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Zusammenfassung

In den letzten Jahren hat die Verwendung bildbasierter Finite-Elemente-Analysen (FEA)
zur Bewertung des Bruchrisikos in menschlichen Knochen an Bedeutung gewonnen. Bei
der herkdmmlichen Finite Element Analyse muss die Geometrie durch ein geeignetes Netz
diskretisiert werden. Bei komplexen dreidimensionalen Geometrien kann die Generierung
eines flir die Analyse geeigneten Netzes eine schwierige und zeitaufwéndige Aufgabe sein.
In dieser Arbeit wird die Anwendbarkeit der Finite-Cell-Methode (FCM) fiir die Simulati-
on der Wirbelknochenmechanik untersucht. Die FCM kombiniert die Immersed-Boundary-
Idee mit den Vorteilen Finiter Elemente hoher Ordnung, wodurch sie in der Lage ist,
Probleme mit komplexen Geometrien ohne den Aufwand der Netzgenerierung genau zu
l6sen.

Es wird eine neue Validierungsstudie fiir die FCM-Analyse vorgestellt, in der Modelle
von vier menschlichen Wirbelkérpern untersucht werden, die auf Mikro-CT-Bilddaten
basieren. Die numerischen Vorhersagen der Verschiebungsfelder werden mit der in Kom-
pressionsversuchen gemessenen Verformung verglichen. Die Analyse der Ergebnisse zeigt
eine sehr gute Ubereinstimmung zwischen den experimentellen Daten und den FCM-
Vorhersagen, was das Potenzial der FCM als Simulationswerkzeug fiir mikro-CT-basierte
Analysen unterstreicht.

Fiir Gebiete mit mehreren Materialien verschlechtert sich das Konvergenzverhalten der
FCM. In dieser Arbeit wird eine Behandlung von Materialgrenzflichenproblemen im Rah-
men der FCM vorgeschlagen. Es wird gezeigt, dass die Verwendung eines Doménenzer-
legungsansatzes in Verbindung mit einem hp-Verfeinerungsschema zu einer deutlichen
Verbesserung der Konvergenzraten fithrt. Eine Anwendung des vorgeschlagenen Schemas
fir die Simulation eines hochaufgelosenten Wirbel-Schrauben-Modells wird vorgestellt.
Dariiber hinaus wird ein numerisches Verfahren fiir die Einbeziehung von Kraften aus
Muskel-Skelett-Modellen in die FCM vorgeschlagen. Ein numerisches Beispiel, das ein
Wirbelsédulensegment betrachtet, demonstriert die Moglichkeiten des vorgeschlagenen An-
satzes.



Abstract

In recent years, the use of image-based finite element analysis (FEA) to assess the risk of
fracture in human bones has been gaining importance. In conventional FEA, the geome-
try needs to be discretized by a suitable mesh. For complex three-dimensional geometries,
the generation of an analysis-suitable mesh can be a difficult and time-consuming task.
This thesis investigates the applicability of the finite cell method (FCM) to the simula-
tion of vertebral bone mechanics. The FCM combines the immersed-boundary idea with
the benefits of high-order finite elements, which enables it to accurately solve problems
involving complex geometry without the burden of mesh generation.

A new validation study for FCM analysis of vertebral bodies is presented, where models
of four human samples that are based on micro-CT imaging data are examined. The nu-
merical predictions of the displacement fields are compared to the deformation measured
in compression experiments. Analysis of the results shows very good agreement between
the experimental data and the FCM predictions, which underlines the potential of the
FCM as a simulation tool for micro-CT-based analysis.

For domains with multiple materials, the convergence behavior of the FCM deteriorates.
In this work, a treatment for material interface problems in the framework of the FCM is
proposed. It is shown that the use of a domain decomposition approach in conjunction
with an Ap-refinement scheme leads to a significant improvement of the convergence rates.
An application of the proposed scheme for the simulation of a high-resolution vertebra—
screw model is presented. Additionally, a numerical technique for the inclusion of loads
stemming from musculoskeletal models in the FCM is proposed. A numerical example
which considers a spinal segment demonstrates the capability of the proposed approach.
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Chapter 1

Introduction

1.1 Motivation

Osteoporosis compromises bone strength, increasing the risk of fractures with severe
health consequences. Vertebral fractures are a major clinical problem that is associ-
ated with with increased mortality. As osteoporosis is an age-related disease, the ongoing
demographic shift toward a more elderly population means that the number of individuals
with vertebral fractures will continue to increase [127].

Reliable patient-specific estimates of vertebral strength should improve diagnosis and
management of osteoporosis. Therefore, the development of a biomechanical simulation
method for the prognosis of insufficiency fractures is of major interest. This method needs
to be able to provide accurate predictions of the mechanical response of the patient’s bones
to estimate the risk of fracture. The mechanical response of the vertebra is determined
by its geometry and the bone mass density [51]. Hence, a patient-specific approach is
necessary for an individualized treatment, which takes the variable geometry and material
properties into consideration. Additionally, due to variations in the spine’s geometry,
e.g. in patients with spinal deformities such as scoliosis, the considered loads which
act on the vertebrae also need to be estimated differently for each patient. Hence, a
reliable simulation tool for patient-specific biomechanical analysis needs to be robust in
dealing with different geometries and boundary conditions. Furthermore, biomechanical
simulations could be used to gain a better understanding of bone-implant interaction.
Hence, they could be a useful instrument in designing better implants, and to aid surgeons
in their decision-making and planning of operations.

The finite element method (FEM) is ubiquitous in engineering practice as a simulation
tool for structural mechanics [111, 16]. In recent years, the use of finite element analysis
for the prediction of the mechanical behavior of bones has been gaining importance [210].
Subject-specific FE models based on quantitative computed tomography (QCT) images
have been used to predict in vitro vertebral strength, with better accuracy in comparison
to conventional prediction methods solely based on analysis of the bone mineral den-
sity [47, 51]. Research in the application of FE analysis to the simulation of vertebral
bone mechanics has also addressed the anisotropy of bone’s material properties [187], and
the simulation of large deformations and failure [110, 42].
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However, there are some challenges in conventional FE analysis that hinder its applica-
bility as an automated simulation tool for subject-specific biomechanical analysis. FE
analysis requires the discretization of the geometry by a suitable mesh. In continuum-
level voxel-based FEM, the segmented CT images can be directly converted into grids
of hexahedral finite elements [47]. This approach can be highly automated, and allows
for a direct mapping of the material parameters to the finite elements. However, its res-
olution is limited by the low resolution of clinical CT scans, resulting in a very coarse
geometric description. The Cartesian voxel grid-based meshes have jagged boundaries
with re-entrant corners which induce artificial singularities and limit the numerical accu-
racy. Higher fidelity approximations with higher numerical accuracy can be obtained for
the same scans by considering a linear, or higher-order, approximation of the geometry, as
demonstrated in [253, 193]. Unfortunately, the task of three-dimensional mesh generation
can be a complex and time-consuming one that is hard to automate [46]. Moreover, the
standard h-version of the FEM relies on low-order basis functions, making it numerically
less efficient than higher-order approaches [237], which have been also demonstrated to
be very well suited for continuum-level biomechanical analysis [270].

On the microstructural level, the micro-voxel based finite element method (u-FEM) has
been used to provide better understanding of the influence of the trabecular microstructure
on the bone’s mechanical behavior [246], and to simulate bone-implant interaction [261].
Whereas p~-FEM models of bone can be used to perform highly accurate numerical simu-
lations, they can be numerically very expensive due to the one-to-one mapping of micro-
voxels and hexahedral finite elements, which limits their applicability to the analysis of
whole vertebral bodies. High resolution u-FEM models typically have several tens to hun-
dreds of millions of degrees of freedom, which require high performance/supercomputing
resources [9, 2, 3].

Fictitious domain, or immersed boundary methods have emerged as an alternative to the
boundary conforming FEM. These methods are attractive because they avoid complex
mesh generation, and allow the use of solvers that take advantage of structured meshes.
One example of this class of methods is the finite cell method (FCM), which was intro-
duced in [190], combining the fictitious domain concept with high-order basis functions.
The main idea is to extend the originally complex geometry by a fictitious domain to a
much simpler shape, which can be easily meshed using a Cartesian grid. The use of high-
order basis functions, which smoothly extend into the fictitious domain, allows the FCM
to achieve exponential rates of convergence for smooth problems. The FCM has been in-
vestigated and successfully applied in various problems, including three-dimensional solid
mechanics [70], shell mechanics [199],linear thermoelasticity [278], geometrical nonlineari-
ties [219], contact mechanics [23, 24|, implicit and explicit elastodynamics [67, 76, 121, 86].
In the field of biomechanics, continuum-level FCM models of the human femur have been
validated in an in vitro study, showing high correlation between the numerical predictions
and the experiments [209]. The FCM has also been used for the microstructural analysis
of trabecular bone [249]. In particular, the flexibility of the FCM in dealing with complex
geometry, and in handling different types of geometric description make it very promising
as an automatic simulation kernel.

For problems with smooth solutions, the FCM achieves exponential convergence for
uniform p-refinement, which has been demonstrated in numerous numerical investiga-
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tions [190, 70, 30, 219, 278]. However, for non-smooth problems the convergence behavior
of the FCM significantly deteriorates. In problems with material interfaces, the displace-
ment field is piecewise smooth, exhibiting a kink (C°-continuity) at the material interface.
In the FCM, the edges and faces of the Cartesian mesh do not exactly match the material
interfaces. Within a finite cell, the smooth polynomial basis functions are unable to rep-
resent the discontinuity across the material interface, which causes an oscillatory solution
and reduces the convergence rate. Moreover, singularities and high solution gradients
require local refinement of the mesh to limit the approximation error, which does not fit
with the Cartesian grid nature of the FCM mesh. These problems need to be adequately
treated in order to unlock the FCM'’s potential as a simulation tool for biomechanics.

1.2 Objectives

In the scope of this work, we address these challenges as we investigate the applicability
the FCM for the numerical simulation of the mechanics of vertebral bone. The FCM will
be used for image-based structural analysis, with the geometry and material properties
of the vertebral bone originating from CT scans.

We present a new validation study of micro-CT-based FCM analysis of whole vertebral
bodies. To validate the numerical method, the predictions of the simulations are compared
to the results of mechanical experiments.

Concerning the application of FCM to non-smooth problems, we investigate the combi-
nation of the FCM with a domain decomposition technique to resolve the weak disconti-
nuity at material interfaces, and a local mesh refinement scheme. We verify the proposed
approach using a series of numerical benchmarks, and apply it for the simulation of a
vertebra—implant system.

In a patient-specific biomechanical simulation framework, realistic boundary conditions
could be provided by multibody simulations of musculoskeletal models. In these simula-
tions, biomechanical joints are idealized as points. Accordingly, the resulting loads are
given as concentrated forces and moments. In this work, we tackle another challenge fac-
ing the FCM, as we propose a numerical approach for the consideration of concentrated
loads in patient-specific FCM vertebra models.

We hypothesize that, owing to its inherent flexibility in dealing with geometry, the FCM
has great potential as a simulation tool for biomechanical analysis. As an immersed
boundary method, the FCM can be used for simulations of complex geometry without
mesh generation. The use of high-order basis function, together with the weak enforcement
of interface conditions, and the multi-level hp-refinement scheme ensures high accuracy,
even for non-smooth problems.

1.3 Outline

This thesis is organized as follows: In Chapter 2 we present a literature review of finite
element analysis of vertebral bone. We start by summarizing the relevant background
information on the anatomy of the spine and the biomechanics of vertebral bone. Then, we
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present a survey of the different types of FEM models used in literature for the simulation
of biomechanics of the vertebra.

In Chapter 3, we present the finite cell methods and its application in the simulation
of bone mechanics. Starting with a summary of the theory of linear elasticity and the
respective governing equations, we present the fundamentals of the finite element method,
and the extension to its p-version. We then present the concept of the finite cell method
as an extension of the p-version of the FEM with an embedded domain approach. We give
special attention to image-based finite cell analysis. Finally, we review previous efforts in
the application of the FCM for bone mechanics, its verification and validation.

In Chapter 4, we present a validation study for micro-CT-based FCM models of human
vertebral bodies. The study makes use of digital volume correlation techniques to quantify
the displacements occurring due to compression of vertebral bodies during a compression
experiment. The measured displacements are used to define the boundary conditions for
the FCM models, and to validate the predictions of the FCM models.

In Chapter 5, we propose a numerical technique for the efficient simulation of embedded
material interface problems using the FCM in conjunction with a coupling method and a
local refinement scheme. We present a series of numerical benchmarks of material interface
problems—in two and three dimensions—to verify the proposed method.

In Chapter 6, we present two applications of the FCM for solving problems including
material interfaces in bone mechanics. The first application presents a numerical technique
for the inclusion of loads stemming from musculoskeletal models into patient-specific FCM
models. The second application shows the potential of the FCM with multi-level hp-
refinement for the simulation of vertebrae with pedicle screws, and demonstrates that the
proposed method can be used to solve material interface problems involving very complex
geometry.

Finally, in Chapter 7, we present a summary of the scientific conclusions of the work
presented in this dissertation and discuss possibilities for further development in future
work.



Chapter 2

Finite element analysis of vertebral
bone: a literature review

In this chapter, we discuss previous efforts in the application of conventional finite element
analysis for the simulation of vertebral bone. We start by summarizing the basic anatomy;,
structure and function of the human spine. Following that, we discuss the structural me-
chanics of the vertebra, the loads which are considered in biomechanical simulations and
the mechanical properties of vertebral bone. Finally, we present a literature review of
conventional finite element simulations of vertebral biomechanics, pointing out the differ-
ent scales of biomechanical models, and the various numerical modeling and discretization
techniques.

2.1 Anatomy of the spine

In the following, we present a brief introduction to the anatomy of the human spine. For
further in-depth information, the interested reader is referred to [170, 25].

2.1.1 Spinal column

The vertebral column serves to support the human body in the upright posture, while
allowing for movement and locomotion. Additionally, it surrounds and protects the spinal
cord which is housed within the vertebral canal [170].

The adult spine is composed of 24 separate bony vertebrae, together with five fused
vertebrae which form the sacrum and four fused vertebrae which form the coccyx (the
tailbone). The spine can be divided into three main regions as shown in Figure 2.1: the
cervical (neck), thoracic (chest), and lumbar (trunk) spine. In this work, we focus on the
lower thoracic and lumbar regions.

Adjacent vertebra are separated by intervertebral discs, with the exception of the first
and second cervical vertebrae. At the rear (posterior), spinal muscles attach to the bony
processes of the vertebrae. Ligaments extend along the vertebral column at the front
and at the back. They are made of fibrous connective tissue which joins the vertebrae to
restrict movement and prevent damage to the vertebral column [170].
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Figure 2.1: Anatomy of the spinal column, reproduced from [25].
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In the sagittal plane (viewed from the side), the vertebral column has an S-shaped curved
shape, with [ordotic curves in the cervical and lumbar regions (convex forward), and a
kyphotic curve in the thoracic spine (concave forward). These curves give it increased
flexibility and better shock-absorbing capacity, while maintaining adequate stiffness and
stability at the intervertebral joint level. When viewed from the back, a normal spine
is vertically straight. If the spine shows an abnormal lateral curvature, this indicates a
condition named scoliosis [25].

2.1.2 Vertebrae

The vertebrae are the building blocks of the vertebral column. Figure 2.2 depicts the
anatomy of a lumbar vertebra. The vertebra can be divided into three functional compo-
nents: the vertebral body, the pedicles and the posterior elements.

Superior articular

Transverse facet
process ‘ Vertebral body
Mamillary -~ o Anterior
process O R
i
Lamina \ Vertebral
iy canal

Posterior / ( :f
N -~ \, ‘
g ; \ " _ Pedicle

Spinous Superior articular

process . . process
Inferior articular

process

Figure 2.2: Anatomy of a typical lumbar vertebra, reproduced from [170].

The vertebral body mainly serves the function of weight bearing and is roughly cylindrical
in shape. It is composed of a trabecular core surrounded by a cortical bone shell. The
microstructure of trabecular (also called cancellous) bone consists of a network of rods
or plates called trabeculae, whereas cortical (or compact) bone is a highly dense bone.
The superior and inferior endplates of the vertebral body are composed of a thin layer
of cortical bone, and are dedicated to supporting loads transferred from the adjoining
intervertebral discs.

The two pedicles connect the vertebral body and the posterior elements which project
from the vertebral arch. The vertebral body and the vertebral arch form the vertebral
canal, which houses the spinal cord. The posterior elements of the vertebra are the laminae
and the processes. They form a very irregular mass of bone, with various protruding bars
of bone. The articular processes of neighboring vertebrae can interlock to resist forward
sliding and twisting of the vertebral bodies. The spinous and transverse processes provide
areas for muscle attachments, and act as levers to magnify the action of the attached
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muscles. The laminae serve to transmit the forces from the spinous and inferior articular
processes, providing stability in the horizontal plane [25]. However, the posterior elements
have little contribution to vertebral strength in axial compression [108].

While all vertebrae share this general structure, specific characteristics of individual ver-
tebrae vary along the vertebral column. The cervical vertebrae are the smallest and
lightest. The thoracic vertebrae are larger in comparison, and contain facets at which the
ribs connect to the vertebral column. The lumbar vertebrae are the largest, as they need
to support more weight [170].

2.1.3 Intervertebral discs

The intervertebral discs lie between the vertebrae and form the major joints of the verte-
bral column. Their principal functions are to transmit loads between the vertebral bodies,
and to allow and restrain motion at the interbody joints. Discs are bounded anteriorly
and posteriorly by ligaments [170].

The two main components of the disc are the annulus fibrosus and the nucleus pulposus,
as depicted in Figure 2.3. The annulus fibrosus is a composite structure consisting of
concentric lamellae of collagen fibers with alternating orientations, which are embedded
in a proteoglycan gel matrix. The annulus fibrosus encloses the nucleus pulposus, which
is a highly viscous gelatinous mass. The discs are separated from the adjoining vertebral
bodies by thin cartilaginous plates [170].

4cm

Nucleus ~ Annulus
‘ pulposus fibrosus | |

MNerve root

Lamellae of
annulus fibrosus

Cartilaginous Mucleus pulposus

end-plate Annulus fibrosus

Figure 2.3: Anatomy of the intervertebral disc, reproduced from [197].

2.2 Biomechanics of the vertebra

In this section, we discuss the structural mechanics of the vertebra and the mechanical
properties of vertebral bone. More details on the rich subject of vertebral biomechanics
are found in [180, 48, 130, 224].



2.2. Biomechanics of the vertebra 9

2.2.1 Structure of vertebral bone

Bone is a complex material with a multi-scale hierarchical structure. This structure makes
it efficient in load bearing, as it results in a high strength to weight ratio [48]. As men-
tioned in the previous section, the vertebral body is composed of a cortical shell which is
reinforced by a trabecular core. This structure has the advantage of being lightweight, due
to the porous trabecular core, while having high compressive strength. In compression,
the vertical trabeculae reinforce the cortical shell to carry the load, while the horizontal
trabeculae maintain stability by creating transverse tension (lateral support) [25].

Microstructure of cortical bone

At the microscale, cortical bone is very dense, with a porosity of approximately 6%.
The thickness of the vertebral shell is in the range a few hundred pm. Blood vessels in
the cortical bone are surrounded by osteons, which are composed of concentric rings of
calcified matrix called lamellae. Osteons can be several millimeters long and they run
parallel to the long axis of the bone [224].

Microstructure of trabecular bone

Trabecular bone is usually found in bones that are loaded in compression. It has a
foam-like microstructure, with an interconnecting network of microscopic lamellae, called
trabeculae. They are surrounded by bone marrow which has little mechanical role except
perhaps in high-energy impact. Trabeculae range from 50 to 300 pm in thickness, and
their spacing is in the order of 1 mm. The orientation of the trabecular network depends
on the loading direction in the bone, with a principal direction along which mechanical
stiffness and strength are greatest, leading to an anisotropic behavior. In the vertebral
body, the principal orientation is along the inferior—superior axis [224].

2.2.2 Vertebral loading

The vertebra is mainly loaded through the adjacent intervertebral discs. Additionally,
spinal muscles attach to the vertebral processes and act to stabilize the spinal column.
The effect of muscle forces can significantly influence the results of biomechanical analysis
of the spine [259]. The spine is loaded with a combination of compression, bending
and torsion. Flexion, extension and lateral bending movements result in compressive and
tensile stresses in the intervertebral disc as illustrated in Figure 2.4, whereas axial rotation
subjects the disc to shear stresses [258].

The compressive load is transferred between the vertebral endplates through the nucleus
pulposus and the annulus fibrosis. In a non-degenerated disc, hydrostatic pressure builds
up within the nucleus and acts on the endplates and the annular ring. In an aging
spine, the disc degenerates and the nucleus loses its water content and is not capable of
building up sufficient pressure. As a result, the endplates are subjected to less pressure at
the center, and the load distribution shifts towards the posterior endplate and vertebral
arch [168].
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Figure 2.4: Stresses in the intervertebral disc, reproduced from [258]

2.2.3 Mechanical properties of vertebral bone

An accurate description of the material properties is essential for reliable modeling of
the mechanical behavior of bone. The material properties of vertebral bone can be
characterized at different length scales. Here, we distinguish between the tissue- and
continuum-level properties. Tissue-level mechanical properties describe the mechanical
behavior of the constituent material independently of microscopic porosity, whereas the
coarser continuum-level mechanics describe the overall mechanical response of the bone
structure.

Several studies which have investigated the tissue-level material properties of cortical
and trabecular bone suggest that the mechanical properties of the two types of bone are
highly similar on the tissue level. The values for the Young’s modulus estimated for the
longitudinal direction using acoustic and nano-indentation experiments range between 16
and 22 GPa [132, 245, 202, 204].

On the continuum-level, the mechanical behavior of trabecular bone exhibits an initial
linear elastic regime, followed by a nonlinear yield region where failure initiates. The final
post-yield phase occurs when the trabeculae reach their ultimate stress in compression
(ductile failure), or abruptly ends due to fracture in tension (brittle failure). Generally,
trabecular bone is weaker in tension than in compression. However, this asymmetry is
rather small for the spine and can be neglected [130]. The stress—strain response of verte-
bral trabecular bone samples shows that the yield point is reached at strains less than 1.0%
both in tension and compression, and reach the ultimate strains in compression at less
than 2.0%. Under tensile loading, trabecular bone fractures at a strain of approximately
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1.5% [140].

Vertebral bone is anisotropic in both stiffness and strength. Mean values of Young’s
modulus and strength along the inferior-superior axis have been reported to be around 3
times higher than in the transverse directions [130]. While this anisotropy is considered
mild in comparison with fiber-reinforced composites, its biomechanical influence on whole
bone strength could be significant, especially for complex off-axis load scenarios.

An important characteristic of trabecular bone is its heterogeneity which leads to wide
variations in its apparent (continuum-level) mechanical properties. In the vertebra, this
mainly results from local variations in the bone volume fraction and the microstructural
architecture. This results in large variations in the Young’s modulus (from 50 MPa to
over 700 MPa) and the bone strength (from about 0.5 MPa to 5 MPa) [130].

The stiffness of trabecular bone depends primarily on the bone volume fraction or its
apparent density, which is defined as the product of the bone volume fraction and tissue
density (approximately constant around 2.0 g/cm?). However, an exact form of this E—p
relationship has not been unequivocally determined [102]. Other variables significantly
influence this relationship including the anatomical site of the bone specimen [173], the
loading direction, and testing method [224]. Similarly, bone strength also depends on
the density, as there is a strong linear correlation between the stress at which trabecular
bone fails and the corresponding Young’s modulus [130]. For trabecular vertebral bone,
Kopperdahl et al. [141] reported density—mechanical property regressions that are based
on mechanical testing of 45 vertebral bodies. These relationships are commonly used in
QCT-based biomechanical models of the human spine.

2.3 Biomechanical finite element analysis of
vertebral bone

The finite element method (FEM) represents the current state-of-the-art in biomechan-
ical simulations of bone [210]. Since the 1980s, there have been numerous efforts in the
application of the FEM to the simulation of bone mechanics [112]. Substantial research
has been devoted to the development of material models, medical image processing tech-
niques, and the development of novel finite element technologies. Detailed reviews of the
application of FE analysis in bone research are found in [120, 210]. The fundamentals of
the theory of linear elasticity and the FEM are presented in Section 3.2 and Section 3.3,
respectively. In the following, we present an overview of previous efforts in the application
FEM for the biomechanical analysis of vertebral bone.

Subject-specific numerical models of bone need to capture the relevant geometric details
and corresponding material properties of the actual structure. To this end, geometric de-
scriptions that are reconstructed from medical images are used. FE modeling approaches
of bone can be grouped into two major categories, based on the length scale in which the
geometry and the biomechanics are considered: continuum-level, and microstructural FE
models. Both approaches are based on three-dimensional reconstructions of the geometry
that can be obtained non-destructively using computed tomography (CT) or magnetic
resonance imaging (MRI) [156, 153].
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2.3.1 Continuum-level FE analysis

Continuum-level FE models consider the heterogeneous material properties of the trabec-
ular bone but do not include the microstructural details [210]. Most commonly, they are
based on quantitative CT (QCT) scans which have a resolution of about 1 mm.
Computed tomography is a non-invasive medical imaging technique used to obtain detailed
internal three-dimensional images of the body. A CT scanner uses a rotating X-ray source
and special digital X-ray detectors, which are located directly opposite the X-ray source. A
three-dimensional image is obtained as a series of cross-sectional two-dimensional images,
where the X-ray attenuation value of the tissue at each point in the slice is computed. A
voxel is a volume element corresponding to a pixel in a two-dimensional slice. CT image
calibration can be used to convert the attenuation values to equivalent density [103].

