figure 6.13 a). The quasi static
tests were conducted using a displacement control with a 1 mm/min speed.
A contact deflectometer (MTS ref.:632.06H-20) was employed to measure the
displacement between both compression platens as shown in Figure 6.13 b.

Prior to the tests, we applied a preload between 10 and 20 N to ensure that
both compression platens touch both sides of the specimen entirely. During
the tests, we recorded the displacement u using the contact deflectometer and
the applied force by the testing machine F.

Derived from the registered response, we can deduce the stress-strain curve,
which allows the study of the mechanical behaviour of the cancellous bone
samples. Regarding the elastic range tests, we can obtain the apparent elastic
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a)

b)

Contact
deflectometer

Cancellous sample

Compression
platens

Figure 6.13: a) Electromechanical testing machine MTS Cirterion C42 and b) assembly
employed to perform the quasi static compression tests.

modulus (Eapp) of each orthogonal direction, whereas from the fracture com-
pression tests, we can calculate the final stress (σf) and the strain (εf) reached
at the final stress. We will also calculate Eapp from the fracture test to analyse
any difference from the test method.

6.4.1 Apparent elastic modulus (Eapp) estimation

The elastic apparent modulus (Eapp) has been obtained for eighteen cancellous
bone samples: six healthy (HG), six osteoarthrosic (OA) and six osteoporotic
(OP). The compression elastic tests consist of 10 cycles of a load level within
the elastic range. The minimum and maximum displacement applied at each
cycle depends on the tested dimension, as in Equation 6.15 and 6.16.

Minimum displacement = 0.003L0 (6.15)

Maximum displacement = 0.015L0 (6.16)

where L0 is the dimension of the sample. As we obtained ten Eapp results per
sample, we have established that the average value of the elastic cycles will be
the apparent elastic modulus of the sample. In addition, as we have conducted
compression tests until fracture load levels, we want to compare both obtained
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Eapp to evaluate any differences between them. Table 6.7 presents the apparent
elastic modulus for the three orthogonal directions obtained from both elastic
cycles and fracture tests. As fracture tests are destructive, we only have this
value for one of the three orthogonal directions. For the directions that we do
not have, both Eapp are combined to show the elastic test result.

It is observed that the apparent modulus in both transversal directions is
predominately lower than the obtained values for the fracture direction. These
findings agree with the results obtained in other research about cancellous bone
[80]. Regarding the comparison between both Eapp of the fracture direction,
it is recognised that the prevailing trend is that the fracture tests results are
higher than the elastic tests results. There are several explanations for the
found evidences, such as the applied displacement implies a very low load
level, which entails that Eapp is evaluated in the lowest regions of the linear
behaviour of the samples. On the contrary, the apparent modulus of the
fracture direction is evaluated in the medium or high region of the linear
elastic behaviour range of the samples, once the cycles have finished. This
hypothesis can explain the underestimation of the apparent elastic modulus
when it is evaluated using the elastic tests. The variations presented by the
apparent elasticity modulus of the fracture direction are around 1 - 30 %, and
only in a few specific cases exceed this percentage.

Furthermore, it can be appreciated that in specific cases occurs the opposite
and the Eapp from the elastic tests is greater than the calculated at the fracture
tests. It is essential to consider that in the experimental tests, there are several
artifacts that can affect the tests and, hence, the results. At the beginning
of the tests, it is possible that the sample was not completely in contact with
both compression platens or in some samples, the applied load level triggered
damage on the specimens. All these possibilities introduce variability in the
results. In any case, it is possible to appreciate an overall trend.

Regarding the numeric values obtained for the apparent elasticity modulus
(Eapp) in the fracture direction, it can be appreciated that the highest values
correspond to the healthy group (HG) and the lowest values correspond to the
osteoporotic group (OP). It is essential to highlight that the architecture of
the specimens directly influences these results. Therefore, it is reasonable to
expect that the highest values emerge in HG specimens because they have a
strong and non-degenerated architecture that grows optimally to support the
mechanical loads. However, both OA and OP specimens have a degenerated
structure, which causes a decrease in the apparent modulus. This expected
trend is in line with the findings of Metzner et al. [364] and Homminga et
al. [365].
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Table 6.7: Apparent elastic modulus (Eapp) for the three orthogonal directions for eighteen
cancellous bone samples divided into six healthy (HG), six osteoarthrosic (OA) and six
osteoporotic (OP). Eapp results are regarding the elastic and fracture tests.

Sample
Exapp (MPa) Eyapp (MPa) Ezapp (MPa)

Elastic tests Fracture tests Elastic tests Fracture tests Elastic tests Fracture tests

HG - LCFB P1 762.64 1394.10 275.03 849.11

HG - MPR P1 552.43 1055.32 1321.8143 615.95

HG - MPR P2 330.20 720.26 887.25 175.60

HG - MPR P3 290.75 730.73 1093.33 181.95

HG - JIMA P1 543.65 680.93 370.63 334.40

HG - JIMA P2 808.79 752.57 759.49 591.88

OA - EHG P1 546.13 770.00 647.65 487.86

OA - JJCM P1 561.68 845.30 270.40 287.75

OA - JJCM P2 580.57 594.41 958.85 406.15

OA - AMM P1 693.30 900.55 370.21 216.73

OA- AMM P2 584.42 845.28 211.61 478.31

OA - AFA P1 618.53 696.58 829.49 769.95

OP - FMF P1 412.98 515.98 388.72 299.87

OP - FMF P2 112.04 343.63 237.78 146.49

OP - MCRC P1 418.13 723.66 663.46 247.3

OP - MCRC P2 1066.10 655.84 130.30 404.81

OP - MADL P2 660.44 661.40 570.42 339.78

OP- JLO P1 240.46 645.86 785.44 153.93

In OA specimens, we can find both extremes because of the different stages
of the disease. On the one hand, at the beginning of the disease, the patient
experiences a negative balance in the remodelling cycle, which leads to a thin-
ning of the trabeculae. On the other hand, in the final stages, an increase in
bone material deposition produces a thickening of bone architecture. Consid-
ering these two stages of the OA, we can find higher or lower results in this
study group. Concerning the OP specimens, the disease triggers a devastating
degeneration of bone architecture, leading to weakness and high fragility of
the bone structure. In addition, owing to the high misalignment in the bone
remodelling cycle, in the most severe cases, the disease causes high levels of
porosity, that the bone architecture seems to be gnawed, the so-called osteo-
clastic perforation. Apparent modulus of elasticity obtained from the fracture
tests seems to be a better estimation than the results obtained from the elastic
test. The main reason is because it is estimated in a higher area of the elastic
behaviour of the specimens when the test is much more representative than in
the cycles performed in the lowest region of the elastic behaviour range.
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6.4.2 Compression mechanical behaviour of human cancellous
bone up to failure

This section presents the results obtained from the compression tests up to
fracture. The current findings correspond to twenty-three tested specimens,
divided into six HG, eight OA and nine OP.

Figure 6.14: Exameples of compression stress-strain curves for each studied group. The
healthy specimen (HG) is represented in blue by a dashed-dotted line, osteoarthrosic spec-
imen (OA) is represented by a green dashed line and osteoporotic specimen (OP) is repre-
sented by a yellow continuous line.

Figure 6.14 depicts one stress-strain curve per study group to show the overall
behaviour of each group. As expected, the healthy (HG) specimen is stiffer
than the diseased specimens. Between pathology cancellous samples, the os-
teoarthrosic (OA) specimen can withstand a higher stress level than the os-
teoporotic (OP) bone sample. It is important to consider that the apparent
behaviour of the cancellous specimens is directly related to the bone architec-
ture features.
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The results obtained from the compression tests are presented in Table 6.8
including the mean value and the standard deviation. These results concern six
healthy, eight osteoarthrosic and nine osteoporotic cancellous bone samples.
The highest values for the three obtained parameters from the mechanical
response are registered for HG specimens, whereas the smallest are for OP.
These evidences are directly related to the bone architecture conditions. In the
healthy group (HG), the cancellous lattice is strong, thick and grows optimal
to withstand the mechanical loads. However, both diseased groups have a
degraded bone structure due to the pathology. The most severely affected
specimens are the osteoporotic ones. When osteoporosis develops, not only do
the struts reduce their thickness, triggering a great level of macro porosity in
the bone structure. This pathology affects the balance of the bone remodelling
cycle, depositing less material than the removed, leading to the emergence of
large voids and holes that can be appreciated at the tissue level, such as shown
in Chapter 3. The lamellar tissue is thoroughly gnawed in the harshest cases
due to the high osteoclast activity, producing significant porosity levels.

Table 6.8: Results obtained from the compression experimental tests for the three main
parameters obtained from the stress-strain curves: failure stress (σf), failure strain (εf) and
the apparent elasticity modulus (Eapp). The results are presented by the mean value and
the standard deviation.

Group σf (MPa) εf (-) Eapp (MPa)

HG (n=6) 10.93 ± 4.57 0.024 ± 0.0070 1022.82 ± 295.58

OA (n=8) 7.80 ± 2.50 0.016 ± 0.0047 876.25 ± 277.15

OP (n=9) 6.18 ± 1.65 0.018 ± 0.0033 645.47 ± 219.27

It can be seen that the results obtained for OA specimens are between HG and
OP values, being closer to the last ones. It is crucial to consider the nature
of the pathology. In the first stages of osteoarthrosis (OA), it is present a
negative bone remodelling balance, like in osteoporosis, which triggers a bone
mass loss. However, in the last stages, large quantities of bone material are
deposited, so calcified areas arise. This explains why OA cancellous specimens
can withstand higher stress levels than OP.

HG human cancellous specimens can withstand stress levels of 43.46 % more
than OP samples, considering the mean values of Table 6.8. Because of the
degraded OP microarchitecture, HG cancellous lattice can withstand nearly
the double level of stress, which is relevant considering possible bone fractures.
Compared to OA specimens, HG can withstand 28.63 % higher stress levels.
Eapp results show the same trend as the final stress. HG specimens registered
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a mean value of Eapp of 1022.82 MPa, which, compared with OA and OP, is
14.33 % and 36.91 % higher, respectively. In the case of the failure strain (εf),
the results are more differentiated between healthy and diseased groups. OA
and OP exhibit 0.016 and 0.018 for the mean values, respectively, showing a
little difference of 11 % between them. However, HG presents a larger mean
value, 0.024, which is 33.33 % greater than for OA cancellous samples. These
results manifest that HG specimens deform much more before they suffer the
final catastrophic failure than both pathologic groups OA and OP.

Figure 6.15: Compression stress-strain curves for the six healthy (HG) tested specimens.

Furthermore, we have developed an ANOVA statistical analysis of the results
to analyse if there are significant differences between the obtained results for
the three groups. We found statistical differences between HG and OP for
the failure stress (σf) and the apparent modulus of elasticity (Eapp). However,
the failure strain (εf) presents significant differences with both OA and OP.
This statistical analysis reveals that the stress components (Eapp, σf) allow
to distinguish between healthy and osteoporotic cancellous samples, whereas
the strain component (εf) permits to differentiate healthy specimens from the
diseased samples.
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Figure 6.16: Compression stress-strain curves for the eight osteoarthrosic (OA) tested
specimens.

We have reviewed other works to compare our results, and we found that
some authors, such as Morgan and colleagues [202], registered for the femoral
neck values for the apparent Young’s modulus for healthy specimens between
500 and 1200 MPa. Regarding diseased specimens, Sun et al. [366] presented
values for the apparent Young’s modulus for OP specimens around 580 MPa
and around 950 MPa for OA. These results are quite similar to the ones that
we have measured. Finally, Ding and Overgaard [21] provided failure stress
values of 17.36 ± 4.36 MPa for HG, 9.81 ± 5.50 MPa for OA and 5.88 ± 1.56
MPa for OP. Their HG results are greater than ours, but both OP and OA
agree with our findings.

Figures 6.15 to 6.17 show the compression stress-strain curves of the HG, OA
and OP tested specimens. Some specimens have less failure strain than others,
e.g. in Figure 6.15 sample MPR P3 compared to JIMA P2. Once sample
MPR 3 reaches the maximum stress, it fails without a significant strain level;
however, sample JIMA P2 presents greater strain levels before reaching the
final stress. These differences between specimens of the same study group can
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also be observed in Figure 6.16 with samples AFA P4 and EHG P1 and in
Figure 6.17 between samples ESR P2 and FMF P1.

Figure 6.17: Compression stress-strain curves for the nine osteoporotic (OP) tested speci-
mens.

Lastly, in Figures 6.15 to 6.17, it is possible to appreciate the behavior dif-
ferences between samples of the same group. At first sight, differences in the
stiffness between specimens can be seen, whereas the most remarkable vari-
ation is in the failure stress levels. For HG samples, the failure stress range
is from 5 MPa to around 17 MPa, for OA specimens ranges from less than
4 MPa to 11 MPa, and for OP the results go from around 3 MPa to 8 MPa.
It is interesting to note that the interval is reduced from the healthy samples
to the osteoporotic specimens.
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6.5 Correlation between morphometric parameters and
apparent properties of human cancellous bone

In the previous sections 6.3.3.1 and 6.4.2, we have stated the relevance of
studying the morphometry of bone because of the amount of information that
we can extract to understand the mechanical bone behaviour, especially in
bone diseases when the microarchitecture changes. The apparent properties
of bone are usually obtained during the experimental tests or through density
estimation, namely compression properties due to the nature of the applied
load. These properties are directly influenced by bone structure. Therefore,
we would like to study the relationship between the morphometric parame-
ters and the mechanical response of bone. The main goal is to assess which
morphometric parameters are more significant to the mechanical behaviour of
cancellous bone.

Table 6.9: Results of the Pearson correlation coefficient (R2) of the linear regression calcu-
lated between morphometric and elastic and failure parameters for human cancellous bone.
These results are considering the three study groups together: HG, OA and OP.

Correlation coefficient (R2)

σf εf Eapp

DA 0.041 0.017 0.029

Conn.D 0.005 0.004 0.026

D 0.261 1.16E-05 0.320

BV 0.008 0.041 0.039

BS 0.0002 0.079 0.054

BV/TV 0.179 0.010 0.099

TV 0.095 0.078 0.023

BS/BV 0.015 0.002 0.0002

Tb.Th Mean 0.003 0.005 0.049

Tb.Sp Mean 0.503 0.003 0.442

Tb.N 0.421 0.008 0.465

σf 1 0.390 0.403

εf sym. 1 0.012

Eapp sym. sym. 1

In this section, twenty-two human cancellous samples have been studied. The
specimens were divided into six HG, seven OA, and nine OP. This analysis
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has a limitation regarding the number of the studied cancellous specimens.
It is evidenced that there are few specimens, but it is essential to appreciate
the difficulty of obtaining human specimens from three different types. The
established relationships should be confirmed in further studies with a large
amount of specimens.

We have confronted the morphometric parameters with the elastic and failure
properties obtained from the compression tests. In addition, we have included
the correlation coefficient of the elastic and failure properties themselves. Ta-
bles 6.9 and 6.10 collect the results obtained for the Pearson correlation co-
efficient (R2). The strong correlations, those with p-value < 0.05, have been
marked in bold.

Firstly, we have analysed all the studied groups together. In this case, we do
not obtain a strong influence between results, as observed in Table 6.9. The
reason could be due to the vast differences between the cancellous microar-
chitecture of the groups. Therefore, in the following analyses each group has
been evaluated individually.

p = 0,0108𝑅2 = 0,8350 p = 0,0347𝑅2 = 0,7118

p = 0,0392𝑅2 = 0,6950 p = 0,0192𝑅2 = 0,7828

Figure 6.18: Significant correlations (p-value < 0.05) between morphometric parameters
and the mechanical response for HG cancellous specimens.
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The results for the Pearson correlation coefficient (R2) for each group are pre-
sented in Table 6.10. The significant correlations, those with p-value < 0.05,
are marked in bold. For HG specimens, the failure stress σf shows strong
relationships with bone surface BS, the trabecular number Tb.N and the frac-
tal dimension D. In addition, failure strain εf correlates with the connectivity
density Conn.D (see Fig. 6.18).

Regarding OP specimens, it has been found correlations with the same mor-
phometric parameters for both σf and Eapp (see Figure 6.19). The relationships
are presented with the trabecular separation Tb.Sp and the trabecular number
Tb.N. It can be appreciated that the OP samples that reach higher stress lev-
els exhibit greater trabecular number and lower trabecular separation. This
means that the specimens with better structure can withstand large stress
levels, while the samples with the most degraded microarchitecture can reach
lower stress levels. The same trend is presented for the apparent Young’s
modulus.

p = 0,0027𝑅2 = 0,7460 p = 0,0060𝑅2 = 0,6838

p = 0,0046𝑅2 = 0,7061 p = 0,0036𝑅2 = 0,7255

Figure 6.19: Significant correlations (p-value < 0.05) between morphometric parameters
and the mechanical response for OP cancellous specimens.
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Osteoarthrosic (OA) cancellous specimens present just one correlation between
the failure stress σf and the total volume of the samples TV. This lack of strong
correlations could be related to the huge differences in the microarchitecture
between the specimens of this group. This bone disease has two differentiated
stages. In the first one, it is presented a negative bone remodelling cycle where
a bone loss mass occurs. However, in the later stages, there is an overproduc-
tion of material leading to regions with high concentrations of mineral.

These large variations in the trabecular structure of the samples may be the
reason why it is more difficult to correlate morphometry and mechanical re-
sponse in this group.

p = 0,0154𝑅2 = 0,8042

p = 0,0148𝑅2 = 0,7271 p = 0,0054𝑅2 = 0,6929

p = 0,0188𝑅2 = 0,7009

Figure 6.20: Significant correlations (p-value < 0.05) between morphometric parameters
and the mechanical response for OA cancellous specimens and relationships between the
mechanical response parameters between themselves (HG is represented in green, OA in
blue and OP in orange).

Finally, we have also correlated the mechanical response parameters between
themselves. We have found one correlation per group, as seen in Figure 6.20.
HG present a significant correlation between the apparent Young’s modulus
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and the failure stress. This correlation enables to estimate the failure stress
with the apparent Young’s modulus. For OA specimens, the relationship is
obtained between the failure stress and the failure strain. It can be seen
that for higher stress levels the cancellous samples fail at large strains. These
results manifest that OA specimens have ductile behaviour. Regarding OP
samples, the relationship found is between the apparent Young’s modulus
and the failure strain. It is evidenced that for greater apparent modulus the
samples fail at lower strain levels. This means that the disease embrittles the
cancellous specimens.

The correlations obtained in this section allow the estimation of the mechan-
ical response using the micro-CT images. Thus, the experimental tests would
not be necessary to obtain the mechanical behaviour of cancellous bone. In
addition, the relationships between the mechanical response parameters them-
selves have manifested the behaviour of each group, being more ductile or
brittle depending on the pathology.

6.6 Numerical modelling and calibration of the elastic and
failure properties of human cancellous bone

This section presents the finite element (FE) models generated to estimate the
elastic and failure properties of healthy and diseased cancellous bone speci-
mens. The numerical models reproduce the elastic and failure behaviour of
the cancellous bone samples. The models have a high degree of discretisation,
allowing us to define the cancellous bone architecture accurately.

6.6.1 Finite element model generation and failure criterion

The FE models were generated from the µ-CT images, which allows us to
obtain the architecture of the cancellous specimens. The FE meshes were
developed using ScanIP software (Simpleware, UK), leading to meshes with
approximately between 5.6M and 10.7M nodes, which implies between 2.69M
and 6.03M quadratic tetrahedral elements (C3D10 in Abaqus).

To generate the numerical models, we start with the segmentation of the
µ-CT images, developed in Section 6.3.1. The next step is to generate the
numerical models, carried out in ScanIP software in the FE module. Some of
the relevant choices we made are the following: we use the coordinate system of
the image (not the global one), and we define FE-free (not grid) and quadratic
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tetrahedral elements. Once all the options are selected, we generate the full
FE model, such as the one shown in Figure 6.21 (left).

Boundary conditionsGeometry
mask

FE model

a)

b)

c)

Figure 6.21: Finite elements models of the cancellous bone specimens. Mask with the
cancellous microarchitecture obtained after image segmentation and finite element models
meshed with quadratic tetrahedra (left). Boundary conditions were applied to the FE model
to simulate the compression experimental tests (middle). a) Non-deformed FE model, b)
deformed FE model after applying the compression load and c) displacement obtained after
applying the compression load (right).

We have defined the behaviour of cancellous bone as a homogeneous isotropic
linear-elastic material. Some researchers, such as Kabel et al. [367], stated that
this assumption is enough to estimate the apparent stiffness of cancellous bone.
Concerning boundary conditions, we define the appropriate ones to simulate
the quasi static experimental compression tests. To this end, we prescribed
a controlled displacement in the upper face nodes of each FE model, whereas
the nodes of the opposite face of the applied displacement were constrained
in the compression direction (see Fig. 6.21 middle). Some results of the
numerical analyses were shown in Figure 6.21, such as the deformed shape of
the cancellous sample or the displacement field shown in Fig. 6.21c.

An inverse analysis was carried out to estimate the elastic and failure proper-
ties. We have inferred values for the estimated parameters and made several
iterations until the numerical response matches the experimental stress-strain
curve. To calibrate Young’s modulus at the tissue level, we captured the re-
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sponse at the elastic range of the stress-strain compression curve. The other
elastic parameter defined in the FE model is the Poisson’s ratio, which was
set to 0.3 for all the cancellous specimens [368]. Then, we must match the
initial failure strain (εy), at the yield point, when the behaviour changes from
linear-elastic to non-linear behaviour. The third calibrated parameter is the
final fracture strain (εf), which corresponds to the value when the cancellous
samples collapse and fail. In order to study cancellous bone damage, we have
to define a failure criterion. In this thesis, we have used a failure criterion
based on the equivalent strain.

In this research, the modeling of compression failure follows the principles
of continuum damage mechanics. Within the context of a continuum dam-
age methodology, modelling failure involves the degradation of the mechanical
properties upon reaching critical values. This is achieved by implementing
an Abaqus user’s subroutine (USDFLD), where material degradation is in-
corporated to simulate the gradual reduction in stiffness resulting from the
propagation of microcracks and porosity voids. The variations in the microar-
chitecture result in material stiffness degradation, which is evidenced at the
macroscale [369]. The process of bone failure is controlled by strains, as doc-
umented in [74,370], and thus, our methodology relies on an equivalent strain
(εeq).

Lemaitre [311] described the elastic isotropic relationship within the context
of damage mechanics in the quasi-static domain:

σij = (1−D)Cijklεkl (6.17)

where D is defined as the damage variable, Cijkl is the constitutive elastic
tensor, σij and εkl are the stress and strain tensors, respectively. In accordance
with Hambli works [97,210], we consider an isotropic damage law at the tissue
level, which is empirically fitted and can be formulated as follows:

D =


0 εeq ≤ εy,c
Dc(

εeq
εf,c

)n εy,c < εeq < εf,c

Dc εeq ≥ εf,c

(6.18)

based on an equivalent strain, following Equation 6.19.

εeq =

√
2

3
εijεij (6.19)
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In this study of cancellous bone specimens, we have defined the damage at
compression fracture Dc as 0.95 [212, 213] and the damage exponent n as
2 [107] following the literature.

To mitigate the influence of mesh dependency on damage propagation, we im-
plemented a linear weighting strategy for the strain at fracture. This weight-
ing is based on the characteristic micro-FE length (LFE) and the characteristic
crack length specific to cancellous bone (Lfrx), presented in Equation 6.20. The
LFE is calculated iteratively for each element throughout the simulation using
Abaqus. The average crack lengths documented in the literature for cancel-
lous bone fall within the range of 50 to 100 microns. Therefore, we choose
the characteristic crack length as Lfrx = 0.075 mm [371, 372]. Consequently,
in the FE models, the failure strain (εf) at each element will be considered as
follows:

εf = εf,c
(Lfrx

LFE

)
(6.20)

6.6.2 Elastic and failure properties using FE models for healthy
and diseased human cancellous specimens

Table 6.11 summarises the mean values and the standard deviation of the
calibrated Young’s modulus (Ecal), the yield strain (εy) and the failure strain
(εf). Seventeen cancellous bone samples have been calibrated, divided into six
HG, six OA and seven OP. Regarding Ecal, which is Young’s modulus at the
tissue level, the results are in the range between 18053.82 and 20056.05 MPa
(considering the average values of each group). The ANOVA analysis revealed
that there was no significant difference between groups, which means that
the mineral content at the tissue level is the same, even for both pathologies
considered.

Table 6.11: Calibration of the elastic and failure properties of the HG, OA and OP cancel-
lous bone specimens. Results of the calibrated elastic modulus (Ecal), yield strain (εy) and
failure strain (εf) are presented as mean values with corresponding standard deviations.

Group Ecal (MPa) εy (-) εf (-)

HG (n=6) 20056.05 ± 8149.47 0.0059 ± 0.0014 0.054 ± 0.017

OA (n=6) 18053.82 ± 6400.84 0.0051 ± 0.0025 0.035 ± 0.021

OP (n=7) 19181.89 ± 5169.33 0.0046 ± 0.0012 0.025 ± 0.020
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Farlay et al. [373] investigated bone remodelling and bone matrix quality be-
fore and after menopause. They concluded that after menopause, there was
not a variation in the degree of mineralisation (DMB) in the entire bone.
They stated that bone preserves an optimal global DMB, maybe trying to
offset the bone loss and the focal changes in the bone mineral matrix, with
the final mission to optimise bone strength. An optimal balance between the
area of new/interstitial bone could be adjusted, resulting in the preservation
of a stable DMB.

Healthy group (HG)

Figure 6.22: Compression stress-strain curves from the experimental tests (continuous line)
and the numerical calibration (dashed lines) for specimens of the healthy group (HG).

Morgan et al. [202] assessed the tissue modulus for the femoral neck, proximal
tibia and greater trochanter. To compare similar skeletal locations, their re-
sults for the femoral neck were around 23 GPa, and they compared it with the
obtained results of Kabel et al. [96] and Yang et al. [374], which were 17 GPa
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and 27 GPa, respectively. Bayraktar et al. [95] obtained for human femoral
neck values of tissue Young’s modulus of 18 ± 2.8 GPa. Chevalier et al. [84]
registered for human proximal femur values between 19.6 and 22.3 GPa, simi-
lar values as Smith et al. [375] whose results were 22.34 ± 3.01 GPa or Jirousek
et al. [376] who obtained 16.34 ± 1.76 GPa. Finally, some authors find similar
values for tissue Young’s modulus both for healthy and osteoporotic femoral
bone in agreement with our results, such as Carretta et al. [99], who state
16.24 ± 2.47 GPa for healthy specimens and 16.85 ± 2.1 GPa for osteoporotic
samples. Tjhia et al. [356] obtained similar results both for HG and OP, for
samples of the iliac crest, which were 15.6 ± 1.2 and 15.7± 1.3 GPa, respec-
tively.

Osteoarthrosic group (OA)

Figure 6.23: Compression stress-strain curves from the experimental tests (continuous line)
and the numerical calibration (dashed lines) for specimens of the osteoarthrosic group (OA).
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Regarding the results of the yield strain (εy), the mean values range between
0.0046 for OP and 0.0059 for HG. The ANOVA analysis stated that there are
no significant differences between them. Therefore, the yield onset seems to be
independent of the bone state (healthy or diseased) and is an intrinsic prop-
erty of bone. Several authors have reported this bone behaviour dominated
by strains, such as Morgan et al. [377] in their review of bone mechanical
properties. They stated that high-density cancellous bone, where the femur
is included, tends to have isotropic yield strains and, for compression, usu-
ally range between 0.65 % and 0.70 % for healthy specimens, which is close
to our findings. In another work, Morgan et al. [82] registered higher values
for the yield strain at the femoral neck, which were 0.85 ± 0.10 %. Bayrak-
tar and Keaveny [378] report the same findings about the uniformity of yield
strains in the cancellous bone at the human femoral neck. They established
that while the strength and modulus of trabecular bone vary across different
anatomical sites, the intra-site variations in yield strains are shallow, which
can be considered constant. Lastly, the work of Kopperdahl and Keaveny [74]
validates our assumption that strain dominates bone behavior. They studied
the importance of using yield strains instead of failure strains when studying
the relationship between strain and density.

The failure strain (εf) is the last calibrated parameter. As shown in Figures
6.22 to 6.24, this strain is the calibrated value at the maximum stress point.
OA and OP present mean lower values for εf, 0.035 and 0.025, respectively,
whereas HG presents a 0.054 mean value. This implies that HG cancellous
samples fail at more than twice the deformation of OP, namely 53.71 % greater.
The ANOVA analysis determined that significant differences exist between HG
and OP. Hence, this failure strain allows to distinguish between healthy and
osteoporotic specimens.