To reconstruct the geometry of the vertebra from a CT scan, a segmentation is carried
out. This is the process of detecting and identifying separate structures in the image, and
labeling the voxels accordingly. Depending on the size and resolution of the scan, it can
be a tedious and time-consuming task that requires considerable manual effort. Hence, a
lot of research effort has been dedicated for the development of automatic segmentation
algorithms for the vertebra [221].

The intervertebral discs transmit forces between the spinal segments, and including their
influence is important for realistic modeling of the boundary conditions. Ligaments and
muscles attached to the bone also exert forces which could be significant to the outcome
of the biomechanical analysis. One possibility is to extend the model to also include finite
element models of the ligaments and the discs, which consider the geometric and material
nonlinearities [255]. Alternatively, musculoskeletal models of the spine can be used to
model the dynamic behavior and define the boundary conditions to the FE analysis of
the bone, as discussed in Section 6.1 in detail.

Voxel-FEM

In the voxel-based finite element method (voxel-FEM), the finite element meshes are
automatically generated from the segmented CT images, where each voxel in the three-
dimensional image is converted to an 8-noded hexahedral (brick) finite element. To model
the heterogeneity of the bone, E—p relationships are used to assign a separate Young’s
modulus for each elements corresponding to the voxel’s density value. This simple ap-
proach was originally introduced by Keyak et al. [134] to carry out CT image-based FE
analysis of the femur. Voxel-FEM analysis holds the advantage of being fully automated,
requiring no manual modeling effort, while providing numerical predictions with good
accuracy. However, the voxel-based description of the surface geometry gives jagged sur-
faces with re-entrant corners, which lead to a lower accuracy in comparison to modeling
approaches that consider a smooth description of the geometry, as shown in a comparative
study of femur models [253].

Voxel-FEM models of vertebral bodies were presented by Crawford et al. [47] in a study
which validated FEM predictions of vertebral strength. In that study, the authors con-
sidered 13 human vertebral bodies which were scanned with QCT (0.674 mm voxel size),
which does not resolve the trabecular microstructure (see Figure 2.5). The E—p relation-
ship developed by Kopperdahl et al. [141] was used to assign the transverse isotropic
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material properties. The vertebral strength determined in experiments was positively
correlated with the FE measures of strength (R* = 0.86), which demonstrated the better
performance of voxel-FEM models in predicting vertebral compressive strength in com-
parison to the existing state of the art, which was solely based on analysis of the bone
density.
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Figure 2.5: The distribution of axial elastic moduli in a voxel-based finite element model
of a vertebral body. The finite element dimensions are 1 x 1 x 1.5 mm®. Reproduced
from [47]

Voxel-FEM models of vertebral bodies have been extensively used to study the mechanics
of vertebral bone, and to assess vertebral strength as influenced by osteoporosis [131, 40,
139, 4]. A more accurate prediction of the mechanical response, especially for cases with
off-axial loading, can be obtained using more complex material models which account for
the bone’s anisotropy. In [34], a fabric-based model [286] was used in voxel-FEM analysis
to predict damage accumulation in vertebral bodies under combined loads. Nonlinear
continuum-level voxel-FEM models were also developed to study vertebral fractures and
damage [52, 38].

h-FEM

A more sophisticated FEM modeling approach considers the smooth surface geometry of
the bone. To that end, a boundary-representation (B-rep) surface model is reconstructed
from the segmented CT images. This be achieved for example using the marching cubes al-
gorithm. An unstructured mesh of the B-rep model can then be generated using standard
meshing algorithms. Hexahedral and tetrahedral elements are commonly used for h-FEM
simulations of bone mechanics [253]. For biomechanical analysis of the femur, it has been
shown that quadratic tetrahedral elements (with 10 nodes) achieve higher accuracy and
computational efficiency in comparison to linear four-noded tetrahedra [193].

For density-based models, the material properties are defined voxel-wise. In finite element
analysis, the material properties are evaluated during numerical integration at specified
points within the element. Unlike voxel-FEM which uses a one-to-one mapping between
voxels and finite elements, h-FEM models with unstructured meshes require a specialized
strategy for material mapping. Whereas earlier modeling approaches employed an average
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element density [280], it was demonstrated that a voxel-wise interpolation of the “Young’s
modulus continuum field” provides significantly more accurate predictions [239].

For biomechanical simulations of the vertebra, the use of unstructured A~-FEM meshes al-
lows for a more detailed modeling approach. Structural shell elements can be more readily
used to model the cortical shell, which are coupled to the tetrahedral finite elements used
to model the trabecular core [37]. They also allow for more flexibility in the definition
of the boundary conditions [155], and modeling contact at the vertebral endplates. Fig-
ure 2.6 shows a detailed h-FEM model of a vertebral segment [42] which illustrates these
points. Continuum-level hi-FEM models were also used in conjunction with anisotropic

[] Trabecular Bone M Nucleus Pulposus [0 PMMA
B Cortical Bone @ Annulus Fibrosus
o Loaded Node = Constrained Node

Figure 2.6: h-FEM vertebral models A) Mesh for a whole spine segment, including inter-
vertebral discs. B) Mesh with PMMA embedding of center vertebra endplates. Repro-
duced from [42].

material models to study the damage mechanisms and fracture risk in vertebral bod-
ies [37, 39, 20]. Nonlinear models accounting for large strain compression and damage
were also developed and used in A-FEM models to accurately predict experimental failure
patterns in vertebral bodies [110, 109, 42]

»-FEM

An alternative simulation approach for the biomechanical analysis of bone is given by the
p-version of the finite element method (p-FEM). In this approach, high-order polynomials
are used as basis functions to approximate the solution. This results in a more favorable
convergence behavior, which allows for more accurate and efficient simulations in com-
parison to the standard h-FEM. However, the p-FEM requires special attention for the
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geometric modeling and mesh generation [237]. To ensure accurate numerical predictions,
the smooth geometry needs to be accurately described by high-order elements which can
represent the curvature. For image-based bone simulations, this requires additional pro-
cessing of the segmented CT scans to identify the boundaries of the bone, and apply
boundary smoothing to create solid models of the bone, which are finally subdivided
into finite elements with curved boundaries. This geometry reconstruction and meshing
pipeline is illustrated in Figure 2.7.

The solid model

Figure 2.7: Continuum-level p-FEM vertebra modeling pipeline, reproduced from [192].

In the field of bone mechanics, the p-FEM was first applied for the biomechanical analy-
sis of the human tibia, showing realistic predictions of stresses and displacements under
static loading [175]. Several validation studies were presented for subject-specific p-FEM
analysis of the femur, showing very good agreement between the p-FEM predictions and
the experiments [273, 244]. Both isotropic material models based on E—p relationships,
and anisotropic models based on micromechanical approaches were shown to be applica-
ble [272]. Similarly, p-FEM models of the humerus were validated through comparison to
experiments. In direct comparison to standard h-FEM models generated using Abaqus,
p-FEM models were shown to be more numerically efficient [49]. Further applications for
the simulation of hip prosthesis were also presented in [271, 129]. For p-FEM simulations
of the vertebra, preliminary work presented in [192] reported realistic results that are
close to experimentally and numerically reported values in the literature.

2.3.2 Microstructural FE analysis

Microstructural finite element models are based on high-resolution images that resolve the
details of the trabecular microstructure. Such images can be obtained using micro-CT
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scanners, which resolve the trabecular microstructure of bone samples at a resolution in
the order of 10-50 pm. High-resolution peripheral QCT (HR-pQCT) scanners have also
seen technological advancements in recent years, which enable scanning of the extremities
of the musculoskeletal system with a resolution of 55 pm [159]. Currently, such resolutions
are not possible in vivo for the human vertebra, which hinders the possibility of clinical
assessment of bone strength using microstructural FE models. However, such models
have been essential in gaining a better understanding of bone micromechanics and the
different contributions of the vertebra’s structural components, as well as bone-implant
and bone—cement interactions.

h-FEM

On a microstructural level, carrying out FE analysis based on boundary-fitted meshes
can be very challenging. The foam-like trabecular microstructure has a complex three-
dimensional geometry, which makes the generation of analysis-suitable finite element
meshes very difficult [162]. To that end, the high-resolution CT images first need to
be segmented to identify the trabecular structure. Then, it is often necessary to exclude
regions of bone that are disconnected from the main structure, as they would lead to
singular stiffness matrices. Based on the segmentation mask, a surface model of the bone
can be reconstructed e.g. using the marching cubes algorithm. Finally, the surface repre-
sentation can be then used to generate the FE mesh with linear or quadratic tetrahedral
elements with element sizes in the range of 20-80 pm.

Due to this level of complexity, boundary-fitted microstructural FE models are often
limited to analysis of small specimens of trabecular bone. However, they can be used to
simulate very complex stress states with high local accuracy. Applications include the
modeling of trabecular bone damage and fracture [95], and the micromechanical damage
modeling in bone-cement interfaces [115, 282].

-FEM

An alternative approach that does not require the generation of boundary-fitted meshes is
the micro-voxel finite element method (u-FEM), which is considered the current gold stan-
dard for simulation of the micromechanics of bone [106, 247, 246]. Similar to continuum-
level voxel-FEM described in the previous section, it relies on the conversion of each voxel
to a hexahedral finite element, but with voxel size in the range of 20-80 ym. However, on
the microstructural-level trabecular bone is considered homogeneous and isotropic, and
hence each element is assigned the same tissue Young’s modulus. This assumption is
sufficient for predicting the apparent elastic properties of trabecular bone specimens, as
reported in several studies [247, 148, 251, 266]. It has also been shown that p-FEM models
and continuum-level h~-FEM models that were enhanced by an anisotropic density-fabric-
based material model and subject-specific cortical shell modeling provided equivalent
structural predictions [187, 186].

Due to the high resolution necessary to accurately represent the complex geometry of
the trabecular microstructure using a voxel grid, u-FEM models result in systems with
a very large number of unknowns, making them computationally expensive. Hence, they
were limited to studying small samples of bone. High-resolution models of whole vertebral
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bodies have hundreds of millions of degrees of freedom, which required supercomputing re-
sources [3, 2, 9]. Figure 2.8 shows the u-FEM model of a vertebral body modeled at 30 pm
resolution, which was presented in [2]. The complexity of the trabecular microstructure
and the large size of the model are obvious.

Figure 2.8: p-FEM model of vertebral body modeled at 30 pm resolution, reproduced
from [2].

With high-performance computing resources becoming more available, and with advances
in algorithms for the solution of very large linear systems, u-FEM analysis of larger bone
specimens is becoming more feasible [45]. It has been an important tool in understanding
the mechanics of the vertebra, e.g. how the cortical shell contributes to vertebral body
stiffness [17]. Convergence studies of the linear elastic models of the p-FEM verified the
numerical predictions of the displacements and the strains [33]. Models of vertebral bodies
have also been validated through comparison to mechanical experiments [45], which we
discuss in detail in Chapter 4.

The p-FEM has also been extensively used to study bone-implant mechanics and pedicle-
screw fixation [262, 242, 35], where the high spatial resolution is necessary for accurate
modeling. Nonlinear y-FEM models have also been applied to accurately predict failure of
trabecular bone [178, 250] and model its behavior post-yield [251]. Fields [79] presented an
application of nonlinear u-FEM analysis of the vertebra to study failure mechanisms, and
the different contributions of the trabecular bone, the cortical shells and the endplates.
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Chapter 3

The finite cell method for
biomechanical analysis of bone

In this chapter, we present a review of the finite cell method (FCM) for the simulation
of bone mechanics. Starting with the necessary theoretical background, we present a
brief summary of the theory of linear elasticity which is used to model the mechanical
behavior of bones. Following that, we present the fundamentals of the finite element
method (FEM), and discuss the standard h- and high-order p-versions. We explain the
concept of the FCM as an immersed boundary method that is based on the p-version of
the FEM and discuss its special aspects. Finally, we review previous work in literature
where the FCM was applied for the simulation of bone mechanics.

3.1 Introduction

For problems that involve complex geometries in engineering practice, subdividing the
domain into boundary-conforming finite elements remains a challenging task that can
constitute a severe bottleneck in the simulation process [46]. This is especially relevant for
problems in biomechanics, where only an implicit description of the geometry originating
from tomography scans is available.

In the p-version of the finite element method, the use of high-order basis functions leads to
a more desirable convergence behavior, allowing for more efficient simulations in compari-
son to the classical h-FEM. However, mesh generation of complex geometry presents even
more challenges for the p-version of the FEM. In comparison to low order FEM meshes,
meshes used for p-FEM analysis are typically composed of fewer but larger elements. To
ensure an accurate numerical solution, the geometric mapping in the p-version needs to
represent the curved element boundaries with sufficient accuracy. For cases involving com-
plex geometry, creating a suitable mesh for the p-version with accurately curved elements
can be prohibitively difficult. A mesh generator for thin structures which can accurately
represent the curved boundaries was presented in [233]. However, general curved meshing
of bulky volumetric structures is more challenging [234]. For p-FEM applications in bone
mechanics, an additional step of reconstructing a smooth surface representation from the
tomography images is necessary. A mesh based on the curved boundary-representation
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model can be subsequently generated [272], describing the geometry by curved hexahedral
and tetrahedral elements.

Immersed boundary methods, also known as fictitious or embedded domain methods,
have emerged as an alternative to the classical boundary-conforming FEM to avoid com-
plex mesh generation. Notable examples of this class of methods include Cut-FEM [98],
extended and generalized FEM [82] and weighted extended B-spline approximation [105].
These methods circumvent the challenging task of mesh generation by extending the do-
main of interest beyond the boundaries of the object’s physical domain to a bounding box
with a simple shape which can be trivially meshed. The finite cell method (FCM), which
was introduced in [190], combines the fictitious domain idea with the p-version of the
FEM. The use of high-order basis functions, which smoothly extend into the fictitious do-
main, allows the FCM to achieve exponential rates of convergence for smooth problems.
The FCM has been investigated and successfully applied in various problems, includ-
ing three-dimensional solid mechanics [70], linear thermoelasticity [278], geometrically
nonlinear problems [219], contact mechanics [23, 24], implicit and explicit elastodynam-
ics [67, 76, 121, 86] and topology optimization [69, 90].

A remarkable feature of the FCM is its ability to handle different types of geometric
representations. In the FCM, the geometric representation is only needed during the
numerical integration of the weak form. Therefore, the implicit geometric representation
only needs to be able to determine whether a given point lies inside or outside the exact
geometry: the so-called point membership test (or inside-outside test) [190]. The FCM
can hence be used with virtually any type of geometric representation: constructive solid
geometry (CSG) [256, 200], boundary representation (B-Rep) provided by CAD mod-
els [76], voxel representations [70], and point clouds [142]. Furthermore, a methodology
for handling flawed models using the FCM has been presented in [257], allowing direct
computations on CAD models containing geometric and topological flaws. This flexibility
and robustness of the FCM in dealing with geometric models makes it an ideal choice for
an automated simulation pipeline based on medical images. Moreover, using the FCM
allows for an easy combination of different geometric types of descriptions, such as using
voxel models for biological tissues and CAD models for implants, as demonstrated in this
work in Section 6.2.

3.2 Theory of linear elasticity

The field of continuum mechanics deals with the mechanical behavior of solid bodies. Here,
the solid bodies are regarded as continuous masses rather than sets of discrete particles.
Under certain assumptions regarding the kinematics and constitutive relationship, a linear
elastic behavior is deduced. This section provides a brief summary of the fundamental
concepts of continuum mechanics and the theory of linear elasticity, which are required to
describe the subsequent finite element formulations. Comprehensive details on the subject
can be found in [157, 26, 227]. The notation used in this thesis closely follows the work
of Bonet and Wood [26].



3.2. Theory of linear elasticity 21

Figure 3.1: Reference and current configurations

3.2.1 Kinematics

Kinematics describe the motion and deformation of the solid body in space without con-
sidering the forces that cause this transformation. In the initial configuration, a material
point can be defined by its position X within the domain Qo C R3. The boundary of the
domain in the reference configuration is denoted by 0€)y. The position of the material
point in the current configuration at time ¢ is given by & € 2. A continuous and one-to-
one mapping function ¢ describes the transformation from the reference to the current
configuration

x = p(X,t), (3.1)

as illustrated in Figure 3.1.

Two traditional viewpoints are considered to describe the motion. The first one is the
Lagrangian (material) description, where the motion of the material material is described
with respect to its position in the reference configuration X; that is, the observer is fixed
to the material point. The second viewpoint is the Eulerian (spatial) description, which
is usually used in fluid mechanics, considers the current configuration as the observer’s
position is fixed in space. In this work, we follow the Lagrangian description.

The position vectors X and x are defined using a Cartesian basis

The displacement field w is introduced as the difference between the two vectors

u=ult)=x—X = [u,v,w]. (3.3)
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The deformation can be characterized using the deformation gradient tensor F'. The
linear mapping between infinitesimal line elements in the initial configuration dX and in
the current configuration da is carried out by

de=F - -dX. (3.4)
The deformation gradient tensor is given by

0z 0(X +uw) ou
F_ﬁX_ OX —I—|—8—X—I+VXU, (35)

where Vx denotes the gradient with respect to the initial configuration, and I is the
second-order identity tensor.

The unsymmetric deformation tensor F' describes the total transformation including any
rigid body rotations. Hence, strain measures are introduced to characterize the local
deformation excluding rigid body motions. The Green-Lagrange strain tensor E charac-
terizes this deformation in terms of the change of length of a line element, and is given
by

1 1
E=; (FTF-1)= 5 (Vxu+ Vxu' + Vxu' Vxu). (3.6)
Unlike F', the Green-Lagrange strain tensor E is symmetric and vanishes for pure rigid
body transformations. For small deformations, i.e. ||Vxu| < 1, the high-order terms
in (3.6) can be neglected. Linearization of E leads to the symmetric infinitesimal strain
tensor €

€= % (Vxu+ Vxu') ~ E. (3.7)

In this work, we follow the assumption of small deformations to study the mechanical
behavior of bones and metal implants. This is considered sufficient for studying the
apparent properties of bone under small loads, but would not be a valid for studying
bone damage and failure, where large deformations need to be taken into account, as
shown e.g. in [110, 42].

3.2.2 Stress

Stress is a physical quantity which describes the internal interactions between neighboring
material particles within a continuum due to deformation. Considering the force d f acting
on a surface element da of the deformable body in its current configuration. The surface
traction t is defined as the force per unit area

_4f

t= (3.8)

Cauchy’s stress theorem relates the traction vector to the outward pointing unit normal
vector on da, denoted by n, through the Cauchy stress tensor o

t=o0-n. (3.9)



3.2. Theory of linear elasticity 23

The tensor consists of nine components that define the stress state at a point due to the
deformation:

Ozex Toy Tzz
o= |Tye Oy Ty (3.10)
Tzr Tzy Ozz

Figure 3.2 depicts the sign convention for the Cauchy stress tensor. The tensor is sym-
metric, ¢ = o', which can be shown to be the result of the conservation of angular
momentum [26].
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Figure 3.2: Sign convention of stress tensor components

3.2.3 Equilibrium equation

The linear momentum of the deformable body {2 is defined as

L= /pd:dQ. (3.11)

Q

The conservation of linear momentum, as stated by Newton’s second law of motion,
postulates that the rate of change of £ in time is equal to the sum of all forces applied
to the body

%/pd:dﬂz/bd&l—f—/tdF, (3.12)

Q Q 0N

where b and t are the body force and the surface traction acting on the body. Using
Cauchy’s stress theorem (3.9), and applying the divergence theorem and the law of con-
servation of mass gives Cauchy’s first equation of motion

V-o+b=pii Vxe (3.13)

For quasistatic problems, the inertia forces are much smaller than the internal forces and
can therefore be neglected

V.o+tb=0 VzeQ (3.14)
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3.2.4 Constitutive relationship

In continuum mechanics, constitutive models connect the kinematic variables (strains) to
the stresses, which makes it possible to compute all the unknowns of the boundary-value
problem [107]. These models describe the material’s behavior in response to deformation.
A material is called elastic if its stress state depends only on the current deformation
state; i.e. it is independent of the deformation history. Elastic deformation is completely
reversible, meaning that the material returns to its undeformed state after unloading—in
contrast to plastic deformation which is permanent. In case of small elastic deformations,
a linear constitutive relationship is given by the generalized Hooke’s law:

oc=C:e. (3.15)

Here, the linear elastic material tensor C is a fourth order tensor relating the Cauchy
stresses to the infinitesimal strain tensor. If the material behavior is also assumed to be
isotropic, i.e. independent of the material’s orientation with respect to the load, C is
given as

C=ATII+2u %", (3.16)
where I*¥™ denotes the fourth order symmetric identity tensor. The Lamé constants A
and p can be defined in terms of the Young’s modulus E and the Poisson ratio v

E Ev
p:m and AZ(l—i—y)(l—?y)' (3.17)

In this work, we apply isotropic linear elastic material models for bone tissue and metal
implants. As discussed in Section 2.3, these assumptions are justified for simple load
cases.

3.2.5 Boundary-value problem

A boundary-value problem for (3.14) involves imposing boundary conditions on the dis-
placement function u on the boundary 0f2. Here, we consider two types of boundary
conditions: Dirichlet (or essential) boundary conditions which specify the values of the
primary variable u, and Neumann (or natural) boundary conditions which specify the val-
ues of the derivative. To incorporate both types of conditions, we assume that the bound-
ary admits the decomposition into two distinct parts 0Q = I'p UT'y, with I'p N Ty = 0,
as illustrated in Figure 3.3.

The boundary-value problem is stated in its strong form as:

Given b: Q >R3> t: Ty - R @ :Tp — R?, find u : Q — R3 such that:

V-o+b=0 Ve € €, (3.18a)
u=1u Va € T'p, (3.18b)
o-n=t Ve € Iy, (3.18¢)

where @ is the prescribed value for the displacement on the Dirichlet boundary and % is
the prescribed value for the traction on the Neumann boundary.
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Figure 3.3: Boundary-value problem on €2

3.3 The finite element method

Finding closed-form solutions to the strong form of the boundary-value problem (3.18)
defined by the partial differential equations and boundary conditions is only possible in
a few cases—when the geometry and boundary conditions are very simple. For prob-
lems of practical relevance, numerical approaches are commonly used to estimate the
solution. Such approaches include the finite difference method [241], boundary element
methods [28, 128] and the finite element method (FEM), which is most commonly applied
for engineering problems in solid mechanics [16, 111].

In the FEM, a weak form of the boundary-value problem is considered, and the solution
is approximated using piecewise-continuous (multivariate) polynomials. The domain of
interest is partitioned into a set of elements, which are used to define the basis functions.
In comparison to other numerical schemes, the FEM holds an advantage in its ability
to deal with complex geometry and boundary conditions. An important aspect is the
possibility for local mesh refinement to accurately describe solution features. Moreover,
the FEM formulation leads to a computationally efficient analysis due to the sparsity of
the resulting systems of equations. In this section, we briefly present the fundamentals of
the FEM and its p-version. More detailed discussion can be found e.g. in the textbooks
by Hughes [111], Bathe [16], Zienkiewicz et al. [285] and Szab6 and Babuska [237].

3.3.1 Weak form

To define the weak form of the problem, we first need to characterize two classes of
functions. The first is composed of trial functions w, which are required, by definition,
to satisfy the Dirichlet boundary conditions (3.18b) on I'p. Furthermore, the derivatives
of the trial functions are required to be square-integrable over ). We denote the trial
function space by S

S={uc[H'O] lu=a VeeTy)}, (3.19)

where H'(Q) is the Sobolev space of first order [201].
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Similarly, we define the second class of functions v, which are called the test or weighting
functions, to be the homogeneous counterpart of S

V={ve[H )] |[v=0 Vazelp} (3.20)

The weak form is obtained by multiplying the equilibrium equation (3.14) by a test
function v € V(Q2) and integrating over €

/(V-J)-de—i—/b-de:O. (3.21)
Q Q

Using the product rule of differentiation:
V-(og-v)=(V-0) - v+o0:Vu, (3.22)

we can rewrite the equation (3.21) as

/a:VUdQ:/b-de+/V-(a’-v)dQ. (3.23)
Q Q Q

Making use of the symmetry property of the Cauchy stress tensor, we can define the
integral on the left-hand side in terms of the infinitesimal strain tensor instead of the
gradient

o:Vv=o0:¢ev). (3.24)
Applying the divergence theorem gives

/V-(U-v) dQ:/a’-n-vdF:/U-n-vdf—i—/a-n-vdF. (3.25)
Q ) T'p Y
=0
Note that the integral over I'p vanishes due to the definition of the test functions (3.20).