Figures 6.22 to 6.24 present the numerical calibration of several cancellous
bone samples of each study. Compression stress-strains curves obtained at the
experimental tests are represented as continuous lines, whereas the numerical
calibration is displayed as dashed lines. Note that the numerical curve does
not match 100 % with the experimental response. It is important to consider
the issues that detract from the accuracy of the calibration, such as all the
possible errors committed during the tests, the discretisation of specimens,
or the failure criterion. We are calibrating three parameters, Ecal, εy, and εf.
Hence, these three points are important to be matched. As can be appreciated,
the main three points are captured, so the calibrated numerical models can
represent the compression behaviour of human cancellous bone specimens.
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Osteoporotic group (OP)

Figure 6.24: Compression stress-strain curves from the experimental tests (continuous line)
and the numerical calibration (dashed lines) for specimens of the osteoporotic group (OP).

6.7 Comparison of apparent and tissue Young’s modulus
estimated by µ-CT, compression tests and FE models

In the previous sections, we estimated the apparent and tissue Young’s modu-
lus using different approaches. In Section 6.3.2, we use the grey scale values to
estimate the apparent Young’s modulus and the mask density to determine the
tissue Young’s modulus, both using the micro-CT images. In Section 6.4.2, we
presented the apparent Young’s modulus obtained from compression tests until
the failure load. Lastly, in Section 6.6.2, we calibrated tissue Young’s modu-
lus using the stress-strain curve from the experimental compression tests and
the FE models. In this section, we compare both tissue Young’s moduli, the
obtained from micro-CT images and the obtained calibrating the FE models,
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to evaluate whether they are reliable methods to estimate apparent or tissue
Young’s modulus.

Table 6.12: Comparison of the apparent and tissue Young’s modulus estimated throughout
micro-CT images, compression tests and FE models.

Eapp (MPa) Etissue (MPa)

micro-CT Exp. tests micro-CT FE cal.

HG 2281.03 1022.82 ± 295.58 13943.79 ± 2808.71 20056.05 ± 8149.47

OA 1376.20 ± 346.56 876.25 ± 277.15 15816.17 ± 843.94 18053.82 ± 6400.84

OP 1008.38 ± 355.82 645.47 ± 219.27 16045.81 ± 997.90 19181.89 ± 5169.33

At first glance, it is possible to see several differences between the same param-
eter estimated by different approaches. Starting with the apparent Young’s
modulus (Eapp), the differences between the micro-CT and compression tests
are 55.16 % for HG, 36.33 % for OA and 35.98 % for OP. In the case of HG,
the difference percentage is unreliable because we have just one specimen with
micro-CT results. Eapp for this specific specimen registered from the tests has
only a difference with the micro-CT results of 38.88 %, closer to the other
two percentages. Therefore, we can conclude that Eapp estimated using the
experimental tests introduce artifacts, such as the loss of connectivity density
of the trabecular lattice, leading to an underestimation of the results. From
these results, it is essential to consider two facts. In this case, we have em-
ployed the grey scale values (bone and background), so the cleaning process
of the specimens is really important. If the specimens have not been thor-
oughly cleaned, the remains will appear in the micro-CT images, polluting
the information and the grey scale values. Regarding the experimental tests,
many factors affect the results, such as the parallelism of the opposite faces,
the test conditions, the storage, etc. The issues of both methods can explain
the differences of 36-39 %. Even though the experimental tests can provide
more information, the estimation of Eapp using the micro-CT images can be
an initial approach to the results.

Regarding the results of tissue Young’s modulus (Etiss), HG specimens present
a 30.47 % difference between both procedures. Diseased groups present less
differences, 12.34 % for OA and 16.35 % for OP. Micro-CT results were cal-
culated using the density mask (only bone information), which avoids some
of the conflictive points mentioned in the previous paragraph, such as the
cleaning process, which helps to reduce the percentage of differences between
methods. Calibrating Etiss with the FE models also induces several issues. An
essential point is the discretisation of the numerical model to have an accu-
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rate precision of the cancellous geometry. In addition, as we have used the
compression stress-strain curves from the experimental tests, all the artifacts
that can introduce errors in the tests will also be transferred to calibration.
Nevertheless, for diseased specimens, the differences between methods are be-
tween 12 and 16 %, which is admissible considering all the potential errors.
Concerning HG, having just few samples makes it difficult to obtain reliable
results.

To conclude, the approaches to estimate the apparent Young’s modulus differ
in a range of 36 to 39 %. The method that employs the grey scale values
overestimates the results, probably due to the cleanliness of the samples. The
methods to assess tissue Young’s modulus present less differences for the dis-
eased groups OA and OP, being 12.34 % and 16.35 %, respectively. Eapp

estimated using the micro-CT images can be used as an initial estimation of
the results, whereas Etiss calculated by micro-CT presents similar values to
the FE models and could be used as adequate estimations.

6.8 Conclusions

In this chapter, we have assessed the mechanical behaviour of healthy (HG),
osteoarthrosic (OA) and osteoporotic (OP) human cancellous femoral spec-
imens. We have used different approaches, such as micro-CT, compression
tests and finite element models, to estimate cancellous bone elastic and failure
properties. We also analysed the relationship between the morphometric pa-
rameters and the apparent results (failure stress, failure strain and apparent
Young’s modulus) to evaluate their influence on each other.

After the segmentation, we estimate the apparent density ρapp, the apparent
modulus Eapp, the bone mineral density BMD and tissue Young’s modulus
Etiss using the calibration of the phantoms, the grey scale values and the mask
density. We found that the results obtained with the grey scale values were
apparent results because the images had information about bone and back-
ground, whereas the results obtained from the mask density were tissue results
because they only had bone information. The ANOVA analysis revealed that
the results estimated at the tissue level did not present significant differences
between groups, whereas the apparent results did because they presented the
information of the complete microstructure.

Regarding morphometric analysis, the main conclusions are that it is possible
to distinguish osteoporotic samples from the HG and OA using the bone vol-
ume fraction (BV/TV) and the trabecular number (Tb.N). In addition, using
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the surface ratio (BS/BV) and the mean trabecular thickness (Tb.Th), we can
differentiate between healthy and diseased specimens.

From the compressive quasi static tests, the first information extracted was
the apparent modulus (Eapp) estimated at the elastic range. Then, we con-
ducted in-direction compression tests until failure loads. Regarding experi-
mental characterisation, failure stress σf ranged from 6.18 to 10.93 MPa, with
the lowest values for OP specimens and the highest for HG samples. Eapp

is between 645.47 and 1022.82 MPa, following the same trend as the failure
stress. However, the failure strain εf presented values between 0.016 for OA
to 0.024 to HG. We also conducted an ANOVA analysis, which reveals sta-
tistical differences between HG and OP for both σf and Eapp. This gives the
possibility to distinguish OP from HG specimens with these two parameters.
Concerning the failure strain, the ANOVA analysis stated that there were dif-
ferences between HG and both OA and OP, which permits the differentiation
of diseased cancellous samples from healthy specimens. On the other hand,
the measured yield strain is very similar for the three groups analysed.

Once we had all this information, we analysed the relationships between the
morphometric parameters and the elastic and failure properties obtained from
the compression tests. We analyse the Pearson correlation coefficient R2, first
for all the samples together and then per separated groups. When we evalu-
ated them all together, we did not find strong linear relationships between the
parameters (p-value < 0.05). However, in the analysis per groups, we found
that for HG specimens the failure stress σf correlates with fractal dimension
D, bone surface BS and the trabecular number Tb.N. It is also found a rela-
tionship between the failure strain εf and the connectivity density Conn.D. In
OP samples, both σf and Eapp correlate with the same morphometric parame-
ters, the trabecular separation Tb.Sp and the trabecular number Tb.N. These
results manifest that the most degraded microarchitectures, with large trabec-
ular separations and less trabecular number, present lower apparent modulus
and can withstand lower stress levels. OA specimens are those that present
fewer correlations, just one between σf and the total volume of the specimens
TV. This lack of correlations may be due to the differences between the mi-
croarchitecture of the specimens from this group because of the pathology.
These results evidenced that it is possible to estimate the mechanical response
using the micro-CT images without the need to develop experimental tests.

In addition, the the elastic and failure properties obtained from the mechan-
ical response have been related to themselves. HG samples present a linear
relationship between σf and Eapp, which allow to determine the failure stress
using the apparent Young’s modulus. OA group correlates σf with εf. The re-

237



Chapter 6. Experimental characterisation and numerical simulation of the mechanical behaviour of

osteoporotic, osteoarthrosic and healthy cancellous human bone

sults show that the specimens that can withstand great stress levels also fail at
higher strains. Hence, these cancellous specimens present ductile behaviour.
Regarding OP samples, the correlation is between Eapp and εf. In this group,
as much apparent Young’s modulus the specimens failed at lower strain lev-
els. These results manifest that osteoporosis embrittles the cancellous bone
specimens.

We generated finite element models with high discretisation using quadratic
tetrahedra and 5.6M to 10.7M nodes. We have employed a failure criterion
based on the equivalent strain to study the failure. Using the stress-strain
curves obtained at the compression tests and the FE models, we have estimated
elastic and failure properties. The results calibrated for Ecal, the Young’s
modulus at tissue level, ranged from 18 to 20 GPa. The ANOVA analysis
revealed that the results did not present statistical differences between groups,
which means that the mineral content at the tissue level is not different when
a bone is healthy or diseased. The yield strain εy ranged from 0.0045 to
0.0059, and the ANOVA analysis stated that there are no significant between
samples/groups. That means that the yield behaviour is not influenced by
the architecture, but is a material condition. Hence, as several authors also
confirmed, cancellous bone behaviour is dominated by strains, not by stresses.
Lastly, the failure strain εf, registered values from 0.025 for OP, 0.035 for
OA and 0.054 to HG. These values confirm that bone pathologies have a
significant impact on the mechanical behaviour of cancellous bone, making it
more brittle. The statistical analysis manifested differences between OP and
HG. As a consequence, these parameters allow to distinguish between healthy
and osteoporotic cancellous samples.

We conclude that the apparent modulus estimated with grey scale values dif-
fers from those obtained from the experimental tests between 36 and 39 %.
These differences between the results may be explained due to the experi-
mental artifacts as a consequence of the lack of connectivity of the trabecular
lattice. Regarding the methods for estimating tissue Young’s modulus, the
results obtained by the FE models and the mask density differ between 12
and 16 %. Therefore, it is possible to estimate Etis and Eapp using micro-CT
images, without the need of carrying out experimental tests.
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Chapter 7

Mechanical characterisation
of cancellous bone surrogates
and gyroids made out of
additive manufacturing.
Experimental testing and
numerical correlation

7.1 Introduction

In this chapter, we aim at characterising the elastic and failure properties of
trabecular bone surrogates obtained by additive manufacturing (AM) using
polylactic acid (PLA) as a material. For this purpose, three bone surrogates
have been manufactured using the geometry of trabecular samples of a healthy
swine specimen. The chosen AM technology is Fused Deposition Modelling
(FDM), described in Chapter 2, one of their main procedures is 3D printing.
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In addition, the capability of the Triply Periodic Minimal Surface (TPMS)
structure for mimicking trabecular bone mechanical response has been anal-
ysed. The selected TPMS structure was the gyroid and has been obtained
by FDM using PLA. Numerical models have been generated to estimate the
material Young’s modulus and yield and failure strains.

In the biomedical field, numerous areas have benefited from AM. Some of the
advantages are the possibility of manufacturing organoids, the modelling and
production of patient-specific implants, which enhance the osteointegration in
the patient and in several cases with biomaterials that the body can soak,
medical materials, blood vessels and so on.

Focusing on bone implants, the most commonly used structures have been
the scaffolds over the years. Usually, the scaffolds are composed of a reticular
structure. In bone fractures, they are used to maintain the structural integrity
of bone through the healing process. The configuration consists of a set of
bars vertically and horizontally criss-crossed (see Figure 7.1 a). The main
problem of these implants is related to the joints of the bars, which are stress
concentrators. At these geometric points, a significant increase in local stresses
leads to a rise in fracture risk. This situation has motivated the research of new
geometries that overcome those limitations. Triply periodic minimal surface
(TPMS) structures have gained substantial attention in the scientific field
in recent decades owing to their outstanding features. TPMS structures are
three-dimensional geometries characterised by having the smallest possible
surface area within a given volume and regularly repeating in three spatial
directions (see Figure 7.1 b).

TPMS structures usually comprise interconnected elements or nodes that form
a complex network with specific properties. Several advantages of their geo-
metric conditions are the following: they are designed to minimise the amount
of material on the surface, making them highly efficient in terms of material
use; they can have complex geometries not found in other structures, which
make them really useful at research; they are very lightweight; and they have
the ability to absorb impacts or deform in a controlled manner, which can be
advantageous in applications such as impact protection. Specifically for bone
implants, these structures have good permeability, they enhance the bone
growth and the remodelling process, leading to excellent osteointegration of
the implant. The periodic geometry has a lower level of stress concentrators
than other grid-based lattice structures, has a larger surface area compared
to traditional single geometry implants, which allows for more efficient load
distribution and improves implant stability, among some other. For all of the
presented arguments, both bone surrogates and TPMS structures, namely the
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a) b)

Figure 7.1: a) Scanning electron microscopy (SEM) images of the scaffolds [379] and b)
selective laser melted Ti6Al4V porous biomaterials for bone regeneration based on triply
periodic minimal surfaces, being (a) primitive, (b) I-WP, (c) gyroid and (d) diamond [380].

gyroid geometry obtained by additive manufacturing using PLA as a material,
will be studied in this chapter.

7.2 Analysis of the compressive behaviour of cancellous bone
surrogates

In this section, we have studied the behaviour of a cancellous bone surrogate
obtained by additive manufacturing (AM) using polylactic acid (PLA) as ma-
terial. To carry out this study, we have scanned a cancellous bone sample
at the micro-CT scan, manufactured the bone surrogates in PLA with a 3D
printer, carried out a compression test, and finally, generated the numerical
models for calibrating the elastic and failure properties of the surrogates. The
workflow followed to perform this work is shown in Figure 7.2.

As it is appreciated in Figure 7.2, the starting point is the cancellous bone
sample. The specimen selected is from a healthy swine. The porcine cancellous
samples were extracted from the lumbar region, so they have a predominant
direction, as depicted in Chapter 3. The following steps are to scan the sam-
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PLA Sample
Compression test Experimental response

Numerical response

Calibration

Geometry mask

Micro-CT scanning

Cancellous bone
sample

Figure 7.2: Scheme of the workflow followed to carry out the study of the cancellous bone
surrogates obtained by additive manufacturing.

ples to dispose of the geometry of the specimens, to generate the numerical
models and to print the bone surrogates. After printing, the samples have been
subjected to quasistatic compression load until fracture in the three orthogo-
nal directions. The experimental response permits to calibrate the elastic and
failure properties of the numerical model.