Finally, the weak formulation of the boundary value problem reads:
Givenb: Q - R3 t: 'y - R? @ :T'p — R?, find u € S(Q) such that:

B(u,v) = F(v) Yo € V() (3.26a)
with

Blu, v) / e(w) : C: e(v)dQ (3.26b)
and

f(v):/b-de—l—/i-vdF (3.26¢)
I'n

The Lax-Milgram Lemma [29] states that if B is a continuous and coercive bilinear form,
and F is a continuous linear form, then the variational problem has a unique solution.
These conditions are fulfilled if the elasticity tensor C is bounded away from zero and
infinity. It can be shown that these properties also carry over to the discrete form of the
variational problem [41].
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3.3.2 Galerkin’s approximation method

The Galerkin method is used to obtain approximate solutions to boundary-value problems
based upon weak formulations. The first step in the solution approach is to construct
finite-dimensional approximations of the function spaces S and V, denoted by S"* and V",
which are defined such that

shcs (3.27)
and V" c V. (3.28)
Next, we address the mismatch between 8" and V" in the case of inhomogeneous Dirichlet

boundary conditions, i.e. if & # 0. Following the derivation presented in [111], for each
function u € V, we construct a function u" € S by

u' =ul +a", (3.29)

where 4" is a given function satisfying the prescribed Dirichlet boundary condition.
Hence, the (Bubnov)-Galerkin form of the boundary-value problem reads:
Given b, t, @ as before, find u" = ul! + 4", where ul € V" such that:

B('U/g, vh) = ‘F(vh) - B(’&’h7 vh)
= F(v") Vol e Y (3.30)
In the Bubnov—Galerkin approach, the same space is used to construct both the trial and
test functions. The finite-dimensional subspace V" can be spanned by a finite number of

basis functions. Since the trial and test functions are vector-valued functions, we introduce
the basis function matrix

N, 0 0 Ny ... N, O ... 0 0 ... 0
N=|o N, 0o|=|0 ... 0 N\ ... N, 0 ... 0]. (3.31)
0 0 N, O ... 0 0 ... 0 N, ... N,

For simplicity, we use the same basis functions { Ny, No, ..., N,,} for all vector components
u, v and w of the trial and test functions. In general, a different basis could be used for each
vector component. The trial and test functions are constructed as a linear combination
of the basis functions IN; and the coefficient vectors

N

uf => Nid;, (3.32a)
=1
N

vl = Z Nc;, (3.32b)
=1

where N = 3n is the total number of unconstrained degrees of freedom.
Substituting the approximations (3.32) into the Galerkin form of the boundary-value
problem (3.30)

N N N
=1 j=1 i=1
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Using the (bi)-linearity properties of B and F, (3.33) becomes

N
=1
where
N A
Gi=>» B(N;N,)d;—F(N). (3.35)
j=1

As the Galerkin equation (3.30) holds for all v", the coefficients ¢; # 0. As a result, it
follows that each G; =0fort=1,..., N

> B(N;,N;)d; = F(N). (3.36)

In this form, all terms are known except for d;. This constitutes a system of N equations
with N unknowns, which expresses the matrix form of the boundary-value problem

Kd=f (3.37)

with
Kij = B(Ni, N;), (3-38)
fi= ﬁ(Nz) (3.39)

where K is the stiffness matrix, f the load vector, and d the displacement vector. Solv-
ing this system of equations provides the approximate solution to the boundary-value
problem.

3.3.3 Voigt notation

For a more concise formulation with simpler structure, we use the Voigt notation in the
following. This notation exploits symmetry to transform the second-order stress and strain
tensors to vectors, and the fourth-order elasticity tensor to a square matrix [111, 26].

In this notation, the Cauchy stress tensor (3.10), which is symmetric, is expressed as a
vector of its six unique components

- T
o = [O-ac;ra Oyys Ozzy Teys Tyz, sz] (340)
Similarly, the infinitesimal strain tensor is transformed to a vector

E=Lu= [5azwa Eyys Ezzs Yoy Vyzs W/zx]T ) (341)
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where L denotes the differential operator matrix:

s _
% 0 0
B
0O — 0
0y
0 0 %
L = 3.42
Es . (3.42)
Oy Ox
0 15)
B 9
2 Y o

Note that a factor of % was eliminated from the shear components 7,,,7,. and 7.,.
The constitutive equation (3.15) in Voigt notation reads:

g=C-¢, (3.43)

where C' is the elasticity matrix relating the stress and strain vectors. In the case of linear
isotropic elasticity, it is given by

1—v v v 0 0 0
v 1—v v 0 0 0
v v 1—v 0 0 0
C L o o0 o = 0 (3.44)
(1 +v)(1—2v) 2 Y ‘
0 0 0 0 0
2 1—2v
0 0 0 0 0
L 2
The bilinear form B can be rewritten as
Bu, v) = /e(u) .C-&(v)d = / Lu] - C-[Lv] dO. (3.45)
Q Q

3.3.4 Linear finite element approximation

In the FEM, the basis functions N; of the space V" are defined in an element-wise manner.
To that end, the domain {2 is partitioned into n. non-overlapping subdomains, which we
refer to as finite element domains €2°, or simply elements, with e = 1,...,n,. We call
the collection of finite elements a mesh. Typical element shapes for two-dimensional
meshes are quadrilaterals and triangles. Figure 3.4 depicts a quadrilateral finite element
mesh. For three-dimensional problems, common element types are hexahedra (bricks),
tetrahedra, as well as triangular prisms (pentahedra).

For elasticity, the basic convergence requirements are that the shape functions be [111]
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.

Figure 3.4: A two-dimensional quadrilateral mesh and mapping from a reference element

1. smooth (i.e. at least C') within the element domain ¢
2. C-continuous across the element boundaries I'®
3. complete (can exactly represent all rigid motions).

Piecewise linear basis functions (and their generalizations in higher dimensions) defined
on the finite element domains satisfy these requirements. The linear basis functions are
associated to the nodes, which are defined at the vertices (corners) of the finite element
domains.

For the three-dimensional case, we consider the standard trilinear hexahedral element,
which has eight nodes that are connected by twelve edges. The local coordinates & are
defined in the standard integration domain Qg = [—1,1]?>. The nodal shape functions
are defined in the local coordinate space as

No= g (1466 (Lt nn) (14GQ),  i=1,....8 (3.46)

where &, = (&;,m;, ;) denotes the local coordinates (+1,£1,+1) of node i.

The function @) defines the mapping between the local coordinates € of the standard
element and the corresponding global coordinates x, as illustrated in Figure 3.4. For the
trilinear hexahedral element, this is given by

8

z=Q) =) Ni§)=:, (347)

i=1
where x; are the global coordinates (z;,y;, 2;) of node i. The Jacobian matrix for this
mapping reads

[O0x Oy 0z
o5 o0& 0
ox or Jdy 0z

Ox oy 0z| ¢ ON;(€)
Jor Jy 0z =
a¢ ¢ A

Following the isoparametric concept, the same functions used to describe the geometry
are used to construct V" and approximate the trial and test functions [111]. To this
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end, the shape function matrix IN defined in (3.31) is assembled from the element shape
functions N;. Substituting the finite element approximation into the weak form (in Voigt
notation) (3.45) yields the matrix form of the boundary-value problem.
Since the shape functions are defined element-wise, the weak form integrals are also eval-
uated for each element, and assembled to a global system of equations:

K= A K° (3.49)

f=Ar (3.50)

where A is the assembly operator, and K¢ and f° respectively denote the element stiffness
matrix and force vector, which are given by

K¢ = /BTCB dQ (3.51)
Qe
o= /NdeQJr /NTidFi\,. (3.52)
Qe TS,
Here, B denotes the strain-displacement matrix
B=LN-=[B' B ... B"], (3.53)
where each block is given by
FON, -
o 0 0
ON;
0 0
dy
ON;
0 0
: 0z
oy O
0 ON; ON;
0z Oy
ON; 0 ON;
0z ox

In order to compute the derivatives of the shape functions with respect to @, the chain
rule is applied:

[ON; ] [0& On OC] [ON;] [ON; ]
O dr Oz Ox| | o¢ o€
oy | = 8_y 8_3/ 8_y on =J an |- (3.55)
Oz 9z 9z 0z| | o¢ aC
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3.3.5 The p-version of the FEM

In the FEM, higher numerical accuracy is attained by increasing the number of degrees
of freedom. In the standard h-version of the FEM this is achieved by spatially refining
the mesh, thereby decreasing the element size h. In the p-version, degrees of freedom are
added by increasing the polynomial order p of the basis functions without changing the
mesh.

The standard shape functions for finite elements are given by the Lagrange polynomi-
als [111], shown for a one-dimensional case in Figure 3.5a. For each polynomial degree p,
a separate set of shape functions is defined. In order to improve the approximation by
increasing p, the basis functions need to be replaced.

p=1 >~ _— p=1 .

p=3 /\ /\ p=3

(a) Lagrange basis (b) Hierarchic basis

Figure 3.5: One dimensional high-order shape functions

The hierarchic basis functions based on the integrated Legendre polynomials are given

by [237]

Nﬁz%ﬂ—i) (3.56a)
N§:3ﬂ+§) (3.56b)
Ni = ¢i—1(€)7 1= 3, D+ 1 (356(3)

with

2j— 1 1 .
V[ e = O - @), =28 657

where L;(&) are the Legendre polynomials, which are defined by:
1 d»
2nn! dan

or using the recursion formula:

Ln(x) =

—(@*-1)", ze(-1,1), n=012.. (3.58)

L,(x) = l[(2n —DzL,1(x)—(n—1)L,5(z)], xe€(—-1,1), n=23,4,.. (3.59)

n
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In contrast to the standard Lagrange basis, the integrated Legendre polynomials consti-
tute a hierarchic basis, which can be seen in Figure 3.5b. This means that the set of basis
functions for a certain polynomial order p contains all the functions for the lower orders.
This allows for a p-refinement where the mesh is kept fixed, and for local adaptation of
the polynomial degree. Moreover, using the integrated Legendre polynomials as basis
functions leads to well-conditioned linear systems of equations, as their derivatives are
orthogonal by definition.

For higher dimensions (2D and 3D), basis functions are constructed by taking the tensor
product of the one-dimensional basis functions [237].

N3k m,C) = NP (&) NP (n) NeP(C). (3.63)

Figure 3.6 illustrates the high-order basis functions for a quadrilateral element.

(a) Nodal mode (b) Quadratic edge mode (¢) Quadratic internal mode

Figure 3.6: Two dimensional p-version shape functions

Considering the three-dimensional case, the tensor product structure gives the high-order
shape functions for hexahedral elements. Each of the resulting shape functions can be
directly associated to a topological component (node, edge, face, interior) of the underly-
ing element. Furthermore, the tensor product space can be reduced, without sacrificing
completeness, by excluding some of the face and interior modes. The four types of modes
are defined as follows:

e Nodal modes: the trilinear shape functions

. 1 .
Nia6n O =g (=& U =mn)(1-GC  i=1,....8 (3.64)
are the standard shape functions for the isoparametric hexahedral (brick) ele-
ment (3.46).

o Edge modes: there are (p, — 1) functions per edge, where p, is the polynomial
order in the direction of the edge, r € {&,n,(}. If we consider, for example, edge
E1 (see Figure 3.7), the corresponding edge modes are given by

NELEn Q=1 0-m(1-06(6)  i=2...p (3.65)
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Figure 3.7: Standard high-order hexahedral element, reproduced from [68].

o Face modes: are the product of two high-order polynomials along the two local

directions of a face, and a linear blending term in the third orthogonal direction.
Hence, they vanish at all nodes and edges. For face F1, the corresponding modes
are defined as

1
N6, Q) = 5 (1= C) i(€) 65(n) (3.66)
The total number of face modes differ between the tensor product and trunk spaces
tensor space trunk space
i:2,...,p€ i:2,...,p§—2
J=2,...,py J=2,...,pp—2

i+j=4,...,max{pe,p,}

Internal modes: are the product of three high-order shape functions, They are
purely local to the element, and vanish on all nodes, edges and faces.

N55(Em) = ¢a(€) ¢5(n) 61 (<) (3.67)

The trunk space also includes fewer internal modes than the tensor product space
with the same polynomial degrees.

tensor space trunk space
i:2,...,p§ i:2,...,p§—4
J=2,...,py J=2,....,py—4
k::2,...,p< k::2,...,p<—4

i+j+k=6,...,max {pe,py,pc}
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The p-version of the FEM exhibits a more favorable convergence behavior compared to
low-order approximations [237]. For problems with smooth solutions, the p-FEM achieves
exponential convergence in the energy norm under p-refinement. Hence, it is able to attain
numerical solutions with much higher accuracy compared to uniform h-refinement in low-
order FEM which can only have algebraic convergence. This exponential convergence
rate can even be obtained for non-smooth problems, if the p-version is combined with an
adequate local mesh refinement. Moreover, high-order finite elements are more immune
to locking behavior, and are more robust against mesh distortion.

Despite these desirable convergence properties, the p-version of the FEM does not yet
enjoy widespread use in industry. Some challenges are presented by the application of the
p-version to larger classes of problems, e.g. nonlinear problems found in elastoplasticity
or contact mechanics. It has, however, been shown that the p-version can be successfully
used in these problems, and even outperform the standard h-version [181, 101]. A major
obstacle remaining for the p-version is the handling of complex geometrical models, which
are abundant in practical engineering problems. To fully utilize the high-order approx-
imations, isoparametric p-finite elements need to use a high-order approximation of the
geometry. To that end, it is possible to use the blending function method [88], where the
function @) has additional terms accounting for the curved edges and faces. Unfortunately,
this could be prohibitively difficult for cases with complex geometry, which hinders the
applicability of the p-version of the FEM in practice.

3.4 Immersed boundary approach

Immersed boundary methods are an alternative to conventional finite elements that en-
ables simulations involving complex (or evolving) geometry without boundary-conforming
mesh generation. The main idea of these methods is to augment the physical domain of in-
terest Qpny with a fictitious domain €2g¢¢ to form a simple-shaped domain Q= Qphy U Qe
The boundary-value problem is extended such that it is defined over Q) which can be
trivially meshed. This approach is illustrated in Figure 3.8.

I'n Qe I'n
CASAAAAA S KA AAAANS

LT
|~

I Ly NI

Figure 3.8: Main concept of the FCM following [190]

In order to recover the original boundary-value problem (3.26), the influence of the ficti-
tious domain on the weak form is penalized. To that end, we define an indicator function
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1 VzeQ
o(x) = T oy (3.68)
ekl Vxe Qﬁct'

Using this indicator function, we can rewrite the bilinear form as

B(u,v) = /é(u)-C-é(v)dQ—i—/é(u)-eC-é(v)dQ

Qphy Qﬁct

_ /é(u) ‘o C-&(v)do. (3.69)

Q

An intuitive interpretation of this penalization is the application of a void material with
negligible stiffness in the fictitious domain. The scaling factor for the material parameters
€ is chosen as small as possible—clearly for ¢ = 0 the original problem is recovered—ryet
large enough to prevent extreme ill-conditioning of the resulting stiffness matrix. Typical
values for € range between 107* and 107'°. The linear form F(v) is extended by zero in
the fictitious domain Qgcs.

The FCM combines the immersed boundary approach with high-order finite element dis-
cretization. The extended domain, which has a simple shape, is subdivided into a uniform
Cartesian grid of high-order finite elements, which we will call finite cells. In finite cells
that are cut by the boundary of the physical domain, the FCM solution smoothly extends
into the fictitious domain. Similar to high-order FE analysis, the finite cell mesh consists
of relatively large finite cells. To achieve a higher numerical accuracy, the polynomial de-
gree of the basis functions is increased for a fixed mesh (p-refinement). For problems with
smooth solutions, the FCM achieves exponential rates of convergence for p-refinement on
uniform Cartesian meshes [190, 70, 219].

For image-based simulations, discretization using Cartesian FCM grids has several advan-
tages. The grids can be chosen to be axis-aligned with the voxel grids, and the finite cell
sizes can be chosen as an exact multiple of the voxel dimensions, such that each finite cell
is ‘composed’ of a set of voxels. This allows for a more efficient and accurate numerical
integration, as described in the next section. However, the use of uniform Cartesian grids
is not suitable for non-smooth problems with locally high gradients or singularities, as
such problems require local mesh refinement [215]. Alternative versions of the FCM make
use of unstructured tetrahedral or polygonal meshes where local refinement is possible.
Another possibility explored in this work is the application of the hp-version of the FEM
to refine the FCM meshes, which is presented in Section 5.3.

Considering the choice of high-order basis functions, several possibilities exist. Typical
choices are the integrated Legendre polynomials described in the previous section, as
well as B-Splines used in isogeometric analysis [219]. For applications in high frequency
dynamics, another possibility is the use of Lagrange interpolation polynomials based on
the Gauss-Lobatto quadrature points [67, 121, 86]. These functions hold the advantage
that suitable mass lumping schemes are available, making it possible to fully exploit the
advantages of explicit time-integration schemes.

The combination of the immersed boundary approach and high-order basis functions
requires special attention for the numerical integration of the weak form, enforcement of
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the boundary conditions and solution of the linear system. We discuss these aspects in
the remaining part of this chapter.

3.5 Numerical integration

In general, the integrals of the weak form (3.51) cannot be analytically evaluated. In the
FEM, the Gauss-Legendre quadrature is usually applied for their numerical evaluation. In
a one-dimensional setting, the integral of a function f is approximated by the quadrature
rule

/_ O A3 (3.70)

where &; denote the quadrature points at which f is evaluated, and w; are the correspond-
ing weights [237]. Using n integration points, the quadrature rule can be used to integrate
a polynomial of order up to 2n—1 exactly. For smooth functions, Gauss-Legendre quadra-
ture can converge exponentially. However, for functions with singularities, the convergence
is slower. The Gauss-Legendre quadrature rule can be also used for integrals over surfaces
or volumes

/_1 /_1 Fl&m) dedy =D D (&) wiwy (3.71)

=1 i=1

1 1 1 1 m n N
[ ] ren o) deandcm 37373 fem o) wangun = 3 5(6) W
-1J-1J-1 k=1 j=1 i=1 i=1
(3.72)

For the three-dimensional integral, we combine the triple summation to a single sum over
N =n xm x [, whereas W; denotes the combined weights of the quadrature points. To
evaluate an integrand over {2, a change of variables is carried out

/ fl@)dQ = Y F(w(€)) Wi det T(€) (3.73)

where the Jacobian matrix J (3.48) accounts for the mapping.

Standard Gauss-Legendre quadrature can be used for accurate and efficient integration
of smooth functions. However, in the FCM, the integrals of cells that are cut by the
boundary of the physical domain are discontinuous due to the penalization of the mate-
rial parameters (3.69). Hence, standard Gauss-Legendre quadrature cannot be directly
applied to evaluate the integrals [190]. The challenge of integrating discontinuous func-
tions is faced by immersed boundary approaches, as well as partition of unity methods,
the generalized (G-FEM) and extended (XFEM) finite element methods [83].

Several approaches have been developed for accurate evaluation of the discontinuous do-
main integrals in the FCM. A straightforward possibility is to use a fine grid of integration
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sub-cells to partition each finite cell, with the Gauss-Legendre quadrature applied for each
sub-cell [190, 268]

M N

[ H@)aex 375 flalen) W det T (€) det T, (3.74)

j=1 i=1

where J ; considers the mapping between the integration sub-cells and the finite cell. This
approach is very well suited for image-based FCM models, where the material parameters
are also defined on a voxel grid. Defining the integration sub-cell grid to correspond to
the voxel grid enables direct FCM simulation using the image data with minimal pre-
processing. An example of such an integration grid is illustrated in Figure 3.9.

Figure 3.9: FCM mesh of a vertebral body showing the underlying voxel-grid

Another advantage of this integration approach for the voxel-based FCM is the possibility
of pre-computation. Here, the integration points and their mapping Jacobian are identical
among all finite cells—only differing in the material properties which are defined voxel-
wise. Hence, a pre-computation of the stiffness matrix on a voxel-level is possible, which
can be used to drastically reduce the computational effort of the voxel-based FCM as
presented by Yang et al. [268] and Groen et al. [90].

An alternative scheme for composed integration applies recursive sub-division of the fi-
nite cells cut by the boundary, leading to a spacetree of integration sub-cells [219]. The
spacetree approach is robust and easy to implement. It is generally well suited for models
of complex CAD geometry which have a homogeneous material distribution, e.g. med-
ical implant. More sophisticated integration schemes have been developed to efficiently
evaluate the discontinuous domain integrals for the FCM. These schemes include the
blended partitioning using the smart-octree [143, 144], moment-fitting [123], adaptively
weighted quadratures [1, 240], and quadratic re-parametrization for the tetrahedral finite
cell method [235] and a special technique where the volume integrals are transformed to
surface integrals [65]
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3.6 Enforcement of boundary conditions

In the FCM, the boundary does not coincide with the edges and faces of the discretization
mesh. Hence, the boundary conditions cannot be enforced in the classical manner followed
in conventional FEM. In the following, alternative techniques for imposing boundary
conditions in the FCM are discussed.

3.6.1 Neumann boundary conditions

Similar to conventional FEM, homogeneous Neumann boundary conditions are automati-
cally satisfied in the FCM. For heterogeneous Neumann boundary conditions, the bound-
ary integral over the Neumann boundary I'y needs to be evaluated. However, as I'y is
not resolved by the boundaries of the finite cells (edges in 2D, faces in 3D), the integral
cannot be numerically evaluated over the element’s boundaries as usually done in conven-
tional FEM. Hence, an additional surface mesh for the boundary is introduced, which is
only used to evaluate the traction integrals. Here, we emphasize that this surface mesh
is not used to define additional basis functions, and doesn’t introduce additional degrees
of freedom. Figure 3.10 illustrates a surface mesh within a finite cell. For FCM analysis
in 3D, a suitable surface mesh can be provided, for example, by surface tessellation of
CAD models. Alternatively, for implicit geometry descriptions, the marching cubes al-
gorithm can be used to automatically generate surface descriptions that can be used to
evaluate the surface integrals, as demonstrated in [24, 22]. Considering geometric models
stemming from medical images, this approach can be conveniently used together with the
segmented models, as demonstrated in the next chapter.

I\‘rg

Figure 3.10: Surface mesh for evaluation of boundary integrals, reproduced from [70].

Later in this work (in Section 6.1.3), we present a numerical approach for the weak
imposition of concentrated (point) forces and moments for the FCM.

3.6.2 Dirichlet boundary conditions

The imposition of Dirichlet conditions in the FCM presents an additional challenge. In
conventional FEM, Dirichlet conditions are enforced by manipulating the corresponding
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entries of the stiffness matrix and the load vector [77]. To that end, the degrees of freedom
are classified as either unknown or prescribed. The system of linear equations can be
then reduced to solve for the unknown degrees of freedom taking the contribution from
the prescribed values into account. Clearly, this approach is not applicable for immersed
boundary discretizations where the Dirichlet boundary I'p is not directly resolved by
the mesh. There are, however, several possibilities to weakly impose Dirichlet boundary
conditions in immersed boundary methods—including the use of Lagrange multipliers [11,
99, 85| the penalty method [12, 284] and Nitsche’s method [78, 97, 18, 278, 209].

The penalty method

To weakly enforce the Dirichlet boundary conditions using the penalty method, the weak
form (3.69) and (3.26¢) is modified:

B(u,v) = B(u,v) + ﬂ/'v ~udl (3.75a)
F(v) = F(v) + 6/1: -adl, (3.75b)

where [ is a scalar penalty parameter. This modification adds the weighted residual
szﬁ/v'(u—'&)df‘
I'p

to the weak form of the equilibrium equation. If 3 is chosen to be large compared to the
entries of the stiffness matrix, u — & = 0 will be approximately satisfied on I'p. This
method can be mechanically interpreted as a distributed spring with very high stiffness
which acts along the Dirichlet boundary to enforce the prescribed displacements. Similar
to the Neumann case, a separate surface mesh is needed for the numerical integration of
the penalty terms over I'p.

The penalty method is popular since it is easy to implement and involves a single scalar
parameter. However, the accuracy of the method depends on the chosen value of the
penalty parameter 3, which is influenced by the material parameters, the size of the finite
cells as well as the polynomial degree of the shape functions. The penalty method is
also inconsistent, as it slightly modifies the original problem. The exact solution is hence
only attainable using an infinite penalty parameter. Nevertheless, this approach delivers
sufficiently accurate solutions without severe conditioning problems, making it suitable
for several engineering applications of the FCM [218, 219]. In this work, we follow this
approach.

Nitsche’s method

An alternative approach, which is commonly applied in immersed boundary methods,
is the weak enforcement of essential boundary conditions using Nitsche’s method [179].
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Here, the weak form is modified as follows:

B(u,v):B(u,v)—/(o-(u)-n)-vdF—/(a(v)-n)-udF+)\/v-udF

- " FD (3.76a)
Fv) = Flv) - /(a(’u) ‘n) - @dl + A / v-adl. (3.76b)

The first additional boundary integral in (3.76a) stems from applying the divergence
theorem-—see (3.25). In the case of immersed boundary discretizations, it is not guaranteed
to vanish on I'p as the test functions v are not restricted to be zero at the (immersed)
Dirichlet boundary. The second additional term in (3.76a) and the first additional term
in (3.76b) are introduced to retain the symmetry of the resulting stiffness matrix. The
remaining terms are similar to the penalty terms introduced in (3.75a) and (3.75b), with
A being a scalar stabilization parameter. These terms are introduced to retain coercivity
of the bilinear form after subtracting the other terms.

This approach has also been applied to weakly enforce Dirichlet boundary conditions in
the FCM [278, 207]. Unlike the penalty method, it is variationally consistent. However,
finding the optimal value for the stabilization parameter A in each finite cell that is cut by
I'p is challenging. Moreover, as the stabilization parameter additionally depends on the
shape and size of the cut cell, it is generally not bounded, which motivates the introduction
of additional stabilization, e.g. using ghost penalty [56]. Alternative parameter-free ap-
proaches were also investigated for the weak imposition of Dirichlet boundary conditions
in the FCM [138, 217].

3.7 Solution of system of linear equations

After applying the boundary conditions and constraints, the remaining step is to solve the
system of equations (3.37). For systems of linear equations, solution procedures can be
classified as direct and iterative solvers. Direct solvers based on Gaussian elimination, such
as LU, QR and Cholesky factorization, can be used to solve systems of linear equations
with high precision. For sparse linear systems, such as those arising in finite element
analysis, the numerical effort for the solution using direct methods strongly depends on
the fill ratio and the bandwidth. Hence, renumbering the equations to minimize the
bandwidth can reduce the total computational cost. However, direct solvers can be very
expensive to use for very large systems, as they have a complexity of O(N3). Moreover,
they have high memory requirements to store the factorized matrices, which are generally
not sparse. This imposes a hard limit on the maximum problem size that can be solved.
Regarding iterative solvers, the most commonly used methods in structural FE analysis
are based on the conjugate gradient method. The time complexity for the conjugate
gradient method is determined by the condition number and the number of non-zeros of
the stiffness matrix. For FE analysis, it is well-known that the condition number increases
with the number of unknowns, the dimensionality of the problem, and the polynomial
degree p of the shape functions [285, 73]. The condition number is also influenced by the
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boundary conditions and the material distribution within the element. For large well-
conditioned linear systems, iterative methods can be more computationally efficient than
direct methods. Moreover, they generally require considerably less storage in comparison
to direct methods, as they do not need to store the factorized matrices. Nevertheless,
direct methods could prove more feasible for small linear problems with multiple right-
hand sides, e.g. in linear elastodynamics [16], where the factorized matrix can be reused
for the forward /backward substitution at each time-step.

In the FCM, penalization of the stiffness within the fictitious domain (3.69) leads to ill-
conditioning of the system of linear equations. The analysis carried out by de Prenter
et al. [58] reveals that the ill-conditioning stems either from basis functions being small
on finite cells with small volume fractions, or from basis functions being quasi-linearly
dependent on such cells. Furthermore, it was shown that the condition number is inversely
proportional to the smallest cut cell volume fraction, and that the inverse proportionality
scales with the power of 2p, explaining why the problem is more severe for high-order
FCM discretizations. This limits the applicability of iterative linear solvers for the FCM
and renders the use of direct solvers necessary. Owing to the high accuracy achievable
by the employed high-order basis functions, and its flexibility in dealing with complex
geometry, FCM discretizations lead to smaller linear systems compared to conventional
FEM (for a given accuracy) which can be solved using direct methods. Nevertheless, the
high memory requirements of direct solvers prevents the use of the FCM to model larger
problems. To overcome this limitation, there have been several efforts dedicated to the
development of preconditioners tailored for the FCM.

Preconditioners improve the conditioning of the system of linear equations which in
turn improves the performance of iterative solvers. Considering the linear system
Kd = f (3.37), the non-singular preconditioning matrix S is sought such that SK
has a smaller condition number than K. The symmetrically preconditioned system is
then solved instead:

SKS'd=Sf (3.77)
d=S"d. (3.78)

De Prenter et al. [58] also developed an effective algebraic preconditioner for the FCM,
named the Symmetric Incomplete Permuted Inverse Cholesky (SIPIC), which applies
diagonal scaling to the applied basis followed by local Gram—Schmidt orthonormalization.
The diagonal scaling treats ill-conditioning due to small basis functions on finite cells
with small volume fractions, whereas the orthonormalization addresses the quasi-linear
dependence of the basis functions. Numerical investigation of the performance of SIPIC
shows that it considerably improves the conditioning of FCM systems, which enables the
use of iterative solvers for larger systems, and is more robust than other competitive
preconditioning schemes, e.g. incomplete Cholesky preconditioning.

In further work, an Additive-Schwarz type preconditioner for the FCM was pre-
sented [117], which enables the iterative solution of large-scale multi-level hp-refined finite-
cell systems in an efficient and parallel-scalable manner. The general idea of Additive-
Schwarz preconditioning schemes is to approximate the inverse matrix, K, through the
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inversion and summation of sub-matrices of K:

S=> R/K['R, (3.79)

Iel

Here, I denotes a block (a set of indices) of basis functions in the set of blocks Z, and
multiplying with R;,the restriction matrix, restricts K to the indices in I. The choice of
which blocks of basis functions Z to locally invert determines the effectiveness of the pre-
conditioner. For the FCM, choosing Z to include basis functions with small contributions,
and those functions which could become quasi-linearly dependent treats the underlying
cause for ill-conditioning. Selecting blocks of basis functions for finite cells whose volume
fraction is below a set threshold leads to a robust and effective preconditioner. Further
research proposes the use of multigrid methods for more efficient preconditioners for the
FCM [57, 118].

Another technique that is commonly applied in the p-version of the FEM to improve the
efficiency of the solution procedure is known as static condensation [237]. This technique
makes use of the hierarchical structure of the stiffness matrix to reduce the size of the
global system of equations. Nodal, edge and face modes are considered as external modes,
since they contribute to more than one element. In contrast, internal (bubble) modes
only contribute to a single element, and do not introduce coupling between neighboring
elements. Therefore, it is possible to condense the stiffness contributions of the internal
modes on the element level, and thereby reduce the size of the system to be solved.

To that end, the system of linear equations (3.37) can be expressed as:

Kee Kei de _ fe
a1 a0
where K ;; represents the stiffness contributions from the internal modes, K., represents

the contributions from the external modes, and K; represents the coupling between the
internal and external modes. Solving (3.80) for the internal unknowns d; results in

d=K; (fi— K)d.). (3.81)
Substituting the result into the first equation of (3.80) gives the reduced system

(Kee_KeiKﬁlK;) de: fe_KeiKi_ilfi (382)
K*d, = f. (3.83)

Here, K* and f* are the condensed stiffness matrix and the corresponding load vector.
As the internal modes account for a major part of the linear system, especially for high-
order discretizations, the condensed system has a much smaller size. It is important to
note that the inversion of K; in (3.82) can be performed on element-level, i.e. prior to
the assembly of the global system of equations—which is much cheaper than inverting the
assembled block corresponding to the internal modes. After solving the condensed system,
the internal degrees of freedom can be recovered by solving (3.81). Static condensation
has also been applied to improve the efficiency of direct solvers for applications of the
FCM in topology optimization [90].



44 3. The finite cell method for biomechanical analysis of bone

3.8 Previous work and validation

The FCM has been previously utilized for the simulation of bone mechanics, and the
numerical predictions of the FCM models for subject-specific continuum-scale models of
femur were validated. The first work addressing this topic was presented by Ruess et al.
[209]. Therein, the authors presented a verification study of the FCM for analysis of
inhomogeneous isotropic materials, demonstrating that the FCM retains the favorable
convergence properties of p-FEM models with the same geometric description. The au-
thors also present a validation study of a subject-specific continuum-level FCM model of a
human femur. A mechanical experiment had been carried out to measure the deformation
due to a force applied to the femoral head. There, the displacements were measured at
predefined points on the surface of the bone and the strains were measured using strain
gauges. The subject-specific FCM model was based on QCT scans of the fresh-frozen
femur. Analysis of the computed results showed a very good overall correlation between
the experiments and the simulation (R? > 0.97). Moreover, the numerical results were of
similar accuracy to the predictions of a conforming p-FEM simulation—which had been
previously presented in [273]—despite the fact that the QCT-based FCM model does not
consider a smooth surface description, which requires a large modeling effort to generate,
and is necessary for boundary-conforming p-FEM analysis. The p-FEM and FCM models
and the results of the validation study are shown here in Figure 3.11. Further work by
Schillinger [214] demonstrated that, for the same femur model, the B-Spline version of
the FCM obtains results of similar accuracy to the p-version of the FCM.

In related work, Yang et al. [268] presented an efficient numerical integration tech-
nique for the voxel-based FCM, which exploits the similarity of the finite cells within
a uniformly discretized domain which we described earlier (see Section 3.5). Using the
pre-computation scheme, real-time updates to the patient-specific bone simulation were
made possible, which enabled applications for interactive implant planning in orthopedics
through computational steering [267].

Another application of the FCM for bone mechanics was presented by Wille et al. [260] in
an investigation of the uncertainties in bone material properties and loads. To that end,
the authors utilized the FCM as a “black box” solver to perform personalized analyses
and compute the deformations given the geometry, loads and material properties. As the
stochastic analysis using polynomial chaos expansion—and more so the verification with
a Monte Carlo simulation—required a large number of simulation runs (more than 10,000
simulations) with different stochastic parameters, the high computational efficiency of the
voxel-based FCM with pre-computation made it very-well suited for this application.
Whereas these efforts considered continuum-level bone models based on QCT scans, Ver-
hoosel et al. [249] presented a microstructural modeling approach for the FCM. This
approach considers micro-CT based models of trabecular bone, reconstructs a smooth ge-
ometry of the microstructure using a B-Spline approximation, then applies goal-oriented
local refinement to compute the apparent elastic properties of bone samples.
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Figure 3.11: Femur-model validation study, adapted from [209]
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Chapter 4

Micro-CT-based finite-cell analysis of
vertebral bodies: a validation study

In this chapter, we present a new validation study of the finite cell method (FCM) for
bone mechanics. We study FCM models of four human vertebral bodies that are based on
micro-CT imaging data, and compare the numerical predictions of the displacement fields
to the deformation measured in compression experiments. We employ digital volume cor-
relation (DVC) to estimate the local displacement fields of the compression experiments.
The DVC data is interpolated on the boundary and used to define the displacement
boundary conditions for the FCM models, whereas the interior DVC displacements are
compared to the numerical predictions of the FCM models. Analysis of the results shows
very good agreement between the DVC data and the FCM predictions for all components
of the displacements of all examined specimens (0.73 < R? < 0.97, slope of the regression
line = 0.91-1.14). The results illustrate the potential of the FCM as a simulation tool for
micro-CT based analysis, as an attractive alternative to the well-established pu-FEM.
The work presented in this chapter was carried out as part of a collaboration project. The
contributions and efforts of Alexander Valentinitsch!, Peter Fohr?, Klaus Achterhold?,
Franz Pfeiffer®, Jan S. Kirschke! and Martin Ruess? are gratefully acknowledged. Part of
this work was presented in [74].

4.1 Introduction

Bone has complex hierarchical structure [48]. Numerical studies of bone mechanics at a
micro-scale provide a better understanding of the biomechanical behavior of trabecular
bone. To that end, the discrete micro-architecture of trabecular bone needs to be resolved
by the mechanical analysis. This is especially important in studying the mechanical
interaction of bone and implants, as the discrete nature of the trabecular bone affects the
local distribution of peri-implant strains [261, 263].
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The current state of the art for numerical analysis of cancellous bone is the micro-CT-
based finite element method (u-FEM)[106, 247, 246]. This relies on the conversion of
micro-computed tomography (micro-CT) images into 3D finite element meshes. Thereby,
specimen-specific numerical models are generated, where the geometry and material prop-
erties are based on high-resolution imaging data.

Validation of numerical methods in biomechanics is of crucial importance to their utility
and clinical relevance [5]. Typically, the numerical predictions are compared to the data of
a validation experiment (gold standard). The validation of micro-scale numerical analysis
of trabecular bones presents significant challenges. Unavoidable imperfections in the setup
of the validation experiment lead to false assumptions of the boundary conditions given
to the numerical model and diverging results [31]. Moreover, only apparent quantities
of the trabecular bone (such as strength and stiffness) can be directly measured in the
validation experiments, whereas local quantities (such as displacements and strains) can
only be directly measured at the surface of the bone using conventional techniques such
as optical sensors and strain gauges [89)].

There have been several efforts towards the verification and validation of u-FEM for the
biomechanical analysis of trabecular bone. A verification study of large scale u-FEM
models of trabecular bone tissue shows the convergence of local displacements and strains
for linear analysis [33]. Validation studies of y-FEM mainly deal with apparent measures
(strength and stiffness) [191, 36, 266], as the measurement of local quantities within the
trabecular microstructure is not trivial.

An increasingly popular technique for use in validation of biomechanical models is digi-
tal volume correlation (DVC) [189, 188]. Here, two volumetric images (micro-CT scans)
of the unloaded specimen and the specimen under load are processed to estimate dis-
placement and strain maps. It has been demonstrated that DVC can be reliably used to
estimate local displacement fields for trabecular bone if sufficient resolution is used [50].
A validation study of y-FEM analysis of trabecular bone by Zauel et al. [281] shows high
correlation (R? = 0.97) between the DVC data for the displacements and y-FEM predic-
tion, albeit only for the component in the loading direction. Further work by Chen et al.
[32] shows that the replication of boundary conditions by the interpolation of the DVC
data at the boundary of the specimens yields excellent agreement of the u-FEM predic-
tions and the interior DVC data, for all components of the displacement field (R? = 0.99,
slope = 0.98 — 1.07). Further investigation of u-FEM models of porcine vertebrae by
Costa et al. [45] shows results of similar accuracy for models of porcine vertebral bodies.
Another study investigating u-FEM models of mouse tibia using the same approach of
interpolating DVC measurements to provide the boundary conditions found correlation
between the predicted displacements and experimental measurements with higher but
still reasonable errors (0.69 < R? < 0.90, slope = 0.50-0.97) [183]. The use of DVC to
replicate the displacement boundary conditions has also been applied for the validation of
the displacements predicted by continuum-level FE models of the scapula based on quan-
titative CT (QCT) images [146], and for the validation of the strains of continuum-level
models of the humeral head [145] and the scapula [147]. In other work, DVC procedures
have also been used to study the mechanics of whole bones [113], bone-implant models

[14], cement-augmented bones [283] and to assess micro-damage progression in vertebral
bodies [243].
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There are, however, some difficulties with the p-FEM that limit its applicability for the
analysis of whole vertebral bodies. Due to the one-to-one mapping of micro-voxels and
hexahedral finite elements, high resolution u-FEM models typically have several tens to
hundreds of millions of degrees of freedom, which require high performance/supercom-
puting resources [9, 2, 3.

Moreover, studies involving pu-FEM models of vertebral bodies often exclude the end-
plates to simplify the application of the boundary conditions. However, including the
endplates can improve the accuracy of the numerical models, as they have been shown
to contribute to the vertebral strength [167]. Further, failure of vertebrae loaded via
healthy intervertebral discs is often initiated in the endplates [166], and they can also be
utilized to incorporate more complex boundary conditions through coupling to models of
the intervertebral disc [42].

The finite cell method (FCM), as described Chapter 3, is an alternative to conventional fi-
nite element methods. Due to the application of higher-order shape functions and special-
ized integration techniques, the FCM can use much coarser meshes without compromising
the accurate resolution of complex boundary shapes or local material features. Similar to
the u-FEM, it relies on trivial mesh generation, whereas material properties are assigned
voxel-wise. Thereby, the FCM can be used to resolve the trabecular structure without
complex mesh generation procedures. Moreover, within the framework of the FCM, es-
sential boundary conditions can be imposed on surfaces of complex geometry in a flexible
manner using weak imposition methods [207]. Furthermore, it has been demonstrated
that using a pre-integration technique yields higher computational efficiency for the FCM
in comparison to conventional low-order voxel-FEM [268, 90].

In this work, we present a new validation study for the FCM. Here, we consider micro-CT-
based FCM (u-FCM) models of four human vertebral bodies. The validation experiments
use DVC to estimate the displacement fields within the vertebral bodies under axial com-
pression. We follow an approach, similar to the one presented by Costa et al. [45], to
interpolate the DVC data at the boundary. We validate the p-FCM models by demon-
strating a high correlation between the DVC estimations and the numerical predictions
of the displacement fields.

The p-FCM models in our study consider the whole height of the vertebral bodies (in-
cluding the intact endplates)—in contrast to the u-FEM models presented by Costa et al.
which only cover the middle 50% of the total height of each vertebral body. We use a
penalty method to weakly impose the interpolated DVC displacements at the automat-
ically reconstructed surfaces of the endplates and the cortical shells. As an embedded
domain approach, the u-FCM models require virtually no modelling effort. Furthermore,
the method requires significantly less degrees of freedom to achieve the same numerical
accuracy—compared to conventional low order FEM—owing to the higher-order shape
functions. We propose the u-FCM as an attractive alternative to the well-established u-
FEM, that can be used to perform micro-CT based analysis of whole bone specimens
with high accuracy for a moderate computational effort—without the need for high-
performance computing resources.
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4.2 Materials and methods

Micro-CT scans of four human vertebral body specimens were obtained first while ap-
plying a small preload, and later while applying additional axial compression. A digital
volume correlation (DVC) procedure was applied on the two sets of micro-CT scans to
estimate the displacement fields caused by the axial compression loading. p-FCM models
based on the preloaded scans were used to numerically predict the displacements. Trilin-
ear interpolation of the DVC displacement fields at the endplates and the cortical shells
of the vertebral bodies was used to define the displacement boundary conditions for the
1-FCM models. Finally, the internal DVC displacement fields were compared to the nu-
merical predictions for validation. The workflow of our study is depicted in Figure 4.1.

Micro-CT
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l L

Digital volume correlation
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Figure 4.1: Workflow of the validation study, following [32, 45]

4.2.1 Compression experiment and image acquisition

A validation experiment was carried out to measure the deformation of specimens of
human vertebral bodies under axial compression.” Four human vertebral bodies were used
for the experiment — one lumbar and three thoracic vertebral bodies from four different
donors. Details about the specimens, height and bone volume fraction (BV/TV), are
listed in Table 4.1. Two additional vertebral bodies were initially scanned, but were later
excluded from our study as they had pre-existing fractures.

The vertebral bodies used for the validation experiment are fresh frozen specimens. They
had been first prepared by removing the intervertebral discs and the surrounding soft tis-
sue. The transverse and spinous processes were also removed, as our study only considers
the deformation within the vertebral bodies. Next, the vertebral bodies were embedded
at their end-plates in a layer of dental cement and additionally embedded in polymethyl

*The experiments were designed and carried out at the Department of Sports Orthopaedics, TUM,
by Peter Fohr and Alexander Valentinitsch. Their efforts are gratefully acknowledged.
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Table 4.1: Specimen data

# | Segment no. | Height[mm] | Voxel size [um] | BV/TV [%)]
1 | L3 25.2 65 20.0
2 | T12 24.6 65 26.0
3 | T12 23.1 65 25.9
4 | T12 23.9 60 21.6

methacrylate (PMMA). This embedding provides a homogeneous surface on which to
apply the compression load.

A specially designed in situ compression jig was used to apply axial pressure, which is
shown in Figure 4.2a. The compression jig is designed to fit within the micro-CT scanner
(Figure 4.2b), and is used to apply a uniform pressure throughout the duration of the
scan (approximately 3 hours).

(a) Compression device! (b) Phoenix/GE v|tome|x 240 micro-CT scan-
ner at the Munich School of BioEngineering?

Figure 4.2: Experimental setup

The compression jig including the bone specimens were scanned using a micro-CT scanner.
For each specimen, two scans were made: the first scan applying a small compression
load to avoid moving artifacts during the scan, which we refer to in the following as the
“preloaded scan”. The second scan was made with the specimen under an additional axial
compression load of 180 kg—the “loaded scan”. To compensate for the initial relaxation
after applying the load, the applied load was re-adjusted every 5 minutes over the first
20 minutes until a steady value of 180 kg was obtained.

The tomography was performed with a Phoenix/GE v|tome|x s240 micro-CT scanner.'
For the tomographic reconstruction with filtered back projection (FBP), the proprietary
datos|x reconstruction software was used. The v|tome|x $240 scanner is equipped with an

Image taken by Peter Féhr

2Image taken by Klaus Achterhold

fImage acquisition was carried out at the Munich School of BioEngineering, by Klaus Achterhold. His
efforts are gratefully acknowledged.
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XS 240D direct tube. For all measurements, the peak voltage of the tube was 200 kVp
and the current 200 puA. The spot size of the X-ray tube is automatically adjusted with
the power to prevent damage of the anode. The voltage and current values were chosen
to optimize the polychromatic tube spectrum with respect to the transmission through
the bone and compression jig and an acceptable spot size compared to the effective recon-
structed voxel sizes of 60 pm and 65 pym (compare Table 4.1). A rule of thumb estimate of
the spot size gives about 40 pum for the given power of 40 W. An additional filter of 1.8 mm
of copper was used to absorb low energy parts of the polychromatic X-ray spectrum and
prevent beam hardening artifacts in the reconstruction.

A total of 1601 projections of 6 seconds duration followed by a 1 second skipped projection
were collected for 360° rotation of the samples with an amorphous silicon DXR 250 RT
detector (GE) equipped with a caesium iodide (CslI) scintillator. The skipped projection
ensures decay of the scintillator afterglow for the next sample orientation angle. The
temperature stabilized detector has a pixel pitch of 200 pum, 1000 x 1000 pixel and 14
bit depth. With the geometric magnification of 3.33 and 3.08 the above mentioned voxel
sizes of 60 and 65 pum were obtained respectively.

4.2.2 Digital volume correlation’

Next, a digital volume correlation (DVC) procedure was carried out between the preloaded
and loaded scans to estimate the displacement fields resulting from the compression load.
To this end, the software package elastix [136, 223] was used in the current work.

The DVC procedure consists of a rigid, followed by an elastic registration. Image regis-
tration is applying a transformation to a source image to match it to a target image. It is
often formulated as an optimization problem, seeking the transformation which minimizes
a cost function representing the difference between the source and target images [137].
For the rigid registration, the images are only transformed through translation and rota-
tion. This was carried out to align the preloaded (source) and loaded scans (target). The
reference planes for the rigid registration were chosen at the mid-height of the vertebral
bodies, as demonstrated in Figure 4.3.

Reference plane

(a) Unloaded scan: A (b) Loaded scan: B (c) Difference image: B — A
Figure 4.3: Rigid registration
Here, we point out the air bubbles which are visible within the trabecular structure in

the images. As some of the air bubbles moved between the scans, special attention was
necessary to eliminate their influence on the registration. Hence, a separate segmentation

fImage processing was carried out at the Department of Neuroradiology, TUM, by Alexander Valen-
tinitsch. His efforts are gratefully acknowledged.
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mask for the air bubbles was created to exclude them from the process. To physically
eliminate the air bubbles, the samples would need to be submerged in a saline solution,
and the compression jig would need to be made watertight. However, this was not carried
out in this work to avoid the risk of leakage and damage to the scanner.

Next, the elastic registration procedure was carried out to estimate the displacement
field. In the current work, this is achieved by applying affine transformations (translation,
rotation, scaling and shearing) to the images. The transformations were carried out on
patches of the images of size 60 x 60 x 60 voxels, which are overlapping by 30 voxels
in each direction. A numerical solution to the optimization problem provides the affine
transformations for the elastic registration. The relatively large patch size is necessary to
ensure that there are enough physical features to be identified in the transformed patch.
Finally, the resulting affine transformations were utilized to estimate the displacement
field within the overlapping sub-patches. The results were stored as regular grids with
nodes at the centers of the sub-patches, which we refer to in the following as the “DVC
grids”. An example of the displacement field approximated from the elastic registration
is shown in Figure 4.4.

Figure 4.4: Digital volume correlation: displacement field

4.2.3 Micro-CT-based finite cell models

For the numerical analysis, we employ the FCM, as described in Chapter 3. Unlike
previous validation studies of the FCM which considered continuum-level numerical mod-
els [209], the work presented here considers microstructural models . To this end, the



54 4. Micro-CT-based finite-cell analysis of vertebral bodies: a validation study

geometric model and the material properties for the numerical models are based on the
micro-CT scans of the preloaded specimens.

Pre-processing—Segmentation

The first step in setting up the numerical models is to perform a segmentation of the
micro-CT scans. Here, the segmentation only needs to consider the outer boundary of
the vertebral bodies, without distinction between the trabeculae and the marrow within
the bone’s structure. An example of such a segmentation is shown in Figure 4.5. The
segmentation is used in conjunction with the CT image to identify the physical domain
inside the region of interest—the so-called point membership test. The segmentation is
also used to generate a surface tessellation for the enforcement of the boundary condi-
tions. In the current study, the segmentation was carried out using a partially automated
approach. First, a specimen-specific threshold was manually identified to delineate the
cortical and trabecular bone regions. The automated algorithm used a connectivity filter
followed by morphological closing (dilation followed by erosion) operation to extract a
filled cortical shell. Noise was reduced by applying a median filter. The segmentations
were then manually revised using ITK-SNAP [274] to ensure an accurate representation of
the boundaries. For the current work, the quality of the segmentation is of greater im-
portance, as they are used to identify the physical domain, and later utilized to generate
surface meshes which are used to apply the boundary conditions.
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Figure 4.5: Segmentation in ITK-SNAP
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u-FCM discretization

The micro-CT scans of the pre-loaded vertebra together with the matching segmentations
were used to generate the p-FCM models using our in-house finite-cell framework AdhoC++.
The bounding box of the region of interest in each scan was discretized using a regular
grid of finite cells. The dimensions of the finite cells were chosen as an integer number
of voxels in each spatial direction. In this study, we used 14 x 14 x 14 voxels per finite
cell. A polynomial order p = 3 with the trunk space was chosen [71]. All finite cells
that were completely inside the fictitious domain were excluded from the models. This
excluded mostly cells that were outside the vertebral body yet within the bounding box
of the defined region of interest, or in some cases cells that were within larger “voids”
inside the trabecular structure. Excluding these cells reduces the size of the numerical
model, and improves the condition number of the system’s stiffness matrix. The resulting
1-FCM models had between 50 and 56 thousand finite cells, and approximately 1.1 to 1.3
million degrees of freedom. An example of the resulting models is presented in Figure 4.6.