7.2.1 Preparation and manufacture of bone surrogates

We have scanned the specimen using micro-CT in order to obtain the can-
cellous geometry. The micro-CT scanner was carried out at the Estación de
Biolox́ıa Mariña de A Graña (Universidad de Santiago de Compostela). The
scanner is a Skyscan1172 (Bruker, Kontig, Belgium), achieving images with
an isotropic resolution of 13.58 µm (100 kV voltage, 100 µA intensity, Al/Cu
filter). The image segmentation was performed using a global manual thresh-
olding procedure at the ScanIP software (ScanIP, Simpleware, UK). After
that, we generated the mask with the geometry of the cancellous specimen,
which will be used both to generate the finite element models and to have the
geometry for printing the bone surrogates.

The subsequent phase is manufacturing the cancellous bone surrogates to per-
form the experimental tests under quasistatic compression loads. The chosen
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AM technology is Fused Deposition Modelling (FDM), whose main feature is
that the component is manufactured layer by layer. For this assignment, we
have used a commercial Ultimaker S3 3D printer (Ultimaker, Utrecht, Nether-
lands), presented in Figure 7.3.

1.1. 1.2.

2.

3.

4.

5.

6.1.

6.2. 6.3.

Figure 7.3: Components and parts of the Ultimaker S3: 1.1. print cores and cooling
compartment closed, 1.2. print core 1 (left) and print core 2 (right) with their nozzles, 2.
heated bed with the threaded rod mechanism that allows it to be raised and lowered, 3.
straight bars and belts mechanism enabling movement in the print cores plane, 4. Ultimaker
S3 3D printer, 5. control display, 6.1. the rear side of the printer with both feeders and the
filament support, 6.2. feeder 2 and 6.3. feeder 1.

First of all, we made the printing setup at Ultimaker Cura 4.13.1. To this end,
we can define the 3D printer that we have and then open the STL file with the
geometry of the cancellous specimen. Then, it is time to define the sample’s
dimensions, the orientation on the printer heated bed, and the number of
samples we want to print. In this case, owing to the trabecular network’s
intricate geometry, we have taken off a small cube of the whole specimen,
whose dimensions are 2 mm per side. Afterward, the samples were scaled by a
factor of 10 to be able to print them in high quality with the available printer.
Consequently, the printed cubic samples will have 20 mm per side.

The next step is orienting the sample in the printer’s heated bed at Cura. It
is crucial to consider the printing direction; then, we have decided to place the
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a)
b)

c)

1.

2.

Figure 7.4: a) Cancellous bone samples at the Ultimaker Cura software to define the print-
ing parameters, b) Ultimaker S3 3D printer and c) cancellous bone surrogates manufactured
in PLA.

piece in the direction of the plates. Therefore, the 3D printer will deposit the
material in the same direction as the bone grows. Then, the printer will not
need support for printing the samples. It is essential to place the piece in the
most conducive direction to manufacturing and not require material support
because, in some cases, it is difficult to remove them, and maybe the quality
of the piece will be reduced at the points where there was a support.

Table 7.1: Printing parameters defined for manufacturing the PLA samples.

Printing parameters

Quality Layer height 0.1 mm

Perimeter Top/bottom thickness 1 mm

Infill Infill density 100 %

Speed Printing speed 30 mm/s

Material Printing temperature 200 ºC
Nozzle Retraction enabled

Adhesion to the plate
Priming droplets enabled

Printing plate adhesion skirt
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Three samples were manufactured because we will study the specimen three
orthogonal directions (see Figure 7.4 a). The next step is to configure the
print settings, which involve the following points: quality, walls, top and bot-
tom walls, infill, material, speed, displacement, cooling, supports, adhesion to
the printing plate, double extrusion, special modes, and experimental. The
printing parameters defined for manufacturing these samples are presented in
Table 7.1. In relation to the adhesion to the heated bed, we selected the skirt
option because PLA has enough adhesion without any adhesive.

Once the printing had finished, we obtained PLA cancellous bone surrogates,
as presented in Figure 7.4c. As they are lumbar samples, it is possible to
identify one main direction in which bone grows (see Figure 7.4c.1.), where
the predominant structure is plates, whereas in the other two orthogonal di-
rections, there are mainly rods and struts, such as exhibited in Figure 7.4c.2.

7.2.2 Experimental results of the cancellous bone surrogates
subjected to compression load

In this section, the experimental results obtained after subjecting bone sur-
rogates to quasistatic compression loads are presented. The compression
tests were conducted in an electromechanical testing machine (MTS Crite-
rion C42, MTS Systems, USA) with aluminium compression platens (MTS
ref.: FYA502A). The tests were performed with displacement control at a 1
mm/min speed. The displacement between the compression platens was mea-
sured using a contact deflectometer (MTS ref.:632.06H-20), as exhibited in
Figure 7.5. The deflectometer is fixed to the upper platen through tooling
(see Figure 7.5).

We have carried out three destructive compression tests, one per each orthog-
onal direction of the sample. In each experimental test, we applied a preload
of 10 N to settle the sample before starting the compression test and to ensure
that both compression platens were entirely in contact with the specimen. The
acquisition of displacements has been carried out through the signal recorded
by the contact deflectometer. On the other side, the force applied by the test-
ing machine on the specimen was recorded with a data acquisition frequency
of 10 Hz. We obtain the stress-strain curve from the recorded response that
allows us to study the behaviour of the PLA cancellous bone surrogates.

The compression response of the bone surrogates is presented in Figure 7.6.
The most important data extracted from these tests are the apparent elasticity
modulus (Eapp), calculated at the linear region of the curve, and the so-called
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SpecimenCompression
platens

Contact
deflectometer

Figure 7.5: Configuration used for the bone surrogates compression testing on the elec-
tromechanical testing machine MTS.

final point, where the maximum stress (σf) is reached, and the strain (εf)
achieve at this point.

The response of each sample direction has been represented in different strokes
in Figure 7.6. The longitudinal direction of the sample, which corresponds to
the plate direction of the specimen, is described in green with a continuous
line. For the y direction, we plotted the response in red with dashed dots,
while the x direction was presented in blue with dashed lines.

At first sight, several conclusions can be extracted from Figure 7.6, such as
the plate direction is the most resistant. This direction can withstand 68.65 %
more stress level than the x direction, whereas concerning the y direction, this
value decreases to 60.84 %. That means the plate direction can withstand
more than twice as much stress as the other two. Regarding the transversal
directions, it is appreciated that both have similar behaviour, although the y
direction can support a 19.95 % more stress level than the x direction.

The experimental results obtained for the compression tests of the cancellous
bone surrogates are exhibited in Table 7.2. The numerical values manifest
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Figure 7.6: Experimental response under compression loads of the cancellous bone surro-
gates.

some interesting results that may not be appreciated in Figure 7.6, such as
the strain at failure present similar values between them, while the stresses are
highly different between the specimen directions, which means that the strain
dominates the behaviour of the sample. This means the maximum stress value
is reached at a similar strain point, approximately around a strain value of
0.040.

Table 7.2: Results of failure stress (σf), failure strain (εf), and compression apparent elas-
ticity modulus (Eapp) for each orthogonal direction of the sample after subjecting cancellous
bone surrogates to quasistatic compression load.

x direction y direction z direction

σf (MPa) 3.21 4.01 10.24

εf (-) 0.043 0.039 0.042

Eapp (MPa) 115.35 144.27 432.38

The apparent modulus of elasticity (Eapp) follows the same trend as the failure
stress (σf), where the maximum value is reached in the z direction, whereas
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the lowest values are manifested in the transversal directions of the specimen.
In agreement with the failure stress results, the apparent elasticity modulus
for the transverse directions is slightly different, being 20.05 % higher in the
y direction. The more significant difference is between the z and x directions,
73.32 %.

On the other hand, we have compared the cancellous bone surrogate’s apparent
elasticity modulus with those of several cancellous bone specimens [80], and
are presented in Table 7.3. To consider the body location, both samples have
been extracted from a healthy swine’s lumbar spine vertebra. At first glance, it
is appreciated that the ratio between the apparent modulus of the transversal
x and y directions and the z direction is maintained. In detail, the ratio of the
bone surrogate is 3.05, whereas the cancellous bone’s ratio is 3.30. Therefore,
just by scaling Young’s modulus to that of the cancellous bone, it is possible
to have the bone’s apparent modulus of elasticity.

Table 7.3: Comparison of the compression apparent elastic modulus (Eapp) obtained for
the cancellous bone surrogate and a cancellous bone from a healthy swine. Both specimens
are from the lumbar region.

Surrogate Eapp (MPa) Bone Eapp (MPa)*

x direction 115.35 346.0 ± 81.9

y direction 144.27 328.1 ± 82.2

z direction 432.38 1022.9 ± 199.4

*Taken from [80].

To conclude, it is important to highlight that additive manufacturing (AM)
has enabled the study of the fracture behaviour of a cancellous bone speci-
men. Compression tests are destructive, so it is impossible to perform such
experimental tests in cancellous bone specimens. In addition, this work can
reinforce the statement of using non-isotropic properties in cancellous bone or
even in the macroscopic scale because it shows a strong relationship between
the cancellous architecture and several parameters, such as the failure stress
(σf) or the apparent modulus of elasticity (Eapp). Furthermore, it has been
stated that the polylactic acid (PLA) behaviour is dominated by the strains,
which can be useful when using this material.

This study of a local region of the cancellous bone can be used to analyse
critical parts, such as fractures, to design patient-specific implants. It might
be employed to study the trabecular network with an isotropic material, which
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is much easier to control the behaviour than an anisotropic or orthotropic
material, such as bone.

7.2.3 Calibration of elastic and failure properties of cancellous
bone surrogates

In this section, the elastic and failure properties of cancellous bone-like sur-
rogates manufactured in polylactic acid (PLA) have been assessed using the
compression response obtained from the experimental tests and the numeri-
cal model. To obtain the finite element model, we segmented the micro-CT
images, and then we obtained the mask with the geometry of the cancellous
specimen (ScanIP, Simpleware, UK). Hence, we generated the mesh of the
numerical model with linear tetrahedra (element type C3D4 in Abaqus), ob-
taining a total of 225,369 elements and 67,725 nodes (see Figure 7.7 a).

b)a)

Figure 7.7: a) Finite element model of the cancellous bone surrogate in isometric view and
b) front view when compression displacement has been applied on the numerical model.

The FE models have been simulated in the finite element software Abaqus/-
Standard (SIMULIA, Dassault Systèmes, Vélizy-Villacoublay, France) to cal-
culate the elastic and failure properties. As in the experimental tests, the
numerical models have been subjected to quasistatic compressive load with
displacement control, and the compression result is shown in Figure 7.7 b. On
the same FE model, we have applied the displacements in each of the three
specimen’s orthogonal directions separately to assess the properties of each
one.

As appreciated in the previous section, the sample behaviour is dominated by
the strain; hence we have used a strain failure criterion based on the calculation
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of the equivalent strain, such as in Chapter 6. The experimental response and
the numerical calibration are represented in Figure 7.8 in continuous solid
and dashed lines, respectively. For both transversal directions, the calibrated
response passes right over the experimental response; then, it is possible to
state that we have caught the surrogate behaviour in both directions.

Figure 7.8: Experimental response and numerical calibration for each orthogonal direction
of the PLA cancellous bone surrogate.

On the other hand, in the z direction, there are some parts of the curve that
the calibrated response does not pass right over. However, the calibrated prop-
erties are the yield onset strain (εy), the failure strain (εf), and the calibrated
modulus of elasticity (Ecal), hence these are the essential points that we must
capture in the numerical model. For the yield strain (εy), we need to catch
the failure onset. The next crucial point is the failure strain (εf), which is
registered when the stress reaches the maximum value. The linear response
permits the assessment of the modulus of elasticity (Ecal). As can be seen
in Figure 7.8, the three essential points previously commented are perfectly
captured, and we only have a slight deviation in some parts of the curve.

Regarding mechanical parameters calculation, the obtained numerical values
are collected in Table 7.4. The yield local strain or at material level (εy)
approximately matches for both directions. On the contrary, the z direction,
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which is the plate direction, has been required to change the damage penalty
when an element fails to capture the stress-strain curve. For this reason, the
value for the yield strain (εy) in the z direction is different and can not be
compared with the other two. On the other hand, the failure strain (εf) results
are more scattered, making it more challenging to draw conclusions.

Table 7.4: Results of the yield strain (εy), the failure strain (εf), and the material elas-
tic modulus (Ecal) calibrated for each orthogonal direction of the sample after applying a
compression displacement on the numerical model.

x direction y direction z direction

εy (-) 0.052 0.054 0.030

εf (-) 0.50 0.27 0.20

Ecal (MPa) 2288.1 ± 298.72

The variation of the calibrated modulus can have several explanations, such as
this parameter has been calculated using the experimental response, which can
include experimental artifacts that would affect the calibration. The filament
must be vacuum-packed after printing once we have finished printing for its
good preservation. The elastic modulus provided by the PLA manufacturer is
2300 MPa. Therefore, compared with our calibrated results, it is possible to
establish that the calibrated modulus is similar to the manufacturer’s.

Several important conclusions can be extracted from this section. This study
has proved that AM of cancellous bone specimens permits an experimental
evaluation of different loading destructive loading conditions. Thus, it helps
the analysis of the influence of cancellous bone architecture on the mechanical
response. Specifically, plate-like structures undergo a different damage law
evolution than strut-like structures.

7.3 Characterisation of the compressive behaviour of triply
periodic minimal surface (TPMS) structures

Once we have the properties of a cancellous bone surrogate, we will study
a triply periodic minimal surface (TPMS) structure, namely the gyroid, to
analyse its capabilities to mimic the cancellous bone’s behaviour. The starting
point is to generate the gyroid geometry and we have used MSLattice free
software [381]. Then, it is time to manufacture the gyroid samples using
fused deposition modelling (FDM) technology, specifically by employing a 3D
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printer. We have subjected the gyroid samples, manufactured in polylactic
acid (PLA), to quasistatic compression loads. On the other hand, with the
gyroid’s geometry, we generated the finite element model to estimate the elastic
and failure properties.