(a) p-FCM mesh (b) Section view

Figure 4.6: FCM discretization of specimen #1

Here, we elaborate on the suitability of the chosen parametrization of the u-FCM meshes.
The finite cell sizes (910pum for specimens #1-3 and 840um for specimen #4) were chosen
such that they resolve the trabecular structure, defined by a length parameter equal to
the sum of the trabecular thickness (Tb.Th) and trabecular spacing (Th.Sp). In other
words, the meshes are fine enough such that a single finite cell does not contain several
trabeculae. This can be observed in the detailed view of the mesh for specimen #1,
shown in Figure 4.6b. With a moderately low polynomial degree, a parametrization with
several trabeculae per finite cell would induce nonphysical coupling between the separate
trabeculae, as shown e.g. by Coradello et al. [44] in the context of shell analysis using
the FCM. This would significantly overestimate the stiffness of the trabecular structure.
Another example of such artificial stiffness induced in finite cell models by the mismatch
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between the polynomial order and the spatial resolution of the material description was
observed in the context of topology optimization [90]. This is avoided here through an
appropriate choice of the finite cell size.

Unlike common practice in u-FEM analysis of trabecular specimens, we made no special
considerations to ensure that the trabecular structures were well-connected or exclude
non-connected regions to avoid singular stiffness matrices. This was not necessary for our
study, since the pu-FCM models enclosed the whole vertebral bodies.

For the numerical integration we utilized grids of sub-cells which match the voxel grids of
the u-CT images. Here, the resolution of the pu-CT scans allows to geometrically resolve
the trabecular structure. Hence, the material properties were assigned voxel-wise. A
threshold value for each scan was selected manually by inspection of the images and the
intensity histograms. Voxels with intensity above the threshold were assigned material
properties of the bone tissue with Young’s modulus £ = 17 GPa and v = 0.3 [245].
Note that we do not use different material parameters for the cortical shell. The higher
(macroscopic) stiffness in this part results from the higher local density, i.e. the larger
number of filled voxel per unit volume compared to the spongy trabecular region. Voxels
that were outside of the segmentation, or with an intensity below the threshold were
assigned a fictitious material, with Fgee = 1 x 1077 GPa and vge = 0.3.

Since all elements of the p-FCM mesh are of identical shape and size, differing only in the
material parameters of linear elasticity defined for each voxel, it is possible to significantly
improve the computational performance by means of a pre-integration [268].

Boundary conditions

In the current work, the boundary conditions are defined to replicate the experimental
displacements (estimated using DVC) on the boundary in a similar approach to the work
of Costa et al. [45], where we use a trilinear interpolation of the DVC data on the bound-
ary. In contrast to Costa et al., we apply the displacement boundary condition on the
whole physical boundary of the vertebral bodies. The Dirichlet boundary conditions were
enforced weakly using the penalty method.

The surface meshes used to define the boundary and evaluate the penalty terms were
created using the marching cubes (MC) algorithm [154]. To this end, our implementation
of MC in AdhoC++ was used to generate the isosurfaces of the domains defined by the
segmentations. An example of the generated surface meshes is presented in Figure 4.7.
As the voxel grids of the CT-images were aligned with the u-FCM grids, the resulting
triangles of the reconstructed surfaces did not have additional intersections with the faces
of the finite cells—meaning that each triangle lied completely within a single cell, as shown
in the detail view in Figure 4.7b. This allows for an accurate evaluation of the surface
integrals that can be easily parallelized to improve computational performance.

For the weak enforcement of the boundary conditions, the choice of the penalty value, §p,
is influenced by the parameters of the finite cell discretization (element size and polynomial
degree), as well as the material parameters. In this work, the penalty parameter was
chosen empirically as Bp = 1 x 10°.
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(a) Surface mesh (b) Detail view

Figure 4.7: Surface mesh of specimen #1

4.2.4 Comparison and statistics

To validate the u-FCM models, we compare the numerical approximations of the interior
displacement fields to the DVC data from the experiment. The comparison is carried out
pointwise at selected nodes of the DVC grid.

We performed a linear regression analysis to assess the correlation between the displace-
ment fields. For each component (in the z-, y- and z-directions), the slope, intercept
and coefficient of determination R? were reported for each specimen. Additionally, we
recorded the absolute root mean square error (RMSE), and the relative RMSE, which
was normalized w.r.t the absolute maximum value from the DVC measurements for each
field component and each specimen.

We carried out the comparison at the nodes of the DVC grid that lie within the physical
structure of the y~-FCM models. To identify these nodes, we filtered the nodes where the
average value of the image intensity (bone density) in their close proximity is above a
certain threshold. Similar to the approach presented by Costa et al. [45], we excluded
the nodes of the DVC grid that are too close to the boundary, as the displacement fields
described by these nodes were used to define the boundary conditions of the pu-FCM
models. In our study, we interpolated the DVC data at the geometric boundaries to
impose the Dirichlet boundary conditions. Hence, we needed to filter out the nodes that
lie in the proximity of the boundaries from the comparison to remove their influence on
the linear regression analysis. In this work, this filtering was carried out by utilizing a
scaling (affine transformation) of the geometries of the vertebrae. Nodes that were outside
of the 80% scaled geometries of the domains defined by the segmentations were excluded
from the comparison.

To mitigate the influence of outliers on the results of the regression analysis, we excluded
points with Cook’s distance [43] higher than five times its mean value for each component
of the displacement field of each specimen. This filtering process finally left 734, 919, 663
and 754 comparison nodes of the DVC grids of the four specimens.
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4.3 Results

The simulations based on the pu-FCM models were performed using our in-house soft-
ware framework AdhoC++. To solve the resulting systems of linear equations we applied
the parallel direct solver Intel® Pardiso which is provided as part of the Intel Math
Kernel Library [114]. All simulations were run on two eight-core Intel® Xeon® E5-2690
@ 2.9 GHz CPUs, and a maximum memory of 192 GB. Run-time for the largest model
was approximately 40 minutes.

Surface triangulations of the trabecular microstructure were reconstructed for sagittal
sections making use of the IsoVolume filter in the visualization package ParaView [10].
The DVC results were interpolated, and projected onto the recovered surface of the seg-
mentation. The numerically approximated displacement fields are shown in Figure 4.8.
At the boundaries of the vertebral bodies, it can be clearly seen by inspection of the
contour plots that the displacements of the y-FCM models closely match the interpolated
values of the DVC measurements. This indicates the effectiveness of the proposed ap-
proach for the enforcement of the boundary conditions. Within the interior regions , it
can be observed that the predicted displacement fields of the u-FCM models exhibit very
similar patterns to the interpolated DVC data. The absolute values of the displacements
are largest for the z-component, which corresponds to the axial direction, where the com-
pression was applied. The displacement fields have smaller components in the transverse
directions—mostly sub-voxel magnitude. The results of the linear regression analysis are
presented in Table 4.2, and the scatter diagrams comparing the predicted displacements
and the DVC data are shown in Figure 4.9.

Table 4.2: Results of linear regression analysis

Spec.| Com- Number of | Slope | Intercept | R? RMSE | RMSE
# ponent | points (%) [pm] [pm] %
Uy 714 (97.3%) | 0.99 -1.44 0.93 | 7.07 7.54
| ” 710 (96.7%) | 0.97 | -5.61 0.91 | 10.2 4.63
U, 703 (95.7%) | 0.99 -3.02 0.97 | 164 3.79
e 900 (97.9%) | 1.07 | -0.01 0.93 | 3.06 5.16
2 Uy 900 (97.9%) | 1.09 1.02 0.96 | 3.48 7.37
u, 889 (96.7%) | 1.14 | -0.61 0.96 | 4.17 4.65
e 641 (96.7%) | 0.01 | -2.22 0.86 | 2.32 8.5
3 Uy 658 (99.2%) | 1.09 1.03 0.93 | 3.24 9.72
U, 638 (96.2%) | 1.14 -1.83 0.96 | 3.37 5.49
Uy 714 (94.7%) | 1.00 0.04 0.86 | 3.19 8.81
4 Uy 734 (97.3%) | 1.13 0.19 0.73 | 4.92 13.7
U, 725 (96.2%) | 1.13 -1.78 0.94 | 4.42 4.26

The filtering according to the Cook’s distance criterion eliminated 0.8% - 5.3% of the DVC
grid nodes. Excluding the outliers, the regression analysis shows that all components of
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Figure 4.8: Comparison of numerical approximation of displacements using u-FCM (top

row) and the DVC data (bottom row), units are voxel-size.
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Figure 4.8: Comparison of numerical approximation of displacements using u-FCM (top
row) and the DVC data (bottom row), units are voxel-size — (continued)



4.3. Results

61

T T
R? =0.93 4
DVC = 0.99 FCM — 0.02 _
1.0 |- |
0
>
A
8
3 0.0 |- |
-1.0 |- 4° —
| | |
-1.0 0.0 1.0
u, FCM
1.0 T T ]
R? =0.93
0.8 |- DVC =1.07 FCM +0.00 ¢ -]
0.6 |- |
o]
> 0.4 |- |
A
8
02| |
0.0 |- |
-0.2 |- -
| | | | |
0.0 02 04 0.6 08
ue FCM
02| ‘ B
R? =0.86 s
DVC = 0.91 FCM — 0‘95500 b
0.0 |- |
O
>
A
8
02| N
-0.4 |- |
! ! ! !
-0.4 -0.2 0.0 0.2
u, FCM
T T T T
R? =0.86 o
DVC = 1.00 FCM +0.0Q
0.2 |- 0o/ .
0 0.0 |- —
>
A
8
§-02 |- -
-0.4 [ |
¢ &
-0.6 - o ]
! ! ! ! !
0.6 -04 -0.2 0.0 0.2
u, FCM

Figure 4.9: Linear regression analysis for displacement fields,

3.0

2.0

1.0

1, DVC

0.0

-1.0

0.5

uy, DVC

-0.5

1, DVC

T T T
R? =0.91 °
- DVC = 0.97 FCM — 0.09 - 6.0
o,
N N 4.0
g
| | n 20
"
3
| i 0.0
N i -2.0
| | | | |
1.0 0.0 1.0 20 3.0
uy FCM
(a) Specimen 1
T T
R? =0.96 0.5
DVC = 1.09 FCM + 0.02_
0.0
0]
>
R.0.5
N
I~ | 3
1.0
o
| | |
-0.5 0.0 0.5
uy FCM
(b) Specimen 2
T T T
R? =0.93 &
DVC = 1.09 FCM + 0.02 >
0.8
= 4 S o4
[a]
n
| — 3
0.0
-0.4
| | | |
04 -0.2 0.0 0.2
uy FCM
(c) Specimen 3
T T T T T
| R?>=0.73 o |
DVC = 1.13 FCM + 0.00 05
0.0
i 12
A-0.5
| | n
3
1.0
1.5
| | | | | |

-0.4 -0.2 0.0 0.2

uy FCM

0.4

(d) Specimen 4

0.6

T T
R? = 0.97

|- DVC = 0.99 FCM — 0.05 _

T T
- R? =0.96

DVC = 1.14 FCM — 0.01g
ok

-1.0 -0.5 0.0 0.5
uy FCM
T T T
R% =0.96 A
DVC = 1.14 FCM — 0.03 o/
! ! ! !
-0.4 0.0 0.4 0.8
u, FCM
T T T
R%2 =10.94 °
| DVC =1.13 FCM — 0.03 o |
! ! ! ! !
-1.5 -1.0 -0.5 0.0 0.5
u, FCM

units are voxel-size



62 4. Micro-CT-based finite-cell analysis of vertebral bodies: a validation study

the displacement fields predicted by the p-FCM models were highly correlated and in very
good agreement with the values estimated by DVC for all specimens, with coefficients of
determination 0.73 < R? < 0.97. The slopes of the linear regression ranged between
0.91 and 1.14. Most analyses (except for specimen #1) had a slope slightly above 1.0.
The absolute values for the intercepts are small relative to the displacements (maximum
5.61 pum).

It is observed that the relative root mean square error (RMSE) in the z-component (axial)
of the displacement (3.79 —5.49%) is lower than the relative RMSE for the transverse (z-
and y-components) for all of the tested specimens. The reported values for the relative
RMSE are below 10% for all displacement components of specimens #1-3. However, for
the y-component of specimen #4 a relative RMSE of 13.7% is reported. For this specific
case, it can be seen that the absolute values of the displacements are the lowest among
all displacement components of all of the tested specimens. Yet the error is an order of
magnitude smaller than the resolution of the micro-CT scan.

4.4 Discussion

The results of the validation study show a very good agreement between the displace-
ment fields predicted by the p-FCM models and the experimental DVC measurements.
The combination of the penalty method for the weak imposition of essential boundary
conditions with the trilinear interpolation of the DVC measurements has been shown to
be a simple yet effective approach for replicating the experimental boundary conditions
for the u-FCM analyses.

A high correlation was observed in the regression analyses of all displacement field com-
ponents of all four specimens. For the majority of the linear regression analyses, a slope
with value slightly larger than 1.0 was reported. This suggests that the p-FCM models
overestimate the stiffness of the trabecular structure to some extent. Further refinement
of the u-FCM models by using a higher polynomial order (p-refinement) or decreasing the
finite cell size (h-refinement) would improve the accuracy of the numerical approximation
of the displacements.

The relative RMSE reported by the linear regression analysis for all components of the
displacement field was below 10% for all of the examined specimens, with the exception
of the y-component for specimen #4, which had relative RMSE of 13.7%. It can also be
observed in Figure 4.8d that the estimated DVC displacement field for the y-component
(middle column) exhibits some nonphysical oscillations. This component of specimen
#4 also has the weakest correlation (R? = 0.73) between the numerical predictions and
the DVC data for all of the examined specimens. For this specific case, it was observed
that the absolute values of the displacements are the lowest from all components of all
tested specimens. Hence, it is more difficult for the DVC algorithm to estimate the
displacement field, where the displacements are a small fraction of the voxel size (the
resolution of the micro-CT images). Similar observations were reported by Oliviero et al.
[183] for a validation study of micro-CT based p-FEM models of mouse tibia using DVC.
Larger displacements would be easier to detect, but require higher compression loads,
which increases the risk of fracturing the specimens during the validation experiment.
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By contrast, the relative RMSE reported for the z-components, which corresponds to the
axial loading direction, were lower than the transverse directions for all four specimens.
The axial components of the displacement fields had the highest absolute values, and
hence, are more easily identified by the DVC algorithm.

In comparison, the results of the u-FEM validation study reported in the work of Costa
et al. [45] show even better agreement between the DVC measurements and the numerical
predictions of the u-FEM models, with 0.89 < R? < 0.99 and maximum relative RMSE
of 5.20%. Here, we highlight some differences between the two studies that we believe
explain this better accordance. Firstly, Costa et al. used micro-CT images with higher
resolution (38.6-39 pm compared to our images with 6065 pm). Secondly, their study
used specimens of porcine vertebrae, which have higher strength. Hence, they were able
to apply higher compression loads on the vertebral bodies (up to 308 kg). The resulting
displacements in the axial direction were as high as 420 ym, approximately 11 times the
voxel size. In comparison, in our study we were limited to 180 kg compression load to avoid
fractures in the human specimens, and the largest displacements in the axial direction were
around 360 pm, or 6 times the voxel resolution. Therefore, in our study the displacement
fields due to the compression load were more difficult to detect by the DVC algorithm.
Additionally Costa et al. excluded the vertebral endplates, omitting the regions with the
most complex loading conditions. Compared to our approach, this results in more uniform,
but less physiological loading patterns, making their results less transferable to in-vivo
conditions. Moreover, Costa et al. used very high resolution pu-FEM models with up to
962 million degrees of freedom which deliver extremely accurate results, whereas our p-
FCM models were limited to a moderate polynomial degree p = 3, giving accurate models
with a moderate computational cost—the pu-FCM models had approximately 1.3 million
degrees of freedom, and required significantly less computational resources.

There are, however, a few limitations of our study. Firstly, the sample size of the vertebral
specimens which we examined is small (n = 4). The detailed analysis required for the
validation study makes a large sample size not feasible. Considering the solution of the
numerical models, the main limitation was imposed by the use of a direct solver for
the linear systems of equations. Direct solvers have large memory requirements, which
limited our models to a moderately low polynomial order. In the study, we only used a
linear elastic, isotropic material model for the bone material. However, this was effective
in showing the applicability of the FCM for micro-CT-based analysis. More involved
material models are also applicable in the framework of the FCM.

The current validation study only examined the predictions of the displacement field.
Validation of the strains is more challenging, firstly from the experimental side, as the
registration algorithms require coarser grids to have enough physical features to iden-
tify the displacements, which in turn limits their applicability for the pointwise valida-
tion of strain fields. A qualitative comparison presented by Costa et al. [45] shows that
strains predicted by high resolution p-FEM models exhibit similar patterns to the DVC
estimations, albeit with much higher spatial resolution. Quantitative validation of nu-
merically predicted strain fields using QCT-based continuum-level FE models and DVC
measurements also show lower accordance in comparison to the validation of the displace-
ments [145, 147, 146]. Secondly, to provide numerically accurate predictions of the strain
fields on a microstructural level, the u-FCM models need to be further refined.
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To study the effect of further refinement on the accuracy of the predictions—by either
increasing the polynomial order (p-refinement) or reducing the size of the finite cells (h-
refinement)—the use of an iterative solver is necessary. To this end, an Additive-Schwarz
type pre-conditioner has been shown to be an effective approach for u-FCM analysis,
which can enable the solution of larger systems with moderate memory requirements [117].
For a more accurate estimation of the displacement field resulting from the compression
load using DVC, a B-Spline registration can be employed, which is able to describe the
deformation with higher accuracy than the affine registration used in this work [206].

To summarize, in this work, we have presented a new validation study for the micro-CT
based finite cell method (u-FCM). We have shown that the u-FCM provides accurate
predictions of the displacements when the boundary conditions of the experiment are
replicated from the DVC measurements. Our results corroborate the findings of Chen
et al. [32] and Costa et al. [45] despite using different finite element approaches. In
conclusion, the results presented in this study illustrate the potential of the u-FCM as an
attractive alternative simulation approach that provides accurate results for a moderate
computational effort, and flexibility in dealing with complex geometry.
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Chapter 5

The finite cell method for material
interface problems *

In this chapter, a numerical discretization technique for solving three-dimensional material
interface problems involving complex geometry without conforming mesh generation is
presented. The finite cell method (FCM) is used for the numerical approximation of the
solution without a boundary-conforming mesh. Weak discontinuities at material interfaces
are resolved by using separate FCM meshes for each material sub-domain, and weakly
enforcing the interface conditions between the different meshes. Additionally, a recently
developed hierarchical hp-refinement scheme is employed to locally refine the FCM meshes
in order to resolve singularities and local solution features at the interfaces. Thereby,
higher convergence rates are achievable for non-smooth problems. A series of numerical
experiments with two- and three-dimensional benchmark problems is presented, showing
that the proposed hp-refinement scheme in conjunction with the weak enforcement of the
interface conditions leads to a significant improvement of the convergence rates, even in
the presence of singularities.

5.1 Introduction

In engineering problems, an accurate resolution of domains with discontinuous material
properties is often required to ensure a reliable design. Possible applications include the
simulation of multi-phase materials, composite structures and biomechanical problems,
where different tissues—often in combination with implants—are considered.

Problems of linear elasticity show a reduced regularity at the material interfaces, where
the displacement field is in general only C%-continuous. This fits perfectly to the classical
finite element method (FEM) using a C°-continuous approximation space [111, 16], as
long as the material interface is matched exactly by edges (2D) or faces (3D) of the
finite element mesh. However, this requires that the mesh generator is able to follow
the material interfaces exactly, which can be cumbersome in cases of complex geometry.
Moreover, high curvatures and kinks along the interfaces induce high solution gradients

*The following chapter is based on [75]. The main scientific research as well as the textual elaboration
of the publication was performed by the author of this work.
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and singularities. This requires local mesh refinement for an accurate solution, which
makes the task of mesh generation even more challenging.

To avoid complex mesh generation, embedded or fictitious domain methods have emerged
as an alternative to the boundary-conforming FEM. The finite cell method (FCM) is an
example of this class of method that combines the immersed boundary approach with
high-order basis functions. Thereby, the FCM can be used for mechanical simulations
involving very complex geometry without generating a boundary conforming mesh, as ex-
plained in Chapter 3. For problems with smooth solutions, the FCM achieves exponential
convergence thanks to the underlying high-order approximation.

Unfortunately, the standard FCM loses some of its attractive approximation properties
for domains with multiple materials [218, 122]. There are two main challenges facing the
FCM for embedded interface problems:

(1) The approximate solution within a finite cell is a polynomial (C'*°-continuous)
whereas the exact solution is only C®-continuous. The inability of the smooth
polynomials to represent the discontinuity across the material interface yields an
oscillatory solution and a reduction of the convergence rate.

(2) The use of a uniform Cartesian grid is not suitable for problems with locally high
gradients or singularities, which are expected for material interfaces with complex
geometry, as such problems require local mesh refinement.

To handle the first challenge, the numerical approximation needs to be able to reproduce
a C%-continuous solution. Several finite element approaches emerged that are suitable to
handle weak discontinuities without generating an interface-conforming mesh. Two major
approaches are the partition of unity enrichment and the weak coupling of non-matching
discretizations.

Partition of unity methods (PUM) [169], such as the generalized and extended finite
element methods (GFEM, XFEM) [236, 82] enhance the numerical solution by enriching
the basis with specially constructed functions to approximate the weakly discontinuous
solutions [171, 81]. Recent developments in XFEM and GFEM for material interface
problems include the use of adaptive mesh refinement in conjunction with the level-set
method [149, 150], and the interface-enriched GFEM [230, 231, 229, 212, 213]. The local
enrichment approach was combined with the FCM as presented by Joulaian and Diister
for two-dimensional problems [122]. This combination leads to a significant improvement
in the convergence rates of the FCM. However, the efficient and robust application of
PUM enrichments to complex three-dimensional geometries remains a challenge.

The weak coupling approach allows for non-matching discretizations of the sub-domains,
and it enforces the interface conditions in a weak sense. To that end, it is possible to
apply the penalty method, Lagrange multipliers or Nitsche’s method [179]. Nitsche’s
method is commonly used to weakly enforce interface conditions, as presented by Hansbo
and Hansbo [96], and further developed by Dolbow and Harari [63, 7, 6, 116, 217]. The
weak coupling approach has also been applied in the context of the FCM, using Nitsche’s
method [208, 235], or based on a parameter-free coupling method [138]. There, it has been
shown that a weak enforcement of the interface conditions enables the FCM to recovers
its favorable convergence properties for piecewise smooth problems.

To address the second challenge, the finite cell mesh needs to be locally refined. Alter-
native versions of the FCM make use of unstructured meshes, and apply a local mesh
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refinement to resolve local solution features [248, 64, 66]. However, these mesh-based re-
finement approaches sacrifice the uniform grid structure of the FCM, which is particularly
useful for image-based geometries that are common in biomechanical applications.

An attractive alternative is the application of the hAp-version of the FEM for the non-
uniform refinement of the underlying FCM meshes. The classical hp-FEM [91-93] is a
powerful method which uses a combination of h- and p-refinement to efficiently approxi-
mate non-smooth solutions. The main idea is to sub-divide the elements close to the sin-
gularities in a recursive manner, in order to achieve a geometrical progression of element
size. The resulting mesh has low order elements of small size close to the singularities,
and high order elements of larger size further away from the singularities to approximate
the smooth solution. While numerically efficient, hp-FEM for two- and three-dimensional
problems requires to constrain the hanging nodes, which demands for a sophisticated
discretization kernel [232, 60].

A simpler variant, which we employ in this work, is the recently introduced multi-level
hp-version of the FEM [277, 275]. Instead of the classical refine-by-replacement concept,
where an element is replaced by a set of smaller elements, the multi-level hp-FEM super-
poses the refined element with a hierarchy of overlay meshes. Using a simple formulation,
in which homogeneous Dirichlet boundary conditions are enforced on the overlay meshes,
the multi-level hp-FEM avoids the need to constrain hanging nodes. Thereby, it offers
a simpler implementation for arbitrary hanging nodes, making it readily applicable to
three-dimensional problems [276]. The multi-level hp-FEM has also been applied to co-
hesive fracture modeling [279], and to phase-field fracture modeling [176], demonstrating
its efficiency for propagating phenomena.

In this chapter, we apply the FCM in conjunction a weak enforcement of interface condi-
tions and the multi-level Ap-refinement scheme to solve material interface problems. This
combination of these numerical techniques enables us to handle complex three-dimensional
geometries, without the need for mesh generation. We demonstrate that the multi-level
hp-scheme is very well-suited for the resolution of geometry induced stress concentrations,
and presents a natural compliment to the FCM’s strategy to avoid mesh generation.

This chapter is organized as follows: Section 5.2 offers a brief review of the finite cell
method for embedded interface problems. In Section 5.3, we outline the multi-level hp-
refinement scheme, and elaborate on the refinement strategy applied for material interface
problems. In Section 5.4, we present a series of numerical experiments of embedded
interface problems with geometry-induced stress concentrations. The results demonstrate
the improved approximation accuracy of coupled FCM with multi-level hp-refinement.
The chapter closes with a concluding outlook in Section 5.5.