7.3.1 Introduction

Bone inherently possesses the ability to regenerate as a natural part of its
healing mechanism when responding to injuries [382]. Nevertheless, large
bone defects resulting from procedures such as bone tumor removals and se-
vere nonunion fractures do not have the necessary framework for coordinated
regeneration, necessitating surgical intervention. The established and most
effective treatment method involves a procedure known as autografting. This
process entails extracting bone from a non-weight-bearing area within the pa-
tient, often a readily accessible site like the iliac crest, and then transplanting
it into the damaged area. These kinds of grafts yield the most favorable clini-
cal results due to their dependable integration with the recipient’s bone. This
approach also eliminates the potential immune and disease-related issues asso-
ciated with allogeneic bone (from human cadavers) or xenogeneic bone (from
animals) [383].

In order to overcome the limitations of these bone grafts, scientists have cre-
ated bone scaffolds and engineered bone tissues using biocompatible materials
and bone cells [384]. Bone Tissue Engineering (BTE) is a field that creates
and produces porous interconnected scaffolds. These structures facilitate the
regeneration of bone tissues as cells can gradually and systematically fill the
voids within the lattice structure [34]. A perfect tissue scaffold should present
the following attributes, which must be considered in the design:

• The scaffold ought to possess a porous structure with significant porosity,
facilitating cell proliferation, nutrient transport, and the removal of waste
products.

• It should be both biocompatible and biodegradable, with degradation
rates matching the pace of tissue growth, and any resulting degradation
products must not interfere with tissue metabolism.

• The surface microstructure must encourage cell adhesion, growth, and
specialisation.

• The scaffold’s mechanical characteristics should closely resemble those of
the surrounding tissue.
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Triply periodic minimal surface (TPMS) are mathematically described as in-
finite and periodic surface curvatures, which can be configured in function of
the curved shape, porosity or layer thickness [35]. These structures are widely
used as bone scaffolds, starting from the design of the repeated unit cell [33].
Hence, using this method, the scaffolds can be customised to match the specific
organ or tissue requirements they are intended for. This includes ensuring the
scaffolds possess the necessary mechanical attributes such as stiffness and per-
meability (see Figure 7.9). This adaptability extends from the initial scaffold
design to its practical use, making it a crucial factor for clinical application.
When the mechanical behavior of a particular structure can be predicted and
verified through numerical methods beforehand, it substantially enhances the
likelihood of successful in vitro and in vivo clinical trials and subsequent im-
plantation into the target organ or tissue. This reduces time-to-market and
enhances the practicality of these innovative approaches [35].

Bone defect TPMS graft Healed bone

TPMS structure Bone cells

Figure 7.9: Scheme of the healing processes of a large bone defect using TPMS structures
as a bone graft.

Furthermore, additive manufacturing (AM) has promoted the manufacturing
of TPMS structures for bone implants. The broad range of manufacturing
technologies and materials available makes AM suitable for the biomechanical
field’s requirements. Regarding the materials employed in implant manufac-
turing, in the past years, the materials created for implantation were primarily
designed to be biologically inactive or “bio-inert.” However, materials scien-
tists have recently transitioned their focus to intentionally developing “bioac-
tive” materials. These materials can interact with biological molecules or cells
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and promote tissue regeneration. For bone-related materials, it is ideal that
they are [383]:

• Osteoinductive: able to stimulate the differentiation of precursor cells
towards becoming bone-forming cells.

• Osteoconductive: able to foster bone growth and facilitate the integration
of adjacent bone.

• Capable of osseointegration: seamlessly merging with the surrounding
bone.

7.3.2 Analysis and design of a gyroid TPMS

If a surface exhibits a mean curvature of zero at any given point, it is identified
as a minimal surface. If this particular surface exhibits infinite and periodic
characteristics in three dimensions, it is termed a Triply Periodic Minimal
Surface (TPMS). These structures can be expressed through level-set approx-
imation equations, which consist of a series of trigonometric functions defining
an iso-surface at a specific iso-value.

Level-set equations consist of a collection of trigonometric functions that jointly
fulfill the equation Φ(x, y, z) = c. In this context, Φ(x, y, z) represents an
iso-surface assessed at a specific iso-value, denoted as c. Some of the avail-
able TPMS structures at MSLattice are: Diamond, Primitive, Gyroid, I-WP,
Neovius, Fisher Koch S, F-RD or PMY [381], exhibited in Figure 7.10.

In this section, the TPMS studied structure is the gyroid, whose level-set
equation is defined in Eq. 7.1. In this equation, X = 2απx, Y = 2βπy,
Z = 2γπz, where α, β and γ are constants associated with the dimensions
of the unit cell in the x, y, and z directions, respectively. When the level-set
equation is assessed with a value of c = 0, it divides space into subregions
of equal volumes by the iso-surfaces. These subregions can be managed by
adjusting the iso-value constant, allowing for the expansion or contraction of
their volumes by shifting away from or towards the zero value along the normal
or reverse direction [381].

sinXcosY + sinY cosZ + sinZcosX = c (7.1)

Moreover, it is possible to follow two different approaches to create a TPMS
lattice. One approach involves considering one of the volumes separated by the
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a) b)

Figure 7.10: a) Unit cell examples of triply periodic minimal surfaces (TPMS) available
in the library of the MSLattice and b) strategies to create lattices from a minimal surface:
sheet and solid. Image extracted from [381].

minimal surface as the solid region and the other as the empty region. This
is achieved by defining the volume enclosed by the minimal surface in such
range Φ(x, y, z) > c or Φ(x, y, z) < c, thereby creating a so-called solid-network
lattice. The second method includes displacing the minimal surface in both
its normal and reverse normal directions, forming a dual surface defined by
solving the equation -c ≤ Φ(x, y, z) ≤ c. The spatial points enclosed between
these two dual surfaces form the solid region, representing a thicker shell or
sheet-based lattice derived from the minimal surface [381]. We refer to this
lattice as a sheet-network lattice (as depicted in Figure 7.10 b).

In this section, the main target is determining which of these two geome-
tries more accurately replicates cancellous bone surrogates’ behavior. For this
purpose, we have manufactured both gyroid geometries in a 3D printer using
polylactic acid (PLA), and then, we have carried out a quasi static compressive
test to analyse the mechanical behaviour of these TPMS structures.

The first step is to generate the gyroid geometries in the MSLattice software.
The surfaces developed in MSLattice were imported into ScanIP software to
generate a solid 3D model. The process consisted of filling in the structure
contained in the surface mesh. Once the solid geometries are developed, we
export them in STL format to be able to print them out. Before printing, we
must define the printing parameters and the number of printing pieces in the
corresponding software, which in this case is Cura 4.13.1. The printed pieces
with sheet and solid geometry are such as the presented ones in Figure 7.11
right, with 20 mm per side and 30 % volume fraction.
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1.1

1.2 2.2 3.2

3.12.1

x

z
y

Figure 7.11: Procedure for generating and manufacturing gyroid structures. Geometry
generation in MSLattice (left), the definition of printing parameters and the number of
samples (middle), and PLA sheet and solid gyroids (right).

7.3.2.1 Experimental compression characterisation of sheet and
solid gyroids

We have printed three sheet gyroids and three solid gyroids in polylactic acid
(PLA) using a Ultimaker S3 3D printer. All the samples have been subjected to
quasi static compressive loads using an electromechanical test machine (MTS
Criterion C42, MTS Systems, USA) with a load-cell of 5 kN and aluminium
compression platens (MST ref: FYA502A). We developed the compression
tests in displacement control with a monitored speed of 2 mm/min and a data
acquisition rate of 10 Hz. During the tests, we recorded the applied load in N
and the displacement in mm using a contact deflectometer. The configuration
of the testing machine is the same as the one showned in Figure 7.5.

As we printed three samples per gyroid geometry, we tested one in each orthog-
onal direction x, y and z. The behaviour curves obtained for the compression
tests are presented in Figure 7.12 for each type of geometry and orthogonal
direction. A characteristic feature of such structures is the triply periodic-
ity, also manifested in the results. Regardless of the test direction, the three
samples for each geometry present similar results with respect to the three
orthogonal directions. Nevertheless, slight differences can be appreciated be-
tween the same gyroids’ responses. They are mainly due to the experimental
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tests’ variability or possible defects during the printing, but it is manifested
that they are not significant. The behaviour distinctions are primarily due to
the microstructural differences of each typology of the gyroid.

𝜀 (%)

𝜎
(𝑀

𝑃
𝑎
)

Solid x dir.

Sheet z dir.
Sheet y dir.
Sheet x dir.
Solid z dir.
Solid y dir.

Figure 7.12: Experimental results obtained under compressive loads for sheet and solid
gyroids. Sheet gyroids are represented in continuous stroke, while solid gyroids are repre-
sented in dashed stroke.

Table 7.5 collects the results obtained from the experimental tests, in which
the most relevant parameters are the failure stress (σf), the strain at the failure
stress (εf) and the apparent modulus of elasticity (Eapp). It can be appreciated
that sheet gyroids can withstand higher loads than solid gyroids. Sheet gyroids
exhibit a failure stress mean value of 7.36 MPa, whereas solid gyroids have 5.34
MPa, that is a 27.5 % higher stress level for the sheet configuration. Following
the same trend, the apparent modulus of elasticity (Eapp) is slightly higher for
sheet structures than solid ones. It is essential to consider that Eapp is directly
related not only to the material but also to the geometry of the sample. Sheet
gyroids present a Eapp mean value of 227.71 MPa, while solid gyroids exhibit
a mean value of 153.95 MPa.

However, the strain at the failure stress (εf) results manifest the contrary trend,
as can be appreciated both in Figure 7.12 and in Table 7.5. Solid gyroids
achieve the failure stress (σf) at a higher strain (εf) than sheet gyroids. The
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strain values for each group are pretty similar, whereas between typologies,
solid gyroids present higher values. Sheet gyroids present a strain mean value
of 0.046, while solid gyroids are 0.056, with the latter being 18.3 % higher.

Table 7.5: Experimental results of the failure stress (σf), the strain at the failure stress
(εf ) and the apparent modulus of elasticity (Eapp) for sheet and solid gyroids.

Sheet gyroid Solid gyroid

x y z x y z

σf (MPa) 7.36 7.53 7.21 5.30 5.10 5.62

εf (-) 0.046 0.048 0.044 0.049 0.063 0.057

Eapp (MPa) 216.18 216.07 250.87 148.57 140.05 173.22

In Figure 7.13 a, it is presented both sheet and solid gyroids before and after
the mechanical tests, conducted in the z direction. It can be noticed that for
both sheet and solid gyroids, the failure onset appears in the areas where the
cross-section is thinner. Consequently, these areas accumulate higher strain
levels and plasticity. In addition, as the compression is applied in the same
direction of the printing, all the layers are crushed, compacting the whole
structure, as manifested in Figure 7.13 a.

Sheet

Sheet Solid

Solida)

b)

Figure 7.13: a) Non-deformed and deformed shapes of sheet and solid gyroids when testing
in the printing direction and b) deformed shapes for gyroids tested in plane x and y directions.
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On the other hand, in Figure 7.13 b, the gyroids are shown after the com-
pression for both plane directions, x and y directions. In these cases, the
compression is applied perpendicular to the printing direction, the consecu-
tive layers split up, and consequently, cracks arise, such as in Figure 7.13.
This evidence manifests the influence of the printing direction in the fracture
paths, but not in the macroscale mechanical parameters.

In the biomechanical field, TPMS structures usually aim to mimic cancellous
bone behaviour to develop bone implants with such geometries. Based on the
results for the bone surrogates presented in Table 7.2 and intending to mimic
that behaviour, we choose the sheet gyroid instead of the solid geometry.

7.3.2.2 Numerical estimation of elastic and failure properties of
sheet gyroid

Once the experimental behaviour is characterised, we proceed with the numer-
ical estimation of the elastic and failure properties. Unlike in the experimental
section, we only study the sheet geometry of the gyroid. For the studied vol-
ume fraction the sheet gyroid presents better mechanical properties, such as
higher stress values, which properly mimic the cancellous bone surrogate be-
haviour, thus, the cancellous bone behaviour.

The sheet geometry generated in the software MSLattice and post-processed
and meshed in ScanIP (Simpleware, UK) with linear tetrahedra C3D4 ele-
ments. A mesh size analysis has been conducted to establish a suitable size
element. The finite element model for the sheet gyroid has 252,129 nodes
and 1,070,444 elements, presented in Figure 7.14 left. The compression load is
applied through controlled displacements to simulate the quasi-static compres-
sion load in the testing machine. We have specified a displacement of 5 % of
the lateral dimension of the gyroid, particularly in the z direction (see Figure
7.14 right). In the opposite surface to the compression displacement, we have
constricted the displacement of the nodes in such direction.

To estimate the elastic and failure properties, isotropic elastic properties have
been defined, namely Young’s modulus for the material, in this case, the poly-
lactic acid (PLA). In addition, for damage assessment, it is defined a failure
criterion based on the equivalent strain (εeq), the criterion used in Chapter 6.
The non-linear response of the gyroid once the failure onset is reproduced us-
ing a failure criterion of degradation of the material elastic properties (PLA).
This failure criterion is defined and explained in Section 6.6.1 in Equations
6.17 to 6.20.

259



Chapter 7. Mechanical characterisation of cancellous bone surrogates and gyroids made out of

additive manufacturing. Experimental testing and numerical correlation

Figure 7.14: Isometric view of the finite element model of the sheet gyroid (left) and front
view of the gyroid before and after applying the displacement (right).

Owing to the periodicity of the TPMS structures, we have only present the
results of one direction of the gyroid, namely the z direction exhibited in Figure
7.15. The estimated parameters are the Young’s modulus of the material
(Ecal), the yield strain (εy) and the failure strain (εf), which are collected in
Table 7.6.

The numeric calibration has been carried out until the maximum stress level.
The numerical stress-strain curve must match the three relevant points: the
linear range of the curve where the Ecal can be calculated, the strain at where
the failure begins (εy) and the strain registered at the maximum stress level
(εf). It can be appreciated in Figure 7.15 that the numeric calibration perfectly
captures the three relevant parameters aforementioned and also the other parts
of the curve.

Regarding the numerical values, Table 7.6 presents the estimated results for
each parameter. In relation to the calibrated Young’s modulus, it is illustrated
that for the sheet gyroid, the Ecal is 2411.74 MPa, while the provided elas-
ticity modulus by the manufacturer is 3300 MPa, available in the technical
specifications sheet [385].

Table 7.6: Results of the yield strain (εy), the failure strain (εf), and the material elastic
modulus (Ecal) calibrated for the z direction of the sheet gyroid.

εy (-) εf (-) Ecal (MPa)

z direction 0.03 0.08 2411.74
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Figure 7.15: Experimental stress-strain curve for PLA sheet gyroid in the z direction
represented in continuous blue stroke and numeric calibration of the compression stress-
strain curve represented in dashed red stroke.

Recapitulating to the cancellous bone surrogate Section 7.2.3, the calibrated
Young’s modulus is 2288.1 ± 298.72 MPa. The calibrated Young’s modulus
(Ecal) are in the same line between them, both for the cancellous surrogate
and sheet gyroid. It is essential to consider that the modulus is calibrated
using the experimental response, so if any experimental artifact has occurred
during the tests, it will directly affect the calibrated properties. The modulus
provided by the manufacturer is the tensile Young’s modulus, whereas we have
conducted compression tests, so maybe the PLA behaviour is slightly different
in tension than in compression, thus the differences found in the results.
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7.3.3 Design and evaluation of non-isotropic gyroids

In this section, we propose a procedure to design patient-specific non-isotropic
scaffolds. In this thesis, we have evaluated and discussed that morphometry
controls the mechanical behavior. Following this idea, we propose that, to
adjust the non-isotropic properties, the geometry can be modified. To address
it, we have stretched one of the three orthogonal directions of the gyroid. Al-
though the starting point is the same sheet gyroid studied in the previous
section, once we have modified the triply periodicity of the sample, from now
on, the generated geometries are not TPMS structures. However, the gener-
ated geometries keep the rest of the TPMS features, such as low levels of stress
concentrators or the ability of cellular migration and osteointegration. Figure
7.16 presents the procedure followed to develop the analysis of these stretched
sheet gyroids.

Geometry
generation

3D printing
Experimental 

tests
Finite element

models

Surface geometry

Solid geometry

Simpleware
ScanIP

MSLattice

PLA printed pieces

Non-deformed shape

Deformed shape

Numeric response

CALIBRATION

Figure 7.16: Scheme of the procedure employed to design and analyse the non-isotropic
gyroids manufactured in PLA. The procedure can be divided into four blocks: geometry
generation, 3D printing, experimental tests and finite element models.

To evaluate the proposed procedure to design non-isotropic structures we gen-
erate three types of gyroids with a different distorsion value in the z direction,
and then we print four pieces per type. Two pieces will be printed in the
z direction, whereas the other two will be manufactured in the y direction.
Once we have the printed samples, we subject them to quasi-static compres-
sion loads until fracture load levels. On the other side, after the generation
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of the geometries, we have available the structures to develop the finite ele-
ment models. Finally, with the experimental response obtained from the test,
we will calibrate the elastic and failure properties of the non-isotropic sheet
gyroids.

7.3.3.1 Geometric generation of non-isotropic sheet gyroids

In this section, we have generated the non-isotropic gyroids using the free soft-
ware MSLattice [381]. For this study, we have generated the geometries using
uniform relative density and the properties exhibited in Table 7.7. MSLat-
tice establishes the structure limits with the defined parameters, then some
unconnected corners appear in the upper and bottom extremes of the bound-
aries (see the image presented in Table 7.7), which must be removed in the
post-processing.

Table 7.7: Defined properties to generate the gyroid’s structure in the free software MS-
Lattice using uniform relative density.

Gyroid’s properties

Relative density (%) 30

Unit cell size 1

Sample length (-) 2

Sample width (-) 2

Sample height (-) 2

Mesh density points 30

The relative density defined in Table 7.7 was the same as the volume fraction
of the cancellous bone studied in Section 7.2 in order to be able to compare
the mechanical behaviour. Regarding the mesh density points, this parameter
is related to the quality of the generated TPMS structure, as more density
mesh points more quality.

The post-processing was performed in ScanIP software, and the first step was
to import the surface geometries created in MSLattice. Using the flood fill tool
in ScanIP, we have removed the floating unconnected corners and generated
the solid structures. Then, we applied a distorsion thorugh scaling the sheet
gyroid in the z direction to try to adjust the non-isotropic behaviour of the
cancellous samples. The dimensions of the sheet gyroid from which we started,
from now on, the base gyroid, were 20x20x20 mm. We have generated three
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new structures called S25, S50 and S100, depending on the applied scaling.
The new z dimension is obtained as defined in Equation 7.2.

L′ = L0 + βL0 (7.2)

where L0 is 20 mm, the base gyroid (B) dimension and β is the scale factor.
Table 7.8 collects the terminology for each new gyroid type, the scale factor
used for generating the gyroids and the new z dimension L′

0 for each type. By
scaling the geometry of the base gyroid (B) and not the mesh, we avoid the
distortion of the meshed elements. Once the scaled process is done, we can
export the solid geometries of the new gyroids to the STL file because it is the
format used in the 3D printers for manufacturing.

Table 7.8: Scale factors applied to the z direction of the base-gyroid (B) to create stretched
structures S25, S50 and S100.

Terminology Scale factor z dimension (mm)

B 0 20

S25 0.25 25

S50 0.5 30

S100 1 40

7.3.3.2 3D printing process to obtain the polylactic acid (PLA)
samples

Using the STL files exported from ScanIP with the solid geometries and a 3D
printer, we obtained the polylactic acid (PLA) samples. For manufacturing,
we have employed an Ultimaker S3 3D printer and Ultimaker Cura 4.13.1
to define all the printing parameters and the positioning of the pieces in the
hotbed. The printing parameters were the same as explained in Section 7.2.1.
However, it is essential to highlight that we have printed the gyroids in two
different directions to study the influence of layer deposition in the printing
process.

As illustrated in Figure 7.17, we printed some pieces depositing each layer
in the z direction, whereas some others were printed in the y direction. We
printed two pieces per type and printing direction, and then, finally, we ob-
tained twelve samples. It is possible to appreciate in the magnification sections
of Figure 7.17, that in the z direction manufacturing, the layers are deposited
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Z Dir.

Y Dir.

Figure 7.17: Printing directions to analyse the influence of the layer deposition on the
gyroids mechanical behaviour.

along the stretched axis, whereas in the y direction manufacturing layers are
parallel to the axis. In addition, it is important to consider that the load
direction will be the same for all the samples, the scaled direction which cor-
responds to the z direction.

B S25 S50 S100

Figure 7.18: Base gyroid (B) and the new scaled gyroids: S25, S50 and S100 obtained by
3D printing using polylactic acid (PLA).

As with the gyroid and the cancellous bone surrogate, the structures were
self-reliant and did not need any supports, which avoided the post-processing
required to remove the supports. Figure 7.18 presents the base gyroid (B) used
in the previous section and for scaling the geometry and the new gyroids: S25,
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S50 and S100. It is possible to appreciate several PLA strings that remain in
some holes in the structures. It is important to consider that this technology
has associated a surface finish with certain inaccuracies. Nevertheless, they
do not influence the mechanical properties, so they are only aesthetic but not
mechanical drawbacks.

7.3.3.3 Analysis of the mechanical compression behaviour of
non-isotropic sheet gyroids

In this section, we study the mechanical behaviour of the three new types of
gyroids: S25, S50 and S100. To this end, we have carried out two analyses.
First of all, we tested all the samples in the elastic range under quasi static
compression loads. The aim is to study the influence of the material deposition
in manufacturing and to obtain the apparent modulus Eapp of the pieces. For
these tests, we employed an electromechanical testing machine MTS Criterion
C42 (MTS Systems, USA), with a load cell of low rated load, namely 5 kN
(see Figure 7.19 left). On the other hand, we analyse the failure in the gyroids
by subjecting the samples to high load levels until fracture occurs. The failure
tests were conducted by applying quasi static compression loads in the z di-
rection because it is the modified one. In this case, we used a servo-hydraulic
testing machine INSTRON 8801 (Norwood, Massachusetts, USA) with a load
cell of 100 kN that enables us to test the samples until the failure point (see
Figure 7.19 right).

We have calculated the apparent elastic modulus (Eapp) for each stretched
gyroid S25, S50 and S100 in the three orthogonal directions. Moreover, the
average apparent elastic modulus (Ēapp) for samples with the same scaling
factor and manufacturing direction are also estimated. Table 7.9 collects all
the obtained results related to the elastic tests. Regarding the mechanical
behaviour, in the columns of the average apparent elastic modulus (Ēapp) in
the x direction, it is easier to identify a clear trend in the results in both
manufacturing directions. The apparent results for S25 manifest higher values
than for S100 because of the changes in the morphometry.

We conducted an ANOVA statistical analysis to study whether the apparent
Young’s modulus collected in Table 7.9 present significant differences when
comparing the same stretched structure manufactured in two different direc-
tions. The study has been developed in Statgraphics Centurion 18 (Stat-
graphics Technologies, Inc., Princeton, USA), and we state that significant
differences exist when the p-value is lower than 0.05. Table 7.10 presents the
p-values obtained from the ANOVA analyses.
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Electromechanical testing machine Servo-hydraulic testing machine

MTS C42 Criterion INSTRON 8801

Figure 7.19: Electromechanical testing machine MTS C42 Criterion (left) and servo-
hydraulic testing machine INSTRON 8801 (rigth).

We have manufactured in two different directions, as shown in Figure 7.17,
to evaluate if the manufacturing direction has influence on the apparent be-
haviour of the stretched structures. The results of the ANOVA analyses re-
veal that the apparent Young’s modulus (Eapp) is statistically different for S50
when we tested them in one of the transversal directions, namely the x direc-
tion. The least stretched structure, S25, presents significant differences in Eapp

when they are tested in the y transversal directions and also in the stretched
direction z. S100 does not exhibit significant differences. Therefore, this struc-
ture can be manufactured in either of the directions, and the Eapp will be the
same for both cases. These results lead us to conclude that maybe the num-
ber of samples is insufficient to establish whether these differences are really
due to the influence of the layer deposition during the printing or is only the
dispersion of the results. It is important to highlight that the manufacturing
and experimental tests introduce several errors in the results. Therefore, we fi-
nally state that these differences are due to the artifacts introduced during the
printing and the tests and not due to the layer deposition. Consequently, from
now on, we will consider all the results together without separating them for
manufacturing direction, we will only differentiate between scaled structures
S25, S50 and S100.
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Table 7.9: Results for the compression apparent elastic modulus (Eapp) for S25, S50 and
S100 stretched gyroids calculated at the three orthogonal directions of the samples and the
averaged Ēapp for samples with same scaling factor and manufacturing direction.

Manufacturing direction z direction y direction

Test direction Tested structure Eapp (MPa) Ēapp (MPa) Eapp (MPa) Ēapp (MPa)

x direction

S25-1 225.40
227.66

225.43
219.54

S25-2 229.92 213.66

S50-1 181.85
181.26

208.52
205.36

S50-2 180.67 202.19

S100-1 168.78
163.44

167.15
147.92

S100-2 158.09 128.68

y direction

S25-1 264.91
269.28

230.71
232.32

S25-2 273.65 233.93

S50-1 234.04
225.91

205.09
205.63

S50-2 217.78 206.18

S100-1 177.60
171.47

147.18
151.23

S100-2 165.34 155.29

z direction

S25-1 305.24
292.04

402.06
400.21

S25-2 278.84 398.36

S50-1 432.19
428.50

469.58
427.88

S50-2 424.81 386.19

S100-1 524.82
525.33

484.88
502.36

S100-2 525.85 519.85

Owing to we will consider all the results together, we have averaged the results
obtained for the apparent modulus per structure type for having the overall
behaviour of each type of stretched structure, which are collected in Table
7.11. As can be appreciated, for the base gyroid (B), we only studied one
sample per orthogonal direction, so we have the information limited to these
results, which were presented in the previous section in Table 7.5. In addition,
comparing the results obtained for the gyroid (B) and the scaled structures
S25, S50 and S100, it can be seen that in x and y directions, the results for
all the structures are pretty similar.

The bar graph exhibited in Figure 7.20 allows a better comparison between
the studied structures. It is possible to visually assess how the stretched
structures behave in relation to the base gyroid (B). One of the most rele-
vant conclusions that can be extracted from this bar graph is that the scaling
has enabled the adjustment of the non-isotropic properties according to the
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Table 7.10: Summary of the p-values from the ANOVA statistical analysis when comparing
the apparent Young’s modulus (Eapp) obtained for the stretched structures manufactured in
different directions.

Structure
Test direction

x y z

S25 p=0.3269 p=0.0155 p=0.0148

S50 p=0.0174 p=0.1306 p=0.9896

S100 p=0.5183 p=0.1105 p=0.3275

Table 7.11: Averaged apparent modulus of elasticity for each tested direction for the
stretched structures S25, S50 and S100.

Ēapp ± standard deviation (MPa)

B S25 S50 S100

x direction 216.18 223.60 ± 6.03 193.31 ± 12.26 155.68 ± 16.11

y direction 216.07 250.80 ± 18.77 215.77 ± 11.66 161.35 ± 11.38

z direction 250.87 346.12 ± 54.90 428.20 ± 29.60 513.85 ± 16.88

patient requirements. In addition, an ANOVA statistical analysis has been
conducted to verify if the Eapp results obtained for both x and y directions
are statistically different or not. The results of the ANOVA conclude that the
presented results for these two orthogonal directions do not present signifi-
cant differences, which means that it has been achieved transversely isotropic
properties. Moreover, the Eapp results decrease for the highest scaling factor
in these two orthogonal directions. This behaviour is related to the distortion
introduced in the structure once the scaling of the gyroid geometry. By scaling
the z direction, the gyroid architecture is oriented to a greater degree in such
direction, which causes the transverse stiffness to decrease.

Finally, with the scaling procedure, we have managed to increase rigidity con-
cerning the base gyroid (B) 27.52 %, 41.41 % and 51.18 % for S25, S50 and
S100 structures, respectively. Regarding the difference between the results of
the transverse directions and the scaled direction for each structure, from S25
to S100 are 31.47 %, 52.23 % and 69.15 % higher for the scaled direction.
This study manifests that a distorted gyroid structure in one direction can
take advantage of the TPMS features, such as less stress concentrators or a
high surface area volume ratio, together with a controlled non-isotropic prop-
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S25

S50

S100

B

Figure 7.20: Summary of the apparent elastic modulus Eapp for the gyroid (B) and the
scaled structures S25, S50 and S100 for each test direction.

erties. This procedure could overcome the limitation that TPMS structures
present to reproduce the cancellous bone behaviour.