5.2 Embedded interface problems in the FCM

In this section, we present a brief review of the finite cell method for material interface
problems, outlining the main concept of the method—including a coupling formulation
that allows to weakly impose the interface conditions among sub-domains.
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5.2.1 Model problem

We consider an open and bounded d-dimensional domain, denoted as the physical domain
Quny C R d € {2,3}, with the boundary 9Q,, = T'p ULy, and I'p N Ty = () [208]. The
physical domain €25, is subdivided into n disjoint, open, and bounded subsets Q)

Dy = | J O, QDN QY) =0 for i # j. (5.1)
k=1

The sub-domains Q*) are separated by internal boundaries I';;, denoting the material in-
terfaces between Q) and Q). The model is governed by the partial differential equations
of linear elastostatics, given in the strong form of the boundary value problem by:

V.o +p® = Vee QW i=1,...,n (5.2a)
o® =CW : g(u) Ve e QW i=1,....n (5.2b)

) 1 ) ) )
s = 5 (Vut + val)') vee QW i=1....n, (5.2¢)

where o is the stress tensor, b'” is the body load, CY is the elastic material tensor, € is
the strain tensor, and u(® is the displacement vector of the sub-domain Q. The system
is subject to the boundary conditions:

w® — 4 veell), i=1_...,n (5.3a)

o . p® — i VeelV¥, i=1,...,n, (5.3b)
where 4¥ are the prescribed displacements on the Dirichlet boundary, f(i) are the pre-
scribed tractions on the Neumann boundary, and n denotes the outward facing normal
vector on the sub-domain’s boundary 9Q® (see Figure 5.1), and

) =1,n000 (5.4a)
T{) =Ty Nano. (5.4b)

Additionally, the following interface conditions apply along I';;:

’U,(z) = ’U,(J) Va € Fij7 (55&)
o®.nt = _g0).pnl) Ve e L. (5.5b)
The first interface condition ensures the kinematic compatibility between the sub-domains,

whereas the second condition prescribes the equilibrium of normal traction across the
interfaces.

5.2.2 Weak enforcement of interface conditions

For material interface problems, the standard FCM—where a single mesh is used to dis-
cretize the entire extended domain—requires additional means to maintain its attractive
approximation properties. The solution exhibits a weak discontinuity across the interface
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Figure 5.1: Coupling of non-matching FCM meshes, following [208].

(a kink in the displacement field), and this discontinuity cannot be well represented by
the high-order polynomial basis functions used in the FCM. This leads to an oscillatory
solution in the cells cut by the material interface, and the convergence is reduced to a
slow algebraic rate.

To overcome this challenge, we use a separate FCM mesh for each extended sub-domain:

Q00 =@yl (5.6)

and couple the FCM meshes to weakly impose the interface conditions, as presented
in [208]. Figure 5.1 illustrates this approach for two sub-domains. The use of a separate
set of basis functions for each sub-domain allows the discretization to approximate the
strain fields with different gradients on each sub-domain. Additionally, the coupling of the
FCM meshes recovers the weak discontinuity (jump in the strain field). Thereby, the FCM
is able to recover its exponential convergence rates for piecewise-smooth problems [208,
138]. Moreover, this makes it possible to use discretizations with different resolutions in
each sub-domain, which allows for a higher numerical efficiency. However, this multiple-
mesh approach requires an additional discretization of the material interfaces I';; for the
integration of the coupling terms along the interfaces. Fortunately, the discretization of
the interface for integration is considerably less demanding than FEM mesh-generation
for multiple sub-domains.

Several methods can be applied for the weak coupling of the non-matching discretizations.
A commonly used approach, which has also been applied in the context of the FCM, is
the application of Nitsche’s method [208]. Tt is variationally consistent, but requires the
estimation of additional stabilization parameters. In the present work, we use a pure
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penalty approach for the coupling of FCM meshes, and for the weak enforcement of
Dirichlet boundary conditions. The penalty method is inconsistent, and the accuracy
depends on the choice of the penalty parameters. However, it is easy to implement—and
it delivers sufficiently accurate solutions (for engineering purposes), as demonstrated by
the numerical experiments presented in Section 5.4.

Finally, the weak form of the coupled FCM problem reads:

Find u® € S(Q®), i=1,...,n such that:
B(u,v) = F(v) vo® e P(QD) (5.7)

with:

Q)
+Zﬁij/[[v]]ij-[[u]]ij dr+25g> /vm INON (5.82)
i2;  Tu ! r()
Fo)=%" / 2 - 0 b)) dQ+Z/v(i) pop.
Lo g0

+>° 8y / @ . 4@ dqr (5.8b)

(i)
FD

where v(® are the test functions in the space of admissible functions V(Q®), and

: 1 Vo € QO
aD(g)={" * 0 (5.9)
€D <1 VaeQ.

The two penalty parameters, 3;; and Sp control the weak enforcement of the kinematic
compatibility condition across I';; and of the Dirichlet boundary condition, respectively.
Here, [u];; denotes the jump operator

The choice of the penalty parameters influences the accuracy of the numerical solution.
Values that are too small lead to a large error in the imposed conditions (observed in
the levelling-off of the convergence curves), whereas values that are too large yield an
ill-conditioned system of equations [12, 254, 8]. In the numerical examples that follow in
this paper, the penalty parameters are chosen heuristically, starting with an initial value
of E-103, where E is the Young’s modulus of the stiffest material. In case the resulting
error in the imposed condition is too large, the penalty value is increased stepwise by one
order of magnitude.
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5.3 Multi-level hAp-refinement

For problems with local solution characteristics such as stress concentration and singu-
larities, hp-refinement is a powerful method of discretization, as it is more efficient than
uniform h- or p-refinement [91-93]. Smaller elements with low polynomial degree close
to the singularities are able to capture the local solution and confine the discretization
error, whereas large elements with high polynomial degree are best suited to describe the
smooth solution further away from singularities.

However, the Cartesian grid nature of the FCM discretization does not easily incorporate
local mesh refinement without having to introduce hanging nodes. In this work, we apply
the multi-level hp-refinement scheme to locally refine FCM grids, without the difficulties
of constraining hanging nodes. Thereby, the method is able to achieve higher convergence
rates, while retaining the advantages of using Cartesian finite cell grids. This section pro-
vides a brief review of the multi-level Ap-FEM and elaborates on the refinement strategy
used for material-interface problems.

5.3.1 Basic refinement concept

The principal idea of the multi-level hp-FEM is to enhance the local approximation of the
solution through a local superposition of coarse base elements in the refinement zones with
finer overlay elements. The final approximation w is the sum of the base mesh solution u,
and the fine-scale overlay solution w,. This refine-by-superposition approach is related to
the pioneering work of Mote [174]. This concept was applied in the context of hp-domain
decomposition, to overlay coarse p-FEM meshes with fine linear h-elements [198], and in
the hierarchic hp-d-scheme, which adds several layers of linear overlay meshes [215].

The multi-level hp-scheme generalizes the hierarchic overlay idea of the hp-d scheme by
introducing high-order overlay meshes. Here, the support of the high-order basis functions
is chosen on the finer overlay meshes—instead of the base discretization, as illustrated
in Figure 5.2. This corresponds to an h-refinement of the high-order basis functions, as
the size of their support is reduced. This limited support—combined with an adequate
geometric grading—has the desirable effect of confining the (global) pollution error in
the smallest elements around the singularities. This is not the case for the linear over-
lay approach presented in [198] and the hierarchic hp-d linear overlays [215], as the
error propagates in the large base elements of the base mesh [277]. Consequently, the
multi-level Ap-FEM leads to superior convergence rates for problems with singularities
and sharp features. Numerical experiments demonstrate that the multi-level Ap-FEM
converges exponentially, for problems including vertex and edge singularities in two and
three dimensions [277, 276, 279].

The multi-level hp-FEM avoids the implementational burden of constraining hanging
nodes. A simple implementation is possible, wherein two requirements are satisfied to
ensure convergence: compatibility of the discretization, and linear independence of the
basis functions. The overlay meshes, generated by recursive sub-divisions of the base
mesh, are geometrically incompatible. To guarantee compatibility of the discretization,
homogeneous Dirichlet boundary conditions are prescribed on the boundary of each layer
of overlay meshes. This maintains a C’-continuous approximation by construction. To
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Figure 5.2: Conceptual idea of the multi-level hp-method [276].

ensure linear independence of the basis functions, the high-order shape functions on over-
lay elements are excluded from their respective parent elements, as demonstrated in Fig-
ure 5.2. The fulfillment of these requirements leads to a simple yet powerful discretization
technique, that exploits the benefits of the hp-FEM without the burden of constraining
hanging nodes. Additionally, using a suitable data structure in an object-oriented frame-
work allows for a dynamic update of the overlay meshes without introducing a noticeable
computational cost [276]. For an in-depth discussion of the multi-level hp-FEM for two-
and three-dimensional problems, with elaboration of their implementational aspects, the
interested reader is referred to [277, 276, 275]

5.3.2 Refinement strategy

In general, stress concentration and sharp solution features can be caused either by sudden
changes in the boundary conditions, the applied body load, or sharp geometric features—
such as re-entrant corners. In this work, we mainly consider stress concentrations induced
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by sharp geometric features of the material interfaces. To resolve such features, an a
priori refinement scheme is applied. Here, the design of the discretization is guided by
existing knowledge of the solution features, based on engineering experience.

h-refinement

Typically, hp-mesh design includes a geometric progression of elements towards the singu-
larities, with small linear elements close to the singularities, and increasing element size as
well as increasing polynomial orders away from the singularities. In the framework of the
multi-level hp-FEM, the high-order overlay meshes are generated by recursive bisection
of the base mesh. To geometrically grade the mesh towards a point P, = (py, py, p-), for

each leaf element K, the point is mapped into the index space of the element Qg = [—1, 1]¢
as follows:
P¢, = Q' (Py), (5.11)

where P¢, = (pe, Py, pc) are the local coordinates of P, in the index space of the leaf-
element K, and Qx(x) denotes the geometric mapping between the global and local
spaces. The element is sub-divided if the mapped point lies within an extended index
space QD, which is larger than Qn

P, € n. (5.12)

Typical choices for ) are between [—1.25,1.25]¢ and [—2,2]%. Thereby, not only the ele-
ments containing P, are refined, but possibly also the neighboring elements. By carrying
out several recursive refinement steps, this approach produces a geometrically graded
mesh—with decreasing element size towards the point of interest, as demonstrated in
Figure 5.3. For Cartesian grid meshes, which are used in the FCM, this inverse mapping
carries a trivial computational cost.

—————————————
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Figure 5.3: Mesh grading towards P using an extended index space O = [—1.25,1.25]2.
An element is refined if P lies within its extended space (drawn with dashed lines).

p-distribution

The distribution of the polynomial degree p across the layers determines the convergence
properties of the hp-discretization. The optimum p-distribution is not known a priori.
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In one case, the high-order basis functions can be kept on the base mesh, and only linear
basis functions are used on the overlay meshes (Figure 5.4a). This case corresponds to
the hierarchical hp-d scheme [215], as a special case of the multi-level hp-scheme. The
linear overlay meshes introduce a moderate number of additional unknowns. However,
the large support of the high-order basis functions causes the global error to propagate
through the domain, yielding a minimal improvement in the convergence rates [277].

On the other end of the spectrum, the high-order basis functions are all shifted to the high-
est (finest) overlay mesh (Figure 5.4b). Obviously, this uniform multi-level hp-approach
introduces significantly more unknowns. However, with the limited support of the high-
order functions, the discretization error is confined to the smallest elements, which yields
superior convergence properties.
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A¥p21 szélpzzl k=2 lp:Q

k—1~~®p:4 k:1ﬁfyp:3

ko% @ Pt F=0 p=i

) Linear overlay, hp-d-approach ) Uniform multi-level (¢) Non-uniform multi-level
hp-approach hp-approach

Figure 5.4: Comparison of different approaches for hierarchical, high-order refine-
ment [276].

In this work, we adopt the uniform multi-level Ap-refinement approach, which is equiva-
lent to uniform p-elevation on a geometrically graded mesh. This scheme has been shown
to be robust and efficient, although it might not be optimal regarding the approximation
error for a number of degrees of freedom. For singular problems, the uniform multi-
level hp-refinement shows exponential convergence in the pre-asymptotic range, which
can be extended by increasing the refinement depth [277, 276]. For boundary conforming
problems; an a posteriori error estimator for multi-level hp-FEM coupled with a smooth-
ness indicator was developed [53], where automatically generated multi-level hp-FEM
discretizations with non-uniform p-distributions further improved the efficiency.

5.4 Numerical experiments

In this section, we examine a series of benchmarks involving material interfaces where
the geometry induces high solution gradients and singularities. This includes the two-
dimensional benchmark of a plate with an elliptical inclusion, where we perform a sys-
tematic study of the influence of the numerical integration accuracy on the quality of the
approximation. The second benchmark considers a circular plate with a sharp inclusion,
where the kink in the material interface introduces a vertex singularity. In three dimen-
sions, we examine the problem of an embedded ellipsoidal inclusion, as well as a singular
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benchmark of a cylinder with an embedded cubical inclusion, which causes a vertex-edge
singularity. In all examples, we examine the p-convergence and the numerical approxima-
tion of the first derivatives of the solution. For more details on the benchmarks and the
reference solutions, the interested reader is referred to [220].

5.4.1 Plate with an elliptical inclusion
Problem setup

The first material interface benchmark we study is a plane stress problem of a plate Q)
with an embedded elliptical inclusion Q®, which has a large aspect ratio, ry/7rs = 0.15,
and a moderate stiffness ratio to the plate, £ /E® = 10 (see Figure 5.5a). The dis-
placement field within the plate is distorted by the curved inclusion, leading to high stress
concentration in the plate. The stress concentration is amplified by the high curvature of
the interface at the major axis of the ellipse (points A and C) as shown in Figures 5.5¢
and 5.5b. The displacement field within the elliptic inclusion remains smooth. The exact
solution for the displacements is piecewise-analytic, i.e. it can be exactly represented by
a Taylor expansion in each sub-domain. An overkill solution was obtained for reference
using a conforming p-FEM mesh which has 26 elements with a uniform polynomial degree
p = 30 and 47 102 degrees of freedom. In the conforming mesh, the elements at the in-
terface are blended on the ellipse’s exact geometry using a quasi-regional mapping [135].
For the setup shown here, the strain energy obtained using the overkill discretization is

U, = 9.10131116644 x 1072 (5.13)
L
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(a) Benchmark setup (b) Reference u,, displacement (c) Reference o, stress

Figure 5.5: Plate with elliptical inclusion
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Discretization

The problem was solved numerically based on the FCM and a weak enforcement of the
interface conditions. Two separate FCM meshes were used to discretize the plate and the
inclusion. A base discretization matching the outer boundary of the plate with 4 x 4 finite
cells was used. The same parametrization was used for the inclusion’s mesh, excluding
cells that do not intersect the ellipse’s domain, leaving 2 x 2 finite cells—as shown in
Figure 5.6. The ellipse’s dimensions and the mesh parameters are setup such that the
mesh does not exactly match points A or C for any number of recursive bisection steps.
To adequately describe the local solution in the plate, the mesh was locally refined using
the uniform multi-level hp-refinement scheme. The mesh was refined a priori, with a
geometrically driven grading towards points A and C, as described in Section 5.3.2. The
FCM mesh of the inclusion was left without local refinement, as the solution within the
inclusion Q) is smooth. The use of different mesh resolutions for the two sub-domains
is possible thanks to the weak coupling approach, and leads to an improved numerical
efficiency, as the refinement stays local to the region of interest. To avoid ill-conditioning
of the stiffness matrices, the fictitious domain in both meshes was assigned a low stiffness
of Eger = EM 107, 14y = 0.3. Since the exterior boundary of the plate’s mesh conforms
to the true geometry, the Dirichlet and Neumann boundary conditions were enforced in
a conventional manner.

For the numerical integration of the finite cells, two possibilities were considered. The
first approach employs a recursive sub-division algorithm for integration sub-cells that are
intersected by the geometric boundary, resulting in a spacetree—as shown in [219], for ex-
ample. The second approach considered is the blended partitioning following [143], where
the cut cells are automatically partitioned into boundary-conforming quadrilaterals and
triangles, which are blended on the exact geometry. It needs to be pointed out that this
approach produces geometry-conforming sub-cells to be used for numerical integration.
Yet, it cannot be used in general to generate an analysis-suitable FEM mesh, as it does
not need to satisfy requirements on shape and regularity at cell edges and faces, e.g. at
the transition to the neighboring cells. This approach shares some similarities with the
method presented by Fries et al. [83, 84, 184]. The integration meshes for both considered
approaches are displayed in Figure 5.6.

The penalty method was used to weakly couple the two meshes at the material interface
as described in Section 5.2.2. The penalty parameter 31, = 107 was chosen empirically.
For the numerical integration of the interface coupling terms, a linear discretization of
the embedded interface was generated using a marching squares algorithm [160]. The
marching squares implementation uses the implicit geometric description of the ellipse
and a grid of n, x n, points per sub-cell (leaf element) of the plate’s mesh, yielding
a total of ng, linear segments, as can be seen in Figure 5.7a. An advantage of this
approach is that the resulting segments do not cross the finite-cell boundaries, resulting
in a more accurate evaluation of the interface integral, which the terms of which are only
CP-continuous. Additionally, the segments have the same size relative to the leaf element
in which they lie. Consequently, the non-uniform resolution of the FCM mesh carries over
to the discretization of the interface.

An extension to this approach generates high-order segments using Lagrange interpolation
polynomials with degree pge,, by adding (pse; — 1) interpolation nodes within the linear
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(a) Spacetree partitioning, m = 4, follow- (b) Blended partitioning, following [143]
ing [215]

Figure 5.6: Domain discretization for the plate and the inclusion, refinement depth k = 4.
The finite cells’ edges are drawn with thick black lines, whereas the integration meshes
are drawn with thin blue lines.

segments. The implicit geometry description was used in conjunction with a line-search
method to correctly place the additional interpolation points on the interface. This ap-
proach finally yields a high-order boundary discretization, as shown in Figure 5.7b (note
that the figure shows only the extreme nodes). For a more detailed description of this
high-order interface recovery algorithm, the reader is referred to [24]. This convenient
approach for embedded boundary parametrization highlights another advantage of using
Cartesian grids for the finite cell meshes and the same mesh parameters for both domains
- in contrast to using unstructured FCM meshes, where the generation of cell-conforming
boundary segments would be more challenging.
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(b) Quadratic segments (curved), pseg = 2

Figure 5.7: Discretization of the elliptical interface, ny = 4, ngeg = 72

Numerical solution

Figure 5.8 shows the numerical approximation of the axial stresses o,, obtained using the
FCM with weak coupling and multi-level Ap-refinement. The plots shown here are the
superposition of the solutions from the physical part of each domain, whereas the solution
in the fictitious domain is omitted. Without applying any local refinement (Figure 5.8a),
the FCM with weak coupling is able to reproduce the overall solution characteristics.
However, the approximation for the stresses exhibits severe oscillations. In particular,
the four finite cells in the plate’s mesh that are intersected by the interface are affected
by the high curvature of the concave geometry at points A and C, leading to stress
concentration. This local solution characteristic cannot be represented well by the smooth
basis functions of the coarse mesh, which leads to an oscillatory approximation of the
stresses. Figure 5.8b depicts the numerical approximation obtained with the multi-level
hp-scheme, using two levels of overlay meshes with uniform p-distribution. Applying
local refinement to the FCM mesh of the plate improves the numerical approximation
significantly. The solution benefits from the local support of the high-order basis functions
with C%-continuity, and the oscillations in the stresses are confined to the cells on the
finest overlay mesh. Increasing the refinement depth with & = 4, the quality of the
approximation improves further.

Figure 5.9 examines the stresses along the cutting line B-D (see Figure 5.5a) in closer
detail. Since the cutting line is orthogonal to the ellipse’s boundary, the exact solution
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Figure 5.8: Plate with elliptical inclusion: numerical approximation of the axial stresses
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Figure 5.9: Plate with elliptical inclusion: numerical approximation of the axial stresses
0.2 along cutting line B-D

for 0., is continuous along the cutting line. Hence, jumps in the numerical approxi-

mation of the stresses, either at the interface or at element boundaries, correspond to
the approximation error directly. The numerical approximation obtained without local
refinement exhibits severe oscillations and a large jump at the interface. Due to the cou-
pling condition, the oscillations extend into both domains. Due to the oscillations, the
maximum stresses are overestimated and the local stress distribution is misrepresented.
Applying multi-level hAp-refinement to the plate’s FCM mesh enhances the quality of the
approximation appreciably, as the oscillations are mainly restricted to the finite cells on
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the finest overlay mesh. The zoomed plot at the interface reveals the fine-scale features
of the solution in the plate. The local solution characteristics are not fully resolved by
the refined mesh with & = 4, which suggests that this problem would benefit from further
local refinement.

Influence of domain integral accuracy

To assess the accuracy of the numerical integration for the domain integral, Figure 5.10
compares the error in o,, along cutting line B-D, based on multi-level Ap-refinement of
the plate’s mesh with k£ = 4, polynomial degree p = 6, and different domain partitioning
schemes. The error here is calculated with respect to the reference solution generated
using the overkill p-F'EM discretization. The blended partitioning approach gives a highly
accurate evaluation of the domain integrals, as it uses the exact geometric description of
the interface. Using the spacetree partitioning scheme with a depth m = 2 leads to
high approximation errors. The error is highest in the finite cell from inclusion’s mesh,
which is attributed to the coarser spatial resolution of the integration, as demonstrated
by Figure 5.6a. The high error propagates through the mesh, carrying over to finite
cells which are not cut by the material interface, and to the other mesh through the
coupling condition. Increasing the depth m of the spacetree reduces the approximation
error appreciably. Using depth m = 7, the achieved accuracy is comparable to that of the
blended partitioning approach.
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Figure 5.10: Error in 0,, along cutting line B-D with different domain integration schemes,
p=6 k=4
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Influence of interface integral accuracy

To evaluate the effect of the integration accuracy of the interface integral, Figure 5.11
plots the local distribution of the approximation error for the von-Mises stresses o, along
the interface in the plate. Using a grid dimension of n, = 4 for the marching squares
implementation, ns, = 72 linear segments are generated (see Figure 5.7a). However, this
linear discretization of the curved interface introduces artificial stress singularities at the
interpolation nodes between the segments, as the segments touch at the extreme nodes
but have discontinuous normals, which introduces artificial kinks at the interpolation
nodes. At ellipse parameter ¢ = 0 (point C), the artificial singularity takes over the
approximation error, causing the entire solution to diverge. To reduce the error at the
interface, h-refinement of the interface’s discretization is carried out by refining the grid
for the marching squares. Figure 5.11a shows the resulting error distribution with n, =
{4,8,16,32,64}, which yields ng, = {72,136, 280,564,1120}. The h-refinement of the
segments delivers a uniform decrease in the approximation error, with a maximum error
in 0. of approximately 3% using 1120 segments.

Alternatively, p-refinement of the interface segments using Lagrange polynomials, as de-
scribed earlier, leads to a faster convergence as demonstrated by Figure 5.11b. Using 72
quadratic segments already decreases the error significantly, as the high-order discretiza-
tion approximates the tangents at the interpolation nodes with better accuracy, as shown
in Figure 5.7b. Increasing pse, further from 3 to 4 in this example, gives a marginal im-
provement in accuracy, indicating that the numerical integral at the interface converges.
The remaining approximation error is attributed to the FCM discretization with p = §,
and k = 6. The two refinement schemes for the interface discretization converge to the
same local error distribution.
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Figure 5.11: Error in o, along the interface using different interface discretizations, p = 8,
k=4
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Convergence study

A uniform p-refinement study was carried out to assess the overall convergence behavior
of multi-level hp-refinement in conjunction with weak coupling. Figure 5.12a shows the
relative error in the energy norm for different refinement depths

|Z/{num - z/{ex |

T 100%, (5.14)

||€||E =

where U, denotes the numerically approximated strain energy, and U., denotes the
reference strain energy. For this study, the blended approach is used for the domain
integration, in conjunction with a high-order parametrization of the interface. As the
exact solution is piecewise-analytic, FCM with a weak enforcement of the interface condi-
tions converges exponentially under uniform p-elevation, even without applying any local
refinement. For a more detailed analysis of the convergence rates, Figure 5.12b shows
the convergence plot in a log—\/’ scaling. Here, the linear plots characterize exponential
convergence in the form [238]:

1
e|llp < Cexp (yN?) with 6 = -, 5.15
2

where C' is a positive constant, and 7 is a negative constant describing the convergence
rate. Increasing the refinement depth with the multi-level Ap-scheme for this example
leads to a steeper convergence rate v, allowing for a higher gain in accuracy. To achieve
an engineering accuracy of 1% error, the discretization with & = 4 needs approximately
five times less the degrees of freedom than the non-refined case.
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Figure 5.12: Plate with elliptical inclusion: p-convergence for multi-level hp-refinement



5.4. Numerical experiments 83

5.4.2 Bi-material inclusion corner

In the next study, we consider a singular material-interface benchmark problem adapted
from [269]. The two-dimensional temperature problem is governed by the Poisson equa-
tion:

D V2 = -1 va € QW (5.16)
¢ =0 Ve € I'p, (5.17)

where ¢ denotes the temperature, £ the thermal diffusivity, Q) and I'p are defined
as shown in Figure 5.13a. Here, the material interface I'y5 has a sharp corner, inducing a
vertex singularity. Moreover, the intersection of the material interface with the Dirichlet
boundary I'p for the applied boundary condition introduces two additional weak singu-
larities, where the solution exhibits reduced continuity.
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(a) Benchmark setup (b) Reference temperature ¢ (c) Reference heat flux |g]

Figure 5.13: Bi-material inclusion corner

The exact solution to this problem is given in radial coordinates (r,§) by [133] :
o(r,0) = Air™Mhy(0) + Agr™ho(0) + O(r?), (5.18)

where A; and A, are scalar constants, hy(f) and hy(f) are smooth sinusoidal functions
and

A1 = 0.731691779, Ay = 1.268308221. (5.19)

For reference, an overkill solution was generated using a conforming p-FEM with exact
blending, where the mesh was geometrically graded towards the vertex singularity. The
reference mesh has 21 elements with polynomial degree p = 30 and 18991 degrees of
freedom. The strain energy for the setup shown here is

U, = 1.0168443145 x 107" (5.20)



84 5. The finite cell method for material interface problems

Using the FCM with weak coupling, separate meshes were used for the disc and the
inclusion, as shown in Figure 5.14. Unlike the previous example, where the stress con-
centration in the plate was caused by the concave geometry, the singularities affect the
solution in both sub-domains. Consequently, both meshes need local refinement to resolve
the singularities. The meshes were graded towards the vertex singularity, and the two
weak singularities on the boundary. The same refinement depth was applied to all three
refinement points. Here, the discretizations match the singularities with nodes of the
FCM mesh.