Regarding the achieved non-isotropy, we have estimated the degree of anisotropy
(DA) of each scaled structure S25, S50 and S100 using the averaged Ēapp val-
ues presented in Table 7.11. To estimate the degree of anisotropy (DA), we
have defined the inverse of the ratio of the stiffness in the transverse to the
longitudinal direction as defined in Equation 7.3.

DA =
Ēapp−z

(Ēapp−x+Ēapp−y)

2

(7.3)

Figure 7.21 presents the estimated DA for each structure. It is essential to
consider that the DA of the base gyroid (B) should be 1, but the possible
experimental and manufacturing errors make the DA a bit higher, even though
it is pretty near to one.

The degree of anisotropy (DA) has been represented against the scaling factor
(β), as shown in the image exhibited in Figure 7.21. We have adjusted the
results to a linear expression presented in Equation 7.4. As illustrated, as
the scaling factor (β) increases, the degree of anisotropy (DA) also increases
following the linear expression presented in Equation 7.4. Therefore, with this
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Figure 7.21: Degree of anisotropy (DA) estimated for the based gyroid (B) and the
stretched gyroids: S25, S50 and S100.

expression, we can choose the desired DA depending on the bone specimen
defect and then scale the gyroid with the corresponding scaling factor.

DA = 2.1446β + 1.0505 (7.4)

In the following, the results obtained for the compression test until failure
will be presented. It is crucial to emphasise that the compression tests until
failure load levels have been carried out in the z directions, corresponding
to the scaled direction for the S25, S50 and S100 structures. Figure 7.22
illustrates the averaged stress-strain curves for the scaled structures S25, S50
and S100 represented in a continuous line, whereas the strain-stress curve for
the base gyroid (B) is represented in dashed line. The results manifested a
direct relationship between architecture distortion and mechanical properties.
The samples have higher values for the apparent elasticity modulus (Eapp)
and for the failure stress (σf). In addition, all the stretched structures can
withstand higher load levels than the base gyroid (B) and are stiffer than B.

Regarding the numerical values, the averaged results are exhibited in Table
7.12 together with the base gyroid (B) values obtained in the previous sections.
The trend of the presented results can be appreciated in Figure 7.22. However,
the numerical values allow us to quantify the results. As visually evaluated,
the greater values both for Ēapp and σ̄f are for S100 structure. With the
scaling, S100 structure can withstand 43.98 % more stress levels than the
base gyroid (B) and 17.72 % more stress than S25. Regarding the apparent
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Figure 7.22: Averaged experimental stress-strain curves for the stretched structures S25,
S50 and S100 and the stress-strain curve for the base gyroid (B).

Young’s modulus, S100 structure is 46.15 % stiffer than the base gyroid (B)
and 25.87 % more than S25.

Table 7.12: Experimental results obtained from the compression tests until failure load
levels for the scaled structures S25, S50 and S100 and the results for the base gyroids (B)
obtained in the previous sections.

B S25 S50 S100

Ēapp (MPa) 250.87 345.33 ± 20 378.17 ± 25 465.85 ± 15

σ̄f (MPa) 7.21 10.59 ± 0.02 11.43 ± 0.33 12.87 ± 0.58

ε̄f (-) 0.044 0.041 ± 0.003 0.041 ± 0.006 0.038 ± 0.003

Concerning the failure strains (ε̄f), it can be appreciated that the strains are
pretty similar for all the structures. Therefore, we conducted a statistical anal-
ysis to evaluate if they present significant differences. The analysis conclusion
is that there are no significant differences, which means that failure strains are
independent of the scaling, all the structures failed around 0.04. These results
mean that the behaviour of these structures is dominated by the strain and
not by the stress.
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7.3.3.4 Numerical calibration of the elastic and failure properties
of non-isotropic sheet gyroids

In order to obtain the numerical models, we used the finite element (FE)
module in ScanIP to generate the meshes of the new gyroid geometries. The
FE models were meshed with linear tetrahedron, type C3D4 in Abaqus, as
presented in Figure 7.23. Analogously to the cancellous bone surrogate and
the gyroid, we applied a controlled displacement to mimic the quasi static
compression load of the experimental tests. The applied displacement is the
5 % of the z direction. In the opposite area, which corresponds to z = 0, we
constricted the model to avoid any movement in the displacement direction.
In FE models, it has been implemented a damage model that considers four
levels of properties degradation when the elements begin to fail.

B

S25 S50 S100

Figure 7.23: Finite element (FE) models for each scaled structure meshed with linear
tetrahedron. Extended area to appreciate the spatial discretisation.

First of all, we have calibrated the Young’s modulus of the materials. All
the samples have been manufactured with the same type of filament: PLA,
Antracite colour from Smart Materials 3D [385]. This parameter is estimated
using the elastic range of the stress-strain curve. The calibrated Ecal for each
scaled structures are presented in Table 7.13.

The calibrated elasticity modulus (Ecal) for all the analysed structures are
pretty similar. We hypothesise that the differences observed rely on the inher-
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Table 7.13: Summary of calibrated Young’s modulus (Ecal) values of the material used
for printing for the base gyroid (B) and the stretched structures S25, S50 and S100 and the
averaged Young’s modulus (Ēcal) for the PLA.

B S25 S50 S100

Ecal (MPa) 2411.74 2441.74 2570.66 2655.56

Ēcal (MPa) 2519.925 ± 113.71

ent variability in material characterisation. The obtained results are less than
a 10 % difference between the highest and the lowest values. The estimated
value for the base gyroid (B) is extracted from the previous sections when
we calibrated such TPMS structure. In Table 7.13 is presented the average
Young’s modulus (Ēcal) for the printing material, the polylactic acid (PLA).
The provided Young’s modulus by the manufacturer is 3300 MPa, a 23.6 %
higher than the average Young’s modulus for the PLA.

Once we have estimated the Young’s modulus of the PLA, it is time to calibrate
the yield onset strain (εy) and failure failure strain (εf). In this process, to
study the failure of the studied structures, we have also degraded the stiffness
of each element when it fails. Table 7.14 presents the results for the calibrated
failure strains εy and εf, as well as the degradation employed when the elements
fail. In this section, we do not calibrate the base gyroid (B), we did it in
the previous section, so the gyroid results are shown in Table 7.6, such as is
indicated in Table 7.14.

Table 7.14: Element stiffness degradation used to calibrate the numerical models and the
calibrates strains: yield strain (εy) and failure strain (εf).

Element degradation Calibrated strains

E1 E2 E3 E4 εy (-) εf (-)

B 0.20 0.40 0.60 0.68 0.03 (Table 7.6) 0.08 (Table 7.6)

S25 0.15 0.25 0.65 0.70

0.03 0.08S50 0.18 0.30 0.60 0.65

S100 0.20 0.45 0.62 0.65

One important conclusion extracted from these results is that the calibrated
values for both εy and εf are the same for all the scaled structures, regard-
less of size, even for the base gyroid. These results reinforce the hypothesis
manifested in the experimental results section, in which it had already been

274



7.3 Characterisation of the compressive behaviour of triply periodic minimal surface (TPMS)

structures

observed that the scaled structures have approximately the same failure strain
value. Thus, the failure of gyroid TPMS structures is governed by strain rather
than stress. The failure criterion allows the identification of the elements that
have failed in each load step. The stiffness of these elements is penalised, de-
grading it. Table 7.14 presents the stiffness degradation at each of the four
steps when the element fails. As can be appreciated, the degradation percent-
age at each stage is almost the same. In the first stage, the degradation is
around 18 %, in the second one, 35 %, whereas in the third and the fourth
stages, the values are around 60 and 70 %. Owing to the calibrated Young’s
modulus is not exactly the same for each structure, it is permissible to have
slight variations between the degradation percentage at the same stage.

Experimental S100

Numeric S100

Experimental B

Numeric B

Experimental S25

Numeric S25

Experimental S50

Numeric S50

Figure 7.24: Experimental stress-strain curves and the numerical calibration for the base
gyroid (B) and the Stretched structures S25, S50,S100.

Figure 7.24 presents the experimental stress-strain curves, represented in con-
tinuous stroke, for the base gyroid (B) and the scaled structures S25, S50
and S100, as well as the numerical calibrations, represented in dashed stroke.
The experimental stress-strain curves correspond to the average stress-strain
curves of the four studied samples per type. For this reason, in the elastic
range of the curves, the numerical response is not exactly the same due to the
average. As can be seen, the three relevant points of the curves are really well
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captured by the FE models, so we can state that the FE models can represent
the scaled structures’ compression mechanical behaviour.

Finally, trying to fix the problem of reproducing the longitudinal direction
behaviour, we have scaled the z direction of the gyroid with three different
scaling factors (β) and we obtained the so-called S25, S50 and S100 stretched
structures. We stated that S100 structures can support 43.98 % more stress
level than the TPMS gyroid and also, the apparent Young’s modulus is 46.15 %
greater than the gyroids’ modulus. To sum up, in Figure 7.25 we have pre-
sented the compression stress-strain curves for the experimental and numerical
response for the z direction, the longitudinal direction from the cancellous bone
surrogate and the scaled directions of the gyroid, to compare the difference
and to conclude if we can reproduce the cancellous bone behaviour.

Table 7.15: Summary of the apparent modulus of elasticity (Eapp), final stress (σf) and
failure strain (εf) for the cancellous bone surrogate (CB), base gyroid (B), and the scaled
structures little (P), medium (M) and big (G) obtained at the z direction.

Eapp (MPa) σf (MPa) εf (-)

CB 432.38 10.24 0.042

B 250.87 7.20 0.042

S25 345.33 10.59 0.041

S50 378.17 11.43 0.041

S100 465.85 12.87 0.038

The numerical values for the the apparent modulus of elasticity (Eapp), failure
stress (σf) and failure strain (εf) are collected in Table 7.15. As can be appre-
ciated both in Figure 7.25 and in Table 7.15, the three stretched structures
S25, S50 and S100 have greater values for the failure stress than the cancellous
bone (CB) surrogate. Thus, any of the three scaled structures could be valid.
However, one relevant point in the implants is to avoid stress-shielding, which
requires similar Young’s modulus between the implant and the surrounding
bone. Therefore, the structure that meets the specifications is S100 geometry.

Concerning the failure strain values, it is concluded that all the structures
failed at similar strain levels, around 0.04. Therefore, we can state that the
behaviour of these PLA samples is governed by the strain and not by the stress.
Finally, it is important to highlight that the generated FE models capture
pretty good the compression stress-strain curves obtained at the compression
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experimental tests. Figure 7.25 illustrates in dashed lines the calibration of the
numerical models and all of them capture the three main points of the curves
which are the Young’s modulus of the material (Ecal) in the linear range, the
yield strain (εy) and the failure strain (εf). Then, we have also validated our
FE models to study such structures varying any parameter.

CB - Experimental

S100 - Experimental
S100 - Numeric

CB - Numeric

S25 - Experimental

S50 - Experimental

B - Experimental

B - Numeric

S25 - Numeric

S50 - Numeric

Figure 7.25: Experimental stress-strain curves and the numerical calibration for the can-
cellous bone surrogate (CB), base gyroid (B) and the stretched structures S25, S50 and S100
for the z direction.

7.4 Conclusions

In this chapter, we have studied the compression mechanical behaviour of
cancellous bone surrogates, TPMS structures, namely sheet and solid gyroids
and non-isotropic TPMS designs. PLA samples were subjected to quasi static
compression loads until fracture levels. With the combination of the experi-
mental stress-strain curve and the FE models, we have estimated the elastic
and failure properties: the Young’s modulus, the yield strain (εy) and the
failure strain (εf).

As regards the study of the compression mechanical behaviour of the cancel-
lous bone surrogates. Our study has permitted the evaluation of the influence
of cancellous bone architecture on the mechanical response, overcoming some
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of the limitations inherent to testing biological tissues under destructive con-
ditions. Moreover, we have proposed a damage evolution law for rod-like and
plate-like structures.

Once we are able to reproduce the cancellous bone behaviour with a surrogate,
we would like to mimic this behaviour with structures that can be used as an
implant in large bone defects. In recent years, the triply periodic minimal
surface (TPMS) structures have gained huge importance due to their advan-
tages against other reticular structures usually employed in scaffolds design.
We concluded that sheet geometry is stiffer than solid geometry and can with-
stand greater stress levels. However, the symmetry of these structures implies
an isotropic behaviour, equal in the three orthogonal directions of the sam-
ple. Hence, we have proposed a methodology that permits the adjustment of
those non-isotropic properties patient-specific. It implies the geometry distor-
tion to control morphometry variation along one axis. Our results reveal that
the anisotropy degree can be adjusted between 1 to 3.26, thus overcoming an
inherent limitation of usual TPMS structures.
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Thesis conclusions and main
contributions

8.1 Conclusions

In this thesis, the lamellar tissue and the mechanical behaviour of human
cancellous bone has been studied using different experimental and numeri-
cal approaches. The main conclusions and contributions extracted from the
results are presented in this chapter.

Image analysis of cancellous bone

Human and swine cancellous bone specimens have been evaluated using imag-
ing techniques, such as stereomicroscopy, micro-CT and Field Emission Scan-
ning Electron Microscopy (FESEM). The lamellar tissue has been assessed at
the FESEM to analyse the lamellae orientation. We observed that the lamellae
are arranged circumferentially around the holes, and in the single trabecula,
along the thickness parallel to the trabeculae surface. Where two trabeculae
meet, there is no main orientation of the lamellae, so in such locations, they
approximately present an isotropic behaviour due to the lack of orientation of

279



Chapter 8. Thesis conclusions and main contributions

the lamellae. With the FESEM, we were able to capture the canaliculi net-
work, which is one of the primary sources of porosity of the lamellar tissue.
This information will be used to define the finite element models properties.

Estimation of equations for the elastic constants of lamellar tissue
as a function of BMD and porosity

Equations for the elastic properties of the lamellar tissue as a function of the
bone mineral density (BMD) and the porosity have been estimated. These
expressions allow the study of diverse scenarios with a wide range of BMD
and percentage of porosity, from the natural porosity of the lamellar tissue
(healthy specimens) or high porosity levels due to bone disease.

The relevance of defining lamellar bone tissue properties as an orthotropic
material has been evaluated and compared to isotropic tissue properties. The
results reveal that the the apparent modulus of the transversal directions is
overestimated, whereas in the stiffest direction of the cancellous specimen, the
apparent modulus is underestimated when using isotropic tissue properties.