(a) Inclusion (b) Disc
Figure 5.14: Bi-material inclusion corner: discretization with refinement depth & = 6

The penalty method was used to couple the FCM meshes along the straight material
interface. Additionally, the embedded Dirichlet boundary condition was weakly enforced
on F%) in each mesh using the penalty method with Bp = 107. The weak enforcement
of the boundary conditions does not influence the convergence behaviour, provided that
the penalty parameter is chosen large enough [254]. The fictitious domain was penalized
with rgee = K1) - 1072, Note that this value is higher than in the previous example, and
was chosen to have a lower condition number to allow the use of high polynomial degrees,
up to p = 10, in the convergence studies. The blended partitioning approach was used to
numerically evaluate the domain integral. The coupling integral was evaluated on linear
segments, whereas the weak Dirichlet boundary conditions were integrated over curved
segments, automatically generated with the same approach described for the previous
example.

The magnitude of numerical solution for the heat flux, ¢) = kV¢?, is depicted in
Figure 5.15. For the first case, without any local refinement of the meshes, the numerical
approximations of the heat fluxes exhibit oscillations within the domain and jumps at
element boundaries. The oscillatory behavior is attributed to the inability of the smooth
polynomials to represent the high gradients in the vicinity of the singularities. For the
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Figure 5.15: Bi-material inclusion corner: numerical approximation of the flux |g|

second discretization, two levels of uniform high-order overlay meshes are used to grade the
meshes towards the three singularities. The C-continuity of the high-order basis functions
limits the pollution error from the singularities at the finest refinement level, as revealed
in the zoomed plot. Using four refinement levels improves the solution further, as the
geometric progression of element size arrests the propagation of the error, while having
larger elements to describe the smooth solution away from the singularities.

Figure 5.16a shows the results of a p-elevation study carried out to assess the conver-
gence properties. Without applying local refinement, the convergence under p-elevation
is identified as being algebraic in the form

lel[z < aN", (5.21)

where a is a positive constant, and 7 is a negative constant indicating the convergence
rate. The estimate for 7 ~ —\; matches the theoretical expectation for a discretization
where the vertex singularities are matched by nodes of the mesh [13]. With multi-level
hp-refinement the convergence behavior shows a pre-asymptotic range with a higher con-
vergence rate, and an asymptotic range, where the behavior returns to being algebraic
with the same rate 7. Increasing the refinement depth k extends the pre-asymptotic range,
allowing for a significant decrease in the total approximation error. Changing the scaling
to a log—\s/' in Figure 5.16b, the extended pre-asymptotic range appears linear, indicating
exponential convergence in the pre-asymptotic range.

Note the apparent leveling-off of the error in the energy norm around 1072%, which is
attributed to the use of kg # 0, adding a modeling error to the numerical approximation.
The introduced error in the energy norm is in the order of /Kge; [54]. Using a smaller value
for kg lowers the leveling-off threshold, at the cost of the conditioning of the system.



86 5. The finite cell method for material interface problems

107 EI (Vo & E
= g 1 = g ]
E ol f - g g0t} §
o] = B Qo = B
a 8 i = - i
> , | > , |
80 0l | o0 0L .
109 | S 107 | €
‘E 0 - —@-no ref. n= —0.72 g i E
- k=4 o2 |
" 1071 - 4 k=6 E — 1077 | —@-no ref. E
2 k=38 [ - m k=4 ]
M 10°2F k=10 4 = 10—2§—@—k:10 -
= Ll Lol Lol L L ! | —
102 103 10% 10 20 30

Number of unknowns v Number of unknowns

(a) Convergence in log-log scale (b) Convergence in semi-log scale

Figure 5.16: Bi-material inclusion corner: p-convergence for multi-level hAp-refinement

5.4.3 Cube with ellipsoidal inclusion

Next, we consider a three-dimensional example, which is a generalization of the benchmark
presented in Section 5.4.1. A linear elastic analysis is considered for a cube with an
embedded ellipsoidal (prolate spheroid) inclusion - depicted in Figure 5.17. The spheroidal
inclusion induces stress concentration in the cube around the two points on its major axis.
The solution within the spheroidal inclusion remains smooth.

EM =210-10%, E® =EWM .10,
v=203, [f=100, L=1,

ry = V0125, 71y =1, =0.25-1;

Figure 5.17: Cube with ellipsoidal inclusion

Two FCM meshes were used to discretize the sub-domains, using a base discretization of
4 x 4 x 4 finite cells which match the outer boundaries of the cube. To resolve the stress
concentration, the cube’s mesh was refined towards the two points on the major axis of
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the spheroid, as shown in Figure 5.18. For the inclusion’s mesh, 2 x 2 x 2 elements remain
after excluding all cells that are completely in the fictitious domain. Finite cells that are
cut by the interface were further partitioned for integration using the spacetree approach
described earlier.

The penalty coupling terms were integrated over a surface triangulation, automatically
generated using marching cubes [154, 27, 160]. The implementation is a three-dimensional
extension of the high-order parametrization algorithm used in Section 5.4.1, where a grid
of ngy x ng x ng points per sub-cell was used for the surface recovery. An example of the
resulting triangulation is shown in Figure 5.18. Note that the surface mesh is irregular
and that the triangles have severe aspect ratios. The high-order penalty terms are then
integrated over the triangles by collapsing one side of the integration domain (bi-unit
square) and mapping it to each triangle. As demonstrated by the two-dimensional ellipse
benchmark the linear parametrization needs a fine resolution to achieve accurate results.

(a) Cube (b) Ellipsoidal inclusion (c) Coupling surface

Figure 5.18: Discretization of cube and ellipsoid using & = 4 - Section view

The numerical approximation for the axial stresses o, is depicted in Figure 5.19. Note
that half of the domain is removed to visualize the internal solution. For the unrefined
meshes, the approximated stresses exhibit oscillations and non-physical jumps at the
element boundaries. If the cube’s mesh, which is affected by the concave geometry, is
refined towards the two points, the stress concentration can be localized quickly. Similar
to the two-dimensional case, the solution within the ellipsoid remains smooth, and does
not require local mesh refinement.

The results show that the improvement in accuracy brought on by the multi-level hAp-
refinement scheme also carries over to three-dimensional problems. The example also
demonstrates that a surface mesh for the interface discretization is easily obtained for
smooth implicit geometries. The surface mesh is only used to integrate the penalty terms,
and hence can be irregular or have severe aspect ratios, unlike what is required of an
analysis-suitable finite element mesh.
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Figure 5.19: Cube with ellipsoidal inclusion: numerical approximation of axial stresses

5.4.4 Cylinder with cubical inclusion

The last numerical benchmark for us to consider is a three-dimensional problem with a
vertex-edge singularity. We study a cylinder under axial tension, which has an embedded
cubical inclusion. Due to the symmetry of the problem, we consider only one-eighth of
the system. An overkill solution was generated for reference, using seven conforming
hexahedral p-FEM elements with exact blending, and a local refinement using the multi-
level hp-scheme. Using 5 levels of refinement and a polynomial degree p = 9, the overkill
discretization has 506, 199 degrees of freedom. The reference strain energy for the setup
shown in Figure 5.20a is

U = 1.037455 x 10°. (5.22)

Two non-geometry-conforming FCM meshes were used for the cylinder and the cubical
inclusion. A coarse base discretization of 2 x 2 x 2 finite cells was used. The dimensions
of the mesh were setup in such a way that the edges of the FCM meshes do not exactly
coincide with the cube’s edges. Similar to the two-dimensional benchmark presented in
Section 5.4.2, the vertex-edge singularity affects the solution in both domains. Accord-
ingly, both meshes were refined towards the singular edges, as shown in Figure 5.21. The
symmetry boundary conditions were enforced in a classical manner on the corresponding
faces of the FCM meshes.

The numerical approximation for the von-Mises stresses, 0.4, is shown in Figure 5.22 for
the cylinder and in Figure 5.23 for the cubical inclusion. The complete domain is clipped
diagonally to reveal the solution at the vertex-edge singularity. Note that the geometry
of the cylinder is rotated to show the solution along the singular edges. Whereas the
solution obtained without refinement is highly oscillatory, the local refinement with the
multi-level Ap-scheme is able to confine the error to the finest level of sub-cells.

To assess the convergence behavior, a p-elevation study was carried out. The results,
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Figure 5.20: Cylinder with cubical inclusion

(a) Cylinder (b) Cubical inclusion

Figure 5.21: Discretization of cylinder and cubical inclusion, k = 5

shown in Figure 5.24, indicate a slow algebraic rate for coupled FCM without refinement.
Applying a local refinement starting with £ > 2, a pre-asymptotic range can be identified
as having a steeper convergence rate. This allows the discretization with k = 5 to achieve
an engineering accuracy of 1% error using a moderate polynomial order. This would
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Figure 5.22: Cylinder: numerical approximation of oeq
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Figure 5.23: Cubical inclusion: numerical approximation of oeq

require at least an order of magnitude more degrees of freedom with uniform A- or p-
refinement. The pre-asymptotic convergence is also characterized as algebraic, albeit with
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Figure 5.24: Cylinder with cubical inclusion: p-convergence for multi-level hp-refinement

a higher rate. For vertex-edge singularities, an anisotropic refinement scheme is necessary
to attain exponential convergence [13], which was not applied in this work. However, this
is not always feasible for the general case of embedded vertex-edge singularities, where the
(possibly curved) singular edges might not be parallel to edges of the mesh. Nevertheless,
the improved algebraic convergence brought on by the multi-level hp-refinement allows
for a significant reduction of the approximation error.

5.5 Discussion

In this chapter, we demonstrated that the application of the multi-level Ap-scheme for
local refinement in the finite cell method in conjunction with weak enforcement of the in-
terface conditions constitutes an efficient and robust approach for the solution of material
interface problems involving complex geometries. Several numerical benchmarks of two-
and three-dimensional material interface problems show that the convergence behavior is
significantly improved by the multi-level Ap-refinement scheme for problems with stress
concentration and singularities. The results also show that the proposed approach can
provide an accurate approximation of the stresses at the material interface, and highlight
the importance of a high-order accurate geometric description of the interface and the
boundaries.

This combination of numerical methods can be used for mechanical simulations involving
material interface problems and very complex geometry while circumventing volumetric
mesh generation. Another advantage of using a separate discretization for each sub-
domain is the flexibility in refining each mesh separately, i.e. the local refinement of
one mesh doesn’t necessarily propagate across the interface—as demonstrated in Sec-
tion 5.4.1—which can lead to more efficient discretizations.

In this work, we have used the penalty method for the weak imposition of the Dirichlet
boundary conditions and interface constraints. With a suitable choice for the penalty pa-
rameter and an accurate surface representation, we have demonstrated that the interface
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conditions can be enforced with sufficient accuracy. However, the approximation error
depends on the penalty parameter. For a more robust methodology, more sophisticated
weak enforcement methods can be implemented, e.g. Nitsche’s method [208, 217].

These methods modify the weak form with additional surface integrals over the interface.
For the numerical integration of these terms, a surface mesh of the material interface needs
to be generated. Fortunately, this is a task of lower difficulty than generating an interface-
conforming volumetric mesh. However, for geometries where a surface representations
might not be available, e.g. geometries represented by point clouds, alternative methods
for the weak imposition of boundary and interface conditions need to be considered.
Another limitation of the current implementation is the inability to perform anisotropic
mesh refinement—i.e. the mesh can only be locally refined concurrently in all spatial
directions. For three-dimensional problems with vertex-edge singularities, anisotropic re-
finement is necessary to achieve exponential convergence. Future research should investi-
gate the applicability of anisotropic refinement in the context of the multi-level hp-scheme
together with the embedded domain approach.

In this work, we have used a priori refined meshes, where we applied geometric grading
towards locations where singularities and high solution gradients were expected, and we
have used uniform polynomial degrees within the meshes. More efficient discretizations
can be achieved through adaptation of the polynomial degree in addition to automatic
local mesh refinement. To that end, the development of a posteriori error estimators is
necessary, which is the subject of current research [62].
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Chapter 6

Applications of the FCM for material
interfaces in bone mechanics

In this chapter, we present two applications of the FCM for the numerical solution of
problems with material interfaces in bone mechanics. In the first application, we present
a numerical technique to incorporate loads stemming from musculoskeletal models of the
spine into patient-specific finite cell analysis. The second application demonstrates the
applicability of the FCM in combination with the multi-level Ap-refinement scheme for
the simulation of vertebrae with pedicle screws.

6.1 Combination with musculoskeletal models

Musculoskeletal models can be used to provide more realistic boundary conditions to
patient-specific numerical models of bone. In the context of the FCM, the consideration
of concentrated loads stemming from musculoskeletal models presents a challenge. In this
work, we present a numerical approach to include such loads in FCM models. This is
achieved by applying the loads on a separate load-transfer mesh which is weakly cou-
pled to the original discretization. We present a numerical example which illustrates the
applicability of the proposed approach to patient-specific FCM models.

This section is based on work that was done in the master’s thesis [185] of Oguz Ozto-
prak!, which was supervised by the author of this work. This was carried out as part
of a collaboration project. The contributions and efforts of Alexander Valentinitsch?,
Amirhossein Bayat?, Tanja Lerchl® and Jan S. Kirschke? are gratefully acknowledged.

6.1.1 Introduction

Osteoporosis compromises bone strength, increasing the risk of vertebral fractures with
severe health consequences. The development of an accurate and reliable patient-specific
numerical model for the biomechanical analysis of the vertebra would be beneficial for

L Chair for Computational Modeling and Simulation, TUM
2Department of Neuroradiology, TUM
3 Associate Professorship of Sport Equipment and Sport Materials, TUM
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the prediction of fractures and supporting medical professionals in choosing a suitable
treatment. The mechanical stresses in the vertebra are determined by its geometry and—
locally— the bone density. Moreover, accurate modeling of the boundary conditions has
a great influence on the predictive ability of the numerical models [119].

Musculoskeletal models are a valuable tool used to study the relationship between body
motion and internal biomechanical forces. In a musculoskeletal model, the human body
is modeled as a multibody dynamic system, in which bones are characterized as rigid
segments connected by joints, muscles as tensile actuator elements connecting the bony
segments and ligaments as passive elastic structures that connect the articulating bones
and keep the joints assembled [15]. The dynamic simulation of the musculoskeletal models
determines the motion of the body segments and calculates the forces in the muscles
and the joints. Patient-specific musculoskeletal models can also be created based on the
patient’s individual geometry reconstructed from medical images, e.g. quantitative CT
scans [151].

There have been several efforts in the combination of musculoskeletal models and patient-
specific finite element analysis for biomechanical analysis, which allows for more realistic
loading scenarios, especially taking into account muscle forces. Commonly, the two sim-
ulations are considered separately, assuming the bones to be rigid in the multibody sim-
ulation. The loads calculated using the musculoskeletal model are then used as external
loads in the subsequent FE analysis. In [152], this decoupled approach was followed for
the simulation of the lumbar spine to estimate the loads on the intervertebral discs, and
FE analysis of the discs was carried out to calculate their deformation. Kamal et al. [126]
also followed this approach for patient-specific analysis of the spine to estimate the forces
and the resulting stresses on the growth plates of vertebrae in patients with scoliosis. In
[125], musculoskeletal simulations are used to estimate muscle and joint contact forces,
which are combined with adaptive mechanobiological finite element analysis to predict
femoral growth in children.

Alternatively, concurrent musculoskeletal dynamic simulations and finite element analysis
can be used to model more complex scenarios, where the deformation of the bones or the
joints need to be considered in the musculoskeletal model [94]. In [225], a coupling of
musculoskeletal models with the finite element analysis of deformable joints was used for
the mechanical analysis of knee replacement. As the FE models typically have significantly
more degrees of freedom than the musculoskeletal models, concurrent simulations are
much more computationally expensive.

The incorporation of loads estimated using musculoskeletal models into FCM models
presents some challenges. As the joints typically used in the models are idealized as
points [264], the loads resulting from the solution of the multibody dynamics are repre-
sented as concentrated forces and moments. In three-dimensional solid models, point loads
induce singularities [77], which require special attention in the numerical discretization. It
is considered a better practice to model the surface loads as distributed tractions [77, 87].
Point forces can be modeled as uniformly distributed tractions. However, for surfaces of
complex geometry, special attention is needed if the point where the load is applied does
not coincide with the centroid of the load surface. Furthermore, modeling concentrated
moments on surfaces of arbitrary geometry is not straightforward, especially if an exact
surface description is not available. It is also not possible to directly incorporate moments
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in three-dimensional solid elements which are formulated in terms of the displacements
as the primary variables (degrees of freedom), with the respective external forces—in
contrast to beam and shell elements which have rotational degrees of freedom [77, 111].
For conventional finite elements, there are several approaches to incorporate concentrated
moments in models that use three-dimensional solid elements. A common approach in-
volves the use of rigid beam elements which are coupled to the nodes of the solid FE
mesh at the load surface [87]. The moment load is applied to the beam elements (which
is possible due to their rotational degrees of freedom), and is transferred to the nodes of
the solid mesh through the coupling constraints. A similar approach is to use an addi-
tional mesh of shell elements to discretize the load surface, and couple the shells to the
solid elements [228, 87]. In the context of fictitious domain methods, embedded shell
finite elements have been investigated by Schillinger et al. [216]. However, only examples
including distributed pressure loads were presented. A downside of this approach is the
need to generate an analysis-suitable finite element mesh with shell elements for the load
surface.

In this work, we propose a numerical approach for the consideration of concentrated
loads in patient-specific FCM vertebra models. Here, the load surfaces at the endplates
are extended using load-transfer blocks which have very high stiffness. The load-transfer
blocks are discretized using separate meshes that are weakly coupled to the FCM mesh of
the vertebra to account for the material interface. The concentrated loads are modeled as
distributed tractions on the surfaces of the blocks which have a simple geometry. The idea
is similar to the approaches described above, but uses a solid model for coupling instead
of beams or shells. It is also related to the “stiff strip” method, which was suggested as
a simple approach to impose embedded boundary conditions for FCM models [190, 70],
but includes an adequate treatment of the weak discontinuity at the material interface.

6.1.2 Musculoskeletal models

Musculoskeletal models of the spine are an example of multibody dynamic systems. Multi-
body systems are defined as a system of interconnected bodies, where the joints constrain
the relative motion of the bodies, and springs and dampers act as compliant elements [226].
The bodies have mass and moment of inertia, whereas the interconnections are assumed
to be massless.

In musculoskeletal models of the spine, the vertebrae are modeled as rigid bodies. The
intervertebral discs are often modeled as three degrees-of-freedom spherical joints located
in the center of the joints between the vertebrae, that allow relative rotation of the
vertebrae [59]. More sophisticated models consider the discs as nonlinear spring-damper
systems with six degrees-of-freedom, resulting in reaction forces and moments, and the
viscoelastic parameters are determined from the disc’s geometry [151]. Muscles are defined
as unilateral force elements that can only exert force in tension, and their mechanical
properties are modeled using a Hill-type muscle model (a spring in series with a spring-
damper in parallel). Ligaments are modeled as nonlinear spring-dampers, similar to
muscles but as passive elements [15]. To that end, the geometry of the muscles and
ligaments are modeled by line elements, and the points of origin and insertion (attachment
to the bone) are defined in the model. Moreover, contact between the vertebral segments
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can be calculated using a polygon contact model [104]. An example of a musculoskeletal
model of the lumbar spine is shown in Figure 6.1.

Figure 6.1: Musculoskeletal model of the lumbar spine, reproduced from [195]

The combined translational and rotational motion of a rigid body can be characterized by
the Newton—Euler equations, or Lagrange’s equations [264]. These relate the motion of
the center of gravity of the rigid body to the forces and moments acting on it. Considering
a system of n interconnected rigid bodies which have n, degrees of freedom, the equation
of motion can be expressed as:

Mg(t) + G(q)' X = F(q,q,1) (6.1a)
g(q)=0. (6.1b)

Here, q(t) € R™ is a vector that comprises the coordinates for position and orientation of
all rigid bodies in the system at time ¢. The system is subject to n) constraints represented
by the vector g. The rectangular matrix

Glq) = 299 ¢ g,

dq

is called the constraint Jacobian, and A are the additional Lagrange multipliers. The mass
matrix, M € R"*" describes the mass and moment of inertia properties of the rigid
bodies, whereas the vector F(q,q,t) € R™ describes the applied (external) and internal
forces due to motion at the joints with elastic or damping elements.

The solution to the constrained equation of motion (6.1) defines the motion and general-
ized forces of the multibody system. The equation system can be solved numerically by us-
ing time-integration methods, e.g. Newmark’s method or Runge-Kutta schemes [55, 226].
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In this work, the musculoskeletal models of the spine treat the vertebrae as rigid bodies.
An independent biomechanical analysis using the FCM is carried out, using the forces
estimated from the musculoskeletal model, to calculate the elastic deformation in the
bone, which is not considered in the multibody dynamic system. As the stiffness of
bone is considerably higher than that of the joints modeling the intervertebral discs, the
modeling error introduced by this assumption should not be significant.

6.1.3 Weak enforcement of concentrated loads

Here, we propose a numerical approach for the inclusion of point loads resulting from
musculoskeletal models into FCM models. The modeling of point loads on surfaces having
arbitrary geometry presents some challenges for the FCM. Representing concentrated
forces as surface tractions that are uniformly distributed over the whole load surface
(inhomogeneous Neumann boundary conditions) is a possibility for simple geometries.
However, if the concentrated force does not coincide with the centroid of the load surface,
then this approach would be inconsistent, as it introduces additional moments due to
the eccentricity. Moreover, modeling concentrated moments as spatially varying tractions
becomes challenging for surfaces with complex geometry, especially if an exact surface
description is not available.

Furthermore, modeling techniques which are commonly used in conventional FEM to
model concentrated moments in three-dimensional solid models often rely on adding con-
straints to the nodes of the FE mesh on the load surface. However, in embedded domain
methods, such as the FCM, the geometric boundary of the object is not resolved by the
edges and nodes of the mesh, which hinders the applicability of such techniques.

In the proposed approach, we extend the problem at the load surface, Iy, by adding a
surrogate load-transfer block, which is coupled to the original domain 2, at the original
load surface. The load-transfer block, €, is defined such that it matches the load surface
and extends beyond the original domain to a simple geometry with flat surfaces. The block
is assigned a linear elastic material that has a very high stiffness compared to bone. The
material interface is treated by using separate FCM discretizations for Q,,, and Oy, and
weakly enforcing the interface condition as explained in the previous chapter. A load
equivalent to the concentrated load is then defined on the flat surface of the surrogate
load-transfer block and integrated as an inhomogeneous Neumann boundary condition.
The concept is illustrated in Figure 6.2.

This numerical approach has been investigated in the master’s thesis of Oztoprak [185].
Therein, the method was verified using numerical examples of solid models of beams sub-
jected to concentrated loads. The verification study shows that moments can be applied
on embedded surfaces of FCM models using the coupling approach with similar accuracy
to a more direct approach, where the moment is modeled as a distributed traction. Fur-
thermore, it was shown that the approach is applicable to minimally restrained problems,
where balanced loads are applied to the body, and Dirichlet constraints are only necessary
to restrict the rigid body modes. A numerical example of a combined musculoskeletal of
a mobile spinal segment with an FCM model was also presented, which we discuss in the
following.
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Figure 6.2: Load interface mesh, adapted from [185]

6.1.4 Numerical example

As a proof of concept, we present a simple example of the combination of a musculoskeletal
model with the FCM. The analysis considers a single spinal segment, where a multibody
dynamic simulation is used to determine the reactions at the joint and the support. The
reaction forces and moments are then applied as loads in the FCM models of the vertebrae
to predict the mechanical stresses.

Geometry

A clinical QCT-scan of the spine of a healthy patient who does not suffer from spinal
deformities was used in this example.* The QCT scan provides the data to define the
geometry and the local bone density for the patient’s spine. For an accurate estimation
of the bone density distribution, the scan was calibrated through use of the phantoms
provided by the manufacturer of the scanner. The complete scan consists of 1533 x 512 x
81 voxels with a voxel size of 0.318 x 0.318 x 2 mm?. Here, the 2-, y- and z-axes correspond
to the longitudinal, sagittal and frontal axes, respectively.