Estimation of equations for the strength limits of lamellar tissue as
a function of BMD and porosity

Equations for the in-plane strength limits of the lamellar tissue as a function of
the bone mineral density (BMD) and the microporosity have been estimated.
These expressions are estimated for a BMD range between 0.4 to 1.80 g/cm3

and a range of porosity between 1 to 5 %. This range of porosity only en-
compasses the natural porosity of the lamellar tissue. We have modelled the
porosity as ellipsoids due to the geometry of the osteocyte lacunae.

The results present a strong influence of the porosity due to the lacunae and the
stress concentration they cause at the lamellar tissue. This trend is evidenced
irrespective of the mineral content. These cavities at the tissue reduce the
effective cross-section and behave as a stress concentrator, leading to increased
stress and strain levels around them. This phenomenon occurs around the
lacunae rather than in other locations of the extracellular matrix, which is the
most preferred location for microcracks to arise.

From the estimated equations, it has been evidenced that the compressive
strength is higher compared to tensile strength in both the longitudinal and
transverse orientations of the lamellar tissue. This contrast becomes more
noticeable with higher bone mineral density (BMD) and lower tissue microp-
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orosity. This aligns with the predominant mechanical role under compression
of the hydroxyapatite mineral phase, as collagen fibers tend to bend and ex-
perience premature failure. To estimate shear strength, a composite material
approach has been employed.

Mechanical behaviour characterisation of healthy, osteoarthrosic
and osteoporotic human cancellous bone

The mechanical behaviour of healthy (HG), osteoarthrosic (OA) and osteo-
porotic (OP) human cancellous femoral specimens has been evaluated, using
imaging techniques, compression tests and finite element models.

We have carried out compressive quasi-static tests. From the stress-strain
curves, we have calculated the failure stress σf ranged between 6.18 to 10.93
MPa, the failure strain εf between 0.016 to 0.024 and the apparent Young’s
modulus Eapp between 645.47 to 1022.82 MPa. The ANOVA statistical anal-
ysis stated that for the three analysed parameters, significant differences exist
between HG and both OA and OP specimens. Therefore, the apparent re-
sults enable us to distinguish between healthy and diseased specimens. It is
important to highlight that the microarchitecture of the specimens directly
influences these results.

A morphometric analysis was developed with the cancellous specimens from
the three study groups. The results showed we can differentiate between
healthy and diseased cancellous samples with the surface ratio (BS/BV) and
the mean trabecular thickness (Tb.Th). The osteoporotic samples can be dif-
ferentiated from the HG and OA specimens using the bone volume fraction
(BV/TV) and the trabecular number (Tb.N). We analysed the relationship
between the studied morphometric parameters and the information extracted
from the mechanical response. The strong correlations obtained for each group
allow us to estimate the mechanical response using the micro-CT images with-
out the need of experimental tests. In addition, the mechanical response pa-
rameters were related to each other. Results revealed different behaviours
depending on the pathology. OA specimens showed more ductile behaviour,
while OP samples were more brittle. The relation found for HG makes it
possible to determine the failure stress using the apparent Young’s modulus.

On the other hand, we generated numerical models to estimate the elastic and
failure properties using the stress-strain curves from the compression tests. We
estimated Young’s modulus at tissue level Ecal ranged from 18 to 20 GPa, a
yield strain εy between 0.0045 and 0.0059, and a failure strain εf between 0.025
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to 0.054. We also developed an ANOVA analysis to evaluate the results, and it
concluded that neither for Ecal nor εy presented significant differences between
the results. Regarding Ecal, the results can be explained because the mineral
content is the same at the tissue level regardless of the pathology. The results
for εy revealed that the yield behaviour of the cancellous bone was similar
for all the samples despite the bone condition. Lastly, εf statistical analysis
presented significant differences between OP and HG specimens. Hence, it
can be stated that the failure behaviour is the one that is different between
samples and where the bone disease has an influence. Ductile specimens would
admit higher strains, whereas brittle specimens failed at lower strain levels.

We also estimated apparent and tissue properties from the micro-CT images,
and then we compared the results with those obtained from the compression
tests and the numerical calibration. The apparent density ρapp and the ap-
parent modulus Eapp of the cancellous specimens from the femoral heads have
been determined. With the bone mask grey values, we have estimated the
mineral density and Young’s tissue modulus. We conclude that the estimation
of the apparent Young’s modulus through the experimental tests underesti-
mates the obtained results. The estimation of the tissue Young’s modulus
with both methods only differs by 12-16 %.

Mechanical characterisation of cancellous bone surrogates and
gyroids manufactured in PLA

The mechanical compression behaviour of cancellous bone surrogates and
triply periodicity minimal surface (TPMS) structures obtained by additive
manufacturing using polylactic acid (PLA) was analysed. Cancellous bone
surrogates present an orthotropic behaviour, such as the cancellous bone speci-
mens. Therefore, they can be used to perform previous studies when cancellous
specimens are not available.

We have evaluated the TPMS structures as implants for large bone defects
to replace the commonly used lattice scaffolds. We have analysed the gyroid
structure, both their sheet and solid typologies. Owing to their triply period-
icity, with TPMS structures, we can only mimic an orthotropic behaviour.

To overcome the limitation of reproducing the non isotropic behaviour of
the cancellous specimens, we have proposed a methodology to adjust the or-
thotropic properties of TPMS bone scaffolds through the distortion of the
structure by scaling one direction. We studied three scale factors, which are
25 %, 50 % and 100 %. The results show that the methodology proposed per-
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mits the adjustment of the orthotropic properties of the scaffold and enable to
design patient specific solutions that take into account the bone mechanical
properties of the vinicity of the bone defect.

8.2 Main contributions of the thesis

• The lamellae orientation at the lamellar tissue has been evaluated using
FESEM. We observed that the lamellae are oriented circumferentially to
the holes and, in the single trabecula, are parallel to its surface. In a
branch, where two trabeculae meet, there is a lack of orientation of the
lamellae, so in such locations, the lamellar tissue approximately presents
an isotropic behaviour.

• Using FESEM, we have captured the natural porosity of the lamellar
tissue, whereas in diseased specimens, we were able to capture the degra-
dation of the lamellar tissue due to the pathology.

• Equations for the elastic properties of lamellar tissue as a function of
bone mineral density (BMD) and porosity have been estimated.

– These equations enable the study of both healthy and diseased can-
cellous specimens, just changing the BMD and porosity values.

– Failure was defined using the Hashin criterion in combination with
the Material Property Degradation Method (MPDG). This criterion
allows to distinguish between fibers and matrix failure.

• Equations for the in-plane strength limits at lamellar tissue as a function
of BMD and microsporosity have been estimated.

– We reported a high influence of the porosity due to the osteocyte
lacunae on the increase of the stress at the tissue level. This trend
is observed regardless of the mineral content.

– Stress and strain increase around the osteocytes rather than other
locations of the extracellular matrix being the most potential loca-
tion for microcracks initiation.

– The shear strength limit has been estimated using a composite ma-
terials approach.

• We have evaluated the mechanical behaviour of healthy (HG), osteoar-
throsic (OA) and osteoporotic (OP) human cancellous femoral specimens,
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using different approaches: imaging techniques, compression tests and
finite element models.

– The ANOVA statistical analysis revealed that with the parameters
obtained from the stress-strain curves (σf, εf and Eapp), it is possible
to differentiate between healthy and diseased cancellous specimens.
The microarchitecture of the specimens directly influences these re-
sults.

– A morphometric analysis was developed and the results revealed
that we can distinguish healthy samples from diseased ones with the
surface ratio (BS/BV) and the mean trabecular thickness (Tb.Th).
Osteoporotic cancellous specimens can be differentiated from the
other two groups with the bone volume fraction (BV/TV) and the
trabecular number (Tb.N).

– Strong correlations were found between several morphometric pa-
rameters and the mechanical response (σf, εf and Eapp). These re-
sults allow us to estimate the mechanical response using micro-CT
images instead of experimental tests.

– The mechanical response parameters were related to each other, and
the results showed the behaviour of the specimens. Brittle behaviour
for OP and ductile behaviour for OA. The failure stress can be esti-
mated with the apparent Young’s modulus for HG.

– The tissue Young’s modulus was estimated between 18 to 20 GPa
for all the groups. These results manifest that the tissue Young’s
modulus is similar for all the groups, irrespective of whether the
bone suffers a pathology or not.

– The estimated yield strain resulted in 0.0045 to 0.0059, which means
that the yield behaviour is similar for all the cancellous samples.

– Failure strain presents differences in the estimated results between
groups. This evidence is in concordance with the behaviour of bone;
some specimens present a brittle behaviour, whereas others are more
ductile.

– The methods employed to determine the apparent Young’s modu-
lus revealed that the experimental tests underestimate the obtained
results. Therefore, micro-CT images will be a better approach to
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estimate the apparent Young’s modulus. Regarding tissue Young’s
modulus, it is possible to achieve similar results with both methods.

• A methodology has been proposed to design patient-specific bone scaf-
folds to fix large bone defects using triply periodic minimal surface (TMPS)
structures. This method allows to calibrate the orthotropic mechanical
properties in each direction according to a specific bone.
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Future work

After developing this research, we found several issues that can be addressed
in the future.

First of all, we intend to develop compression tests inside the scanner to pro-
vide more information during the compression tests. Therefore, we will acquire
micro-CT images at each load step. This option enables the evaluation of tra-
becular failure and the representation of the local damage. In addition, we
could relate the damage accumulation with the microarchitecture condition
and compare healthy and diseased specimens.

In this thesis, we evaluated the morphometry of cancellous bone specimens ob-
tained after replacing the femoral head with a prosthesis. With this method,
we can just analyse the bone microarchitecture in that time step. We pro-
pose using photon-counting CT (PCCT) or high resolution peripheral quan-
titative computed tomography scanners, allowing continuous study over time.
Throughout these cohort studies, we will be able to analyse the evolution of
cancellous bone microarchitecture during a drug treatment for osteoporosis
and study the effects and improvements produced in the bone. This analysis
will be patient-specific and could overcome the advantages and disadvantages
of a treatment for each patient. Moreover, doctors can monitor patients’ bone
status with periodic scans to assess the state of the cancellous bone and then
diagnose any bone disease.
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Regarding the estimated equations for the elastic properties of lamellar tissue
as a function of bone mineral density (BMD) and porosity, we must extend
the BMD range up to 1.80 or 1.90 g/cm3 in order to apply these equations for
cancellous bone specimens to different body locations. In this thesis, we have
estimated BMD for cancellous femoral samples between 1.15 and 1.85 g/cm3.
The BMD upper limit for the estimated equations is 1.50 g/cm3, which does
not allow to calculate the elastic properties at the tissue level for several of
our femoral specimens.

On the other hand, we have the equations to estimate the strength limits as
a function of BMD and microporosity. In this case, the BMD upper limit is
1.80 g/cm3. However, the porosity percentage only concerns natural tissue
porosity. In order to use these equations to evaluate bone pathologies, such
as the increase in tissue porosity due to the illness, we need to study higher
porosity levels. Moreover, it is essential to consider the geometry of the pores
when the source of porosity is a bone disease. In these cases, the sphere shape
could better mimic this kind of pores.

In the same line, and trying to evaluate the porosity percentage, we can use
FESEM images to this end. Quantifying the tissue porosity using FESEM
images, we would know the percentage of porosity that we should include in
the elastic and resistant equations to mimic the specimen conditions as much
as possible to reproduce accurately its behaviour throughout the numerical
models.

In order to study other types of osteoporosis, we can remake the criteria to
divide samples into groups to include people younger than 65 years old in the
osteoporotic group. With this new criterion, we can study how osteoporosis
affects premenopausal women, which was not possible in our present research.
We can divide the osteoporotic group by the patient’s sex and age to analyse
how osteoporosis affects bone morphometry and the behavior of bone depend-
ing on the stage of the disease and the sex because it is more severe for women
than for men.

Similarly, we can divide the osteoarthrosis (OA) specimens depending on the
grade of the disease because of the differences in the OA microarchitecture.
In the first stage, bone loss material, whereas in the last stages of the disease,
a calcification in localised regions is shown. These differences presented in the
cancellous bone structure lead to different morphometric results and relation-
ships with the apparent parameters. By further classifying the OA group, we
could differentiate the results for each pathology phase, and we can state more
consistent results than those obtained grouped all together.
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With these specific divisions of the study groups, we suggest to study the mor-
phometric parameters to analyse new relationships and confirm some others.
Furthermore, we can also determine behaviour differences between the samples
of the same group considering the stage of the disease in OA specimens or the
age of the patient in OP. Even though we propose to enlarge the number of
specimens to validate the results or to find new evidences that can be detected
by increasing the number of specimens.

In order to generate patient-specific implants, starting from the CT image
showing the bone defect, we can develop a specific implant that perfectly suits
the patient’s needs, which will ensure the fixation and the bone growth around
the implant. In addition, as a result of this research, we can develop a non
isotropic implant that could better suit the defect requirements.

Finally, with a large number of specimens and results, machine learning could
enhance some of the processes that we have studied and developed in this re-
search. First of all, we can predict elastic (Eapp) and failure properties (σf, εf)
based on the morphometric parameters of the cancellous bone. Therefore, we
could also predict failure risk and potential bone fractures in patients concern-
ing their bone microarchitecture. Regarding implants and machine learning,
with a great database of information, we could choose the most suitable ge-
ometry for the implant, knowing the cancellous microarchitecture. This could
reduce the implant design time and ensure that the implant will work and
contribute to bone remodelling and growth.
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Belda R., Meǵıas R., Marco M., Vercher-Mart́ınez A., Giner E. Numerical
analysis of the influence of triply periodic minimal surface structures mor-
phometry on the mechanical response. Computer Methods and Programs in
Biomedicine 230 (2023) 107342.
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mı́nima superficie en su respuesta elástica. XXIV Congreso Nacional de In-
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Meǵıas R., Belda R., Vercher-Mart́ınez A., Giner E. Análisis del compor-
tamiento elástico y la fractura a compresión de una muestra de hueso tra-
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[331] Meǵıas R., Vercher-Mart́ınez A., Belda R., Peris J.L., Larrainzar-Garijo
R., Giner E, and Fuenmayor F.J. Numerical modelling of cancellous bone
damage using an orthotropic failure criterion and tissue elastic properties
as a function of the mineral content and microporosity. Comput Methods
Programs Biomed., 219:106764, 2022.

[332] Casari D., Michler J., Zysset P., and Schwiedrzik J. Microtensile prop-
erties and failure mechanisms f cortical bone at the lamellar level. Acta
Biomater., 120:135–145, 2021.

327



Bibliography
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