As a first step, the QCT scans were segmented to identify the geometry of each vertebra
separately. Additionally, the location of the centroid of each intervertebral disc and the
tangent vectors to the spinal axis were estimated from the scans and recorded. A surface
description of the vertebrae was reconstructed from the segmentation using the marching
cubes algorithm [154]. The segmented surfaces were further processed (trimming and
smoothing) to generate a surface description for the endplates (shown here in Figure 6.3),
which is necessary for the imposition of boundary conditions and coupling constraints.

*Image acquisition and processing were carried out at the Department of Neuroradiology, TUM. The
efforts of Amirhossein Bayat and Alexander Valentinitsch are gratefully acknowledged.
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(a) Surface model (b) Surface meshes for the endplates

Figure 6.3: Segmented 1.4 and L5 vertebrae

Musculoskeletal modelt

The musculoskeletal model considers a single mobile spinal segment (L4-L5), comprised
of the two vertebrae and the intervertebral disc. Here, we do not consider the L5-S1 joint
in the musculoskeletal model, i.e., the L5 vertebra is fixed relative to the sacrum. The
multibody system was modeled using the software Simpack (Dassault Systemes). The
geometry models of the segmented vertebrae were imported as surface triangulations.
The mass properties and moment of inertia tensors of the vertebrae were estimated based
on the reconstructed geometry.

Two points were defined as special “markers” corresponding to the centroids of the L3-L4
and L4-L5 intervertebral discs. The top marker (L3-L4) is used to define the point where
external load is applied. The intermediate marker (L4-L5) is used to define a mechanical
joint, which models the intervertebral disc as a nonlinear spring damper system. The
stiffness and damping coefficients of the joint were calculated depending on the disc’s
individual geometry [151]. The model of the multibody system is shown in Figure 6.4.

Constraints and boundary conditions

For this model, we only study the movement in the sagittal plane (z-y). The spinal
segment is fixed at the bottom, i.e. at the inferior endplate of the L5 vertebra, whereas
the L4 vertebra has three degrees of freedom (translation in z- and y-directions, and
rotation around the z-axis). Similarly, the spring-damper element connecting L4 and L5
has three degrees of freedom. At the top marker (L3-14), the segment is subjected to a
constant vertical load of 500 N and a harmonic moment around the sagittal axis with an
amplitude of 10N - m and a period T" = 27 s. The model does not consider muscle or
ligament forces in the analysis.

fMusculoskeletal modeling was carried out at the Associate Professorship of Sport Equipment and
Sport Materials, TUM, by Tanja Lerchl. Her efforts are gratefully acknowledged.
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Figure 6.4: Illustration of the musculoskeletal model in the multibody simulation software
Simpack (Dassault Systémes), adapted from [185]

Numerical solution of the multibody system

The multibody dynamic system for the musculoskeletal model was solved for a total
simulation timespan of 10 seconds using an implicit time integration scheme and a time-
step size At = 0.01 s (1000 time-steps). The computed reactions at the joint and at the
support (forces and moments) were recorded, as well as the position and the orientation of
the L4 vertebra. The results were exported in a delimited text file using the .csv format.

The results were verified by evaluating the equilibrium equation (6.1) for each body at
each time step. It was also observed that the dynamic (D’Alembert) forces due to the
acceleration of the L4 vertebra were negligible, as they were several orders of magnitude
smaller than the applied loads and the resulting reactions at the joint and at the support.
This affirms the modeling assumptions for the quasistatic analysis of the elastic FCM
model of the bone in a non-inertial reference frame, where each time step is analyzed
independently and the D’Alembert forces are neglected, only taking into account the
external load and the reactions at the joint and the support.
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FCM model*

The FCM model of the elastic bone considers each vertebra separately. The bounding
box for each vertebra was discretized by a uniform grid of finite cells with 4 x 4 x 4 voxels
per finite cell. Using the segmentation, cells within the bounding box that lie completely
outside the physical domain of the vertebra were identified and excluded from the FCM
model. This filtering left 10,970 and 13,414 finite cells for the L4 and L5 vertebrae models,
respectively. Sagittal sections through the FCM meshes are shown in Figure 6.5.

(a) The discretization of L4 (b) The discretization of L5

Figure 6.5: The FCM discretization of the vertebrae, reproduced from [185].

The material properties of the bone’s model were assigned voxel-wise. As the material
description of the vertebrae is based on a clinical QCT scan, where the resolution of the
images does not resolve the trabecular microstructure, a continuum-level material model
was used for the bone. Here, we used the heterogeneous material model described by the
linear E—p relationship introduced by Kopperdahl [141]:

E = —34.7 + 3230p, (6.2)

where F is the local Young’s modulus in MPa, and p is the equivalent mineral density
in g/cm®. The equivalent density was obtained from the QCT numbers (Hounsfield units)
using the scan’s calibration parameters. As the Kopperdahl model can give a negative
elastic modulus for voxels with very low density, a cutoff threshold for p = 0.01 g/cm?® was
set. Voxels that are outside the segmentation of the vertebrae (in finite cells that are cut by
the boundary), or within the cancellous region of the bone with an equivalent density that
is lower than the cutoff threshold were assigned a “void material” with Fg, = 107* MPa
and Poisson ratio v = 0.3.

For the L4 vertebra, the loads considered are the external loads (constant vertical load, and
the harmonic sagittal moment), and the reaction force and moment from the intervertebral
disc. The loads acting on L5 are the reaction force and moment from the disc at the
superior endplate, and the reactions at the fixed support at the inferior endplate. The

iThe model was implemented by Oguz Oztoprak in [185]. His efforts are gratefully acknowledged.
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non-inertial reference frame for each vertebra is set in its initial configuration. As the
L4 vertebra changes its orientation during the course of the analysis (rigid rotation), the
vertical load applied on the top is accordingly transformed.

To apply the concentrated loads in the FCM model, the proposed method of coupling
additional load-transfer blocks to the load surfaces was employed. To that end, for the
L4 two additional domains were defined, which extend above and below the endplates.
For L5, only one load-transfer block was defined to apply the loads from the joint, as the
inferior endplate was fixed (Dirichlet boundary condition). The geometry of the blocks
were implicitly defined as cuboids that were rotated to align with the tangent vectors of
the spinal axis at the centroids of the intervertebral discs. A Boolean difference operation
was used to remove the overlap between the blocks and the embedded vertebrae. The load-
transfer blocks were assigned a linear elastic material with Young’s modulus £ = 10" MPa,
and Poisson ratio v = 0.3—approximately 3 orders of magnitude stiffer than cortical bone.
The bounding boxes of the blocks were discretized by Cartesian grids of finite cells of the
same size and orientation as the FCM meshes of the bones. This added a total of 5,521
and 3,165 finite cells to the FCM models of L4 and L5, respectively. Using a polynomial
degree p = 4, the complete models have approximately 900 thousand and 600 thousand
degrees of freedom. The FCM discretization of the blocks are shown in Figure 6.6.

(a) The discretization of L4 with two load (b) The discretization of L5 with one load-
interfaces ing interface

Figure 6.6: The FCM discretization of the loading interfaces, reproduced from [185].

To apply the distributed loads, rectangular load surfaces were defined on the flat load-
transfer blocks. The load surfaces are centered at the previously defined markers which
represent the centroids of the intervertebral discs. The forces are applied to the load
surfaces as uniformly distributed surface tractions, whereas the moments are applied as
varying tractions. Thereby, the application of the loads is consistent with the muscu-
loskeletal model.

The load-transfer blocks were coupled to the FCM meshes of the vertebrae at the interfaces
defined by the endplates. To that end, the penalty method was applied, as described in the
previous chapter. The penalty terms were numerically integrated using the surface meshes
of the endplates, shown in Figure 6.3. Additionally, the clamped boundary condition at
the inferior endplate of L5 was weakly enforced, also employing the penalty method. The
penalty parameter was chosen empirically as = 10'°.
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As only external loads were applied on L4 without defining a support, it was necessary
to constrain its rigid body modes. Here, the external loads are in equilibrium, so the
constraints were only applied to remove the six rigid body modes (3 translations and 3
rotations) to result in a stiffness matrix with full rank. This is accomplished by constrain-
ing six displacement components at four points as described e.g. in [77] (see Figure 6.7).
To that end, Dirichlet constraints were applied on four points of the L4 vertebra using
a penalty approach. The constraint points were selected such that they lie within the
physical domain of the FCM model, i.e. within the bone with full stiffness. As the ex-
ternal loads are in static equilibrium, there are no reaction forces exhibited at the point
constraints.

(a) Constraining a three-dimensional body, (b) Four points used to constrain L4
reproduced from [77].

Figure 6.7: Suppressing rigid body modes for the vertebra

Numerical solution of the FCM model

The FCM analysis was carried out using our in-house high-order framework AdhoC++. The
quasistatic analysis considers each time-step independently. Therefore, the system of lin-
ear equations for the coupled meshes was set up and the Dirichlet constraints were applied,
then the system was solved with a new right-hand side for each time-step representing a
new load-case.

The penalization of the stiffness in the fictitious domain leads to ill-conditioning of the
resulting stiffness matrices. Additionally, the high stiffness contrast between the bone and
the load-transfer blocks, and the use of the penalty method for the weak imposition of
Dirichlet boundary conditions and constraints exacerbate the ill-conditioning. Hence, the
use of a direct solver for this application is necessary. We used the parallel direct solver
Pardiso provided as part of the Intel Math Kernel Library [114].

Fortunately, the use of a direct solver provides an advantage for the purpose of this
application. As we need to solve the same linear system with multiple right-hand sides,
the main cost of using a direct solver, namely the factorization of the constrained system
matrix, is incurred just once for the whole analysis. Hence, we can cache the factorized
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matrix and only carry out the forward and backward solution steps for each right-hand
side.

Running on a six-core Intel® Core™ i5 9600K @4.6 GHz CPU, the quasistatic analysis of
the L4 vertebra required a run-time of approximately 3 minutes to integrate the stiffness
matrix and 3 minutes for the Cholesky factorization of the matrix. For each load-case (cor-
responding to a time-step of the multibody dynamic simulation), the forward/ backward
solution requires approximately 3 seconds. Solving the FCM analysis for 50 time-steps
for the whole timespan (At = 0.2 s), the whole computation, including post-processing
(numerical computation of the stresses and writing the result files disk), takes under 20
minutes for each vertebra.

Results

A surface mesh for a sagittal section through the vertebrae was generated using
ParaView [10]. This mesh was used for the visualization of the numerically calculated
von-Mises stresses, which are shown for the L4 vertebra at three different time-steps in
Figure 6.8, alongside the respective animations of the multibody dynamic simulation.
Here, the vertebra is shown in the initial configuration, which is used for the quasistatic
analysis as a non-inertial reference frame. The elastic deformations of the vertebra are
scaled by a factor of 30 for better visibility.

In the first time-step (Figure 6.8a), the L4 vertebra is subjected to the vertical load,
and the corresponding reaction force and moment at the joint. Note that a moment is
necessary at the joint to balance the couple of the applied force and the reaction force,
which are not vertically aligned, as the loading marker is slightly in front of the joint
marker (see Figure 6.4). Hence, in the first time-step the vertebra is subjected to both
axial compression and bending in the sagittal plane. The computed stresses show high
stresses (compression) at the anterior (front) portion of the cortical shell, whereas at
the posterior part of the shell the tensile stresses caused by the bending are partially
compensated by the axial compression load. Here, we point out that the model neglects
the actions of muscle and ligaments which stabilize the spinal segment. Including these
forces in the analysis could significantly influence the results, as demonstrated in [259].
The second time-step shown (Figure 6.8b) corresponds to the state where the applied har-
monic sagittal moment has the maximum magnitude (10 N.m.), and the joint is in flexion.
Here, the stresses state is more dominated by the bending, compared to the first-time step.
The computed stresses at the anterior part of the cortical shell are significantly higher,
whereas the posterior part of the shell exhibits higher stresses in tension. Whereas the
annulus fibrosus is able to transmit tensile forces [25], this result was possibly exaggerated
due to the missing ligament forces.

In contrast, in the last time-step (Figure 6.8c), the applied moment has the maximum
magnitude in the opposite direction with the joint in extension. Here, the bending is
in the opposite direction, meaning that the anterior part of the shell is under tension,
whereas the posterior part is under compression.

Overall, the numerical prediction of the stresses agree well with the loading states. The
results do not exhibit large oscillations, and there are no discernible discontinuities at
the element boundaries, which indicates a low approximation error. The model includes
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singularities, e.g. at the outer edges of the boundaries of the endplates, and at the re-
entrant corner of the pedicle. Local refinement of the meshes to treat these singularities
would further reduce the approximation error. For a more extensive discussion of the
results and the setup of this example, the interested reader is referred to [185].

6.1.5 Discussion

In this application, we have presented a numerical approach for the inclusion of concen-
trated loads in patient-specific FCM models of the vertebra. The results demonstrate the
applicability of the FCM as part of a pipeline for patient-specific biomechanical modeling,
where the forces are calculated using musculoskeletal models.

The proposed approach provides a convenient way of including the concentrated loads in
a way that is consistent with the musculoskeletal simulation. No additional assumptions
are introduced by this approach, and it requires no additional modeling effort. Hence,
it is well suited as part of an automated workflow, where the estimated forces from the
musculoskeletal simulation are directly input to the FCM simulation kernel without the
need for additional manual post-processing.

There are, however, some limitations to the proposed approach. As the load-transfer
blocks are modeled by three-dimensional solid elements, the additional coupling leads to
a significant increase in the size of the linear system. In comparison, coupling approaches
which utilize beam or shell elements to apply constraints on the load surfaces result in
a marginal increase of the total number of degrees of freedom. Further work should
investigate the applicability of coupled FCM-shell elements for the imposition of moment
loads in FCM models. Additionally, the very stiff material assigned to the load-transfer
block adds a constraint to the deformation of the load surface which prevents warping
deformation, that is out of plane deformation caused by torsional loads on non-circular
cross sections. Fortunately, such deformations are not a dominant mode in the intended
use-case of this approach—namely the simulation of the biomechanics of the spine.
Future work should address the use of local refinement, e.g. through the use of the multi-
level hp-scheme as described in the previous chapter, which would lead to more efficient
computations. Especially the load-transfer meshes can benefit from local refinement at
the coupling interface. Further optimization of the computational performance could be
achieved by using axis aligned FCM meshes for the load-transfer blocks. In this work,
all FCM meshes were aligned to the scan. Rotating the FCM meshes for the blocks
to match their orientation (aligned with the tangent vectors of the spinal axis at the
respective markers) would significantly reduce the number of cut cells, thereby reducing
the computational cost.

More complex musculoskeletal models consider several vertebral segments, which also
makes it necessary to include muscles and ligaments to stabilize the model. These are
modeled as nonlinear force elements and passive elastic elements that are attached to
the bone at single points. The resulting point forces are more challenging to include
in the model, in contrast to the forces resulting from the intervertebral discs, which are
distributed over the endplates. A possible approach to include such forces in FCM models
is to distribute the muscle forces over small patches on the surface, and applying local
mesh refinement at the points of attachment.
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6.2 Vertebra—screw simulation

The numerical simulation of vertebra—screw systems is of high importance. An adequate
resolution of the trabecular microstructure at the bone-implant interface is necessary,
which makes accurate simulations very computationally intensive and necessitates the use
of high-performance computing resources. In the work presented in the following section,
we apply the FCM in conjunction with the multi-level Ap-refinement scheme—as outlined
in the previous chapter—to resolve the bone—implant interfaces in finite-cell analysis of
vertebrae with pedicle screws. Local refinement allows us to resolve the microstructure
at the interface at a moderate computational cost. A numerical example is presented to
illustrate the applicability of the numerical scheme for the solution of a high-resolution
vertebra—screw model.

6.2.1 Introduction

Pedicle screw rod instrumentation is a widespread surgical procedure used to treat a
diverse range of spinal disorders [252]. Through spinal fusion, two or more vertebrae
are permanently joined to treat instabilities or correct spinal deformities, e.g. scoliosis
(abnormal lateral curvature of the spine) [164]. To this end, two screws are inserted
posteriorly through the pedicles into each vertebral body. The pedicle screws are joined
together with metal rods that restrict relative motion of the vertebrae, thereby stabilizing
the spine. In interbody fusion, the intervertebral disc is additionally removed and replaced
by a bone graft contained within a metallic cage, which bonds the two vertebrae together.
For corrective surgeries, forces are applied to the screws and rods in order to correct the
abnormal curvature. An X-ray image of a fused vertebral segment is shown in Figure 6.9.

(a) Schematic showing fusion rods [21] (b) X-ray image of fused L5 and S1 [205]

Figure 6.9: Spinal fusion of a vertebral segment
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The decision of how and when to perform surgery is a highly subjective one based on
the surgeon’s experience. It has been demonstrated in clinical trials that surgery is not
beneficial for patients with unspecific back pain [158]. However, for many other patients
spinal fusion is still indicated due to conditions like spondylolisthesis, spinal canal stenosis,
fractures or tumors [177]. Despite the extensive use of pedicle screw fixation, issues such
as screw loosening and breakage are recurring complications [194]. Particularly in elderly
patients with poor bone quality due to osteoporosis, anchorage of the pedicle screws
remains challenging [182].

The anchorage of pedicle screws depends mainly on the local quality of the trabecular bone
at the screw’s interface. To improve anchorage, the mechanical strength of this interface
can be enhanced, e.g. through the use of bone cement [124], or screws with hydroxyap-
atite coating [100]. Furthermore, surgery-related parameters (screw size, orientation and
insertion points) should be optimized to achieve better anchorage.

Finite element analysis of bone-implant interaction is a valuable tool in studying the
fixation of implants. Numerical models can predict pull-out strength [262, 61], also for
different loading conditions [35]. Furthermore, FE models can be used to assess the
stability of the interfaces resulting from different configurations (e.g. variable screw sizes
[196, 165, 222] and angles [172]), which can be used to assist surgeons in achieving better
outcomes.

However, accurate finite element simulations of fused vertebrae with pedicle screws can be
very challenging. As the anchorage depends mainly on the interaction between the screws
and the trabecular bone in the peri-implant region, the stability of the implants depends
on the local trabecular microstructure [261]. Hence, spatially resolving the trabecular mi-
crostructure is necessary for an accurate simulation of the bone-screw interface [263]. It
has also been shown that finite element models with simplified screw geometry underesti-
mate the resulting mechanical stresses [222]. The geometry of the trabecular microstruc-
ture can be resolved from micro-CT or HR-pQCT scans. Currently, such scans cannot be
performed in vivo for the human vertebra, which limits the possibility of patient-specific
FE analysis. Nevertheless, simulations that are based on in vitro models are useful in
gaining a better understanding of bone-implant interaction.

The very complex geometry of the bone-screw interface presents a challenge for finite
element modeling, as generating an analysis suitable mesh at a microstructural level is
a difficult task [162]. To that end, a surface triangulation of the trabeculae is gener-
ated, and used together with the CAD model of the implant to generate a boundary
conforming tetrahedral mesh. In studies dealing with the numerical modeling of dental
implants, generating quadratic tetrahedral meshes for small volumes of interest surround-
ing the screws already generates around 10 million elements with 30 million degrees of
freedom [265, 161, 163]. Including bone-cement in the model, or assigning different ma-
terial properties for the peri-implant zone would make this even more challenging.
Alternatively, high-resolution micro-voxel FEM (pu-FEM) models based on micro-CT im-
ages which resolve the trabecular microstructure can be used for numerical studies of
bone-implant interfaces [262, 242, 211, 35]. p-FEM models are considered the current gold
standard for the simulation of vertebra—screw interaction. As described in Section 2.3.2,
the pu-FEM directly converts voxels of the micro-CT scan to hexahedral finite elements.
Thereby, it can resolve the geometry of the trabecular microstructure without complex
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mesh generation procedures. As the pu-FEM is voxel-based by definition, the model of the
screws, typically implicit geometrical CAD models have to be voxelized. Since u-FEM
models have meshes with very small element sizes, local solution features such as stress
concentration and singularities in the peri-implant region are also adequately represented.
However, due to the very high resolution of the models origination from micro-CT scans
and the uniform element-size in p-FEM models, the resulting finite element systems for
models of regions of interest are very large (typical in the range of hundreds of millions
of degrees of freedom), making the use of supercomputing power often necessary [80].
Hence, in many published studies, e.g. [262, 263, 35|, only part of the vertebra around the
screw can be modeled, applying simplified boundary conditions at the surfaces bounding
the volume of interest, which limits the applicability of u-FEM modeling of more complex
configurations involving multiple vertebrae.

To address these shortcomings, in this work we use the finite cell method (FCM) for the
simulation of vertebra—screw mechanics. This approach provides several benefits making
it very suitable for the task. Similar to the pu-FEM, the FCM requires a low human
modeling effort in setting up the simulations, as the FCM does not require the generation
of boundary-conforming meshes. As demonstrated in Chapter 4, FCM models based on
high-resolution C'T images can accurately simulate the biomechanical behavior of vertebral
bodies. Furthermore, with an adequate approach to deal with the weak discontinuity
at the material interface, and employing local refinement as necessary, the FCM can
accurately model the bone—screw interface using a moderate number of degrees of freedom.
Additionally, thanks to the inherent flexibility of the FCM in utilizing various types of
geometric descriptions, no additional effort is required for the re-parametrization of the
geometries of either the bone or the screws. In the following, we outline the proposed
simulation approach, and present a numerical simulation of a vertebra with two pedicle
SCrews.

6.2.2 Vertebra—screw FCM model

Here, we assume that the screw is in full contact with the bone at the interface, and treat
the contact as a material interface problem. We use linear elastic material models for
both the bone and the screw. The material interface problem is treated numerically in
the framework of the FCM as described in Chapter 5. The workflow of our simulation
approach is illustrated in Figure 6.10.

We use two separate geometric descriptions for the vertebra and the screws. For the
vertebra, the geometry and the local material properties are described by a CT scan
with sufficiently fine resolution to distinguish the trabecular microstructure, e.g. a micro-
CT or high-resolution peripheral quantitative CT (HR-pQCT) scan. Segmentation of
the high resolution scan is necessary in order to identify the structure of the vertebra
within the scan without the surrounding soft tissue. The binary image resulting from the
segmentation is used in conjunction with a threshold filter of the original scan to create
an image-based FCM model, as presented in Chapters 3 and 4.

The FCM model for the screws is based on a B-Rep model created using CAD software.
In the context of FCM, the geometric models only needs to provide a reliable point mem-
bership test. To that end, the B-Rep model, which describes the bounding surfaces of the
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Figure 6.10: Workflow of coupled FCM analysis of the vertebra—screw model
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screw as trimmed NURBS patches can be directly used with a ray-casting algorithm. This
is possible if the B-Rep model is free of modeling flaws. However, using the exact surface
description provided by the NURBS surfaces can be computationally expensive. Instead,
a water-tight surface triangulation of the CAD model can be used for the ray-casting-
based point membership test. An alternative approach was presented by Wassermann
et al. [257], where flawed CAD models can be directly used for the point membership
test.

Here, we highlight the fact that the FCM for interface material problems can be used
to easily combine different types of material descriptions in a single model. There is no
need to generate a boundary-conforming mesh, and the geometrical model is used for the
numerical integration of the element matrices. Hence, the FCM bone-implant requires no
additional effort for geometry re-parametrization, in contrast to conventional approaches
employing p-FEM, where a B-Rep model of the CT-based bone geometry needs to be
first generated [129], or voxel based u-FEM analysis where the implant’s geometry is
voxelized [262].

The FCM models of the vertebra and the screws are then combined in a single analysis.
We use separate discretizations for the bounding box of each object, which is embedded
in a regular grid of finite cells. The screws are then positioned within the vertebral body
using a CAD software. In the FCM grid describing the vertebra, the bone tissue displaced
by the screws is accounted for through a Boolean difference operation. Here, cannulated
screws require additional attention to remove the bone tissue within their hollow shafts.
To resolve singularities and stress concentration caused by the geometry, material interface
and boundary conditions, we use the multi-level hAp-refinement to locally refine the FCM
meshes as described in the previous section. Here, the coupled FCM approach allows us
to refine each mesh independently. We refine the meshes a priori guided by the geometry.
Within the mesh for the vertebra, we expect singularities at the bone—screw interface, at
the re-entrant corner of the pedicle, and at the intersections with the shafts of the screws
at the points of insertion. For the meshes of the screws, we expect singularities around
the threads—especially at the concave geometry at the roots of the threads—and at the
shafts where the contact zone ends. Additionally, clamped boundary conditions induce
singularities. Accordingly, we apply a local refinement on each mesh towards its expected
singularities as described in Section 5.3.2.

The overlapping multi-level hp-FCM meshes are then weakly coupled at the bone—screw
interfaces. To that end, we use the penalty method as described in Section 5.2. Other
coupling methods, such as e.g. Nitsche’s method, are also applicable here. For the
numerical integration of the penalty terms along the material interface, surface meshes
can be easily generated from the CAD model of the screw.

The boundary conditions are applied to each mesh separately. Depending on the load-case
being studied, forces and/or moments are applied to the screws, whereas the vertebra is
fixed. Since the CAD models of the screws have well-defined surfaces for load-application,
defining the forces and moments as distributed tractions is easily achieved. The tractions
are included in the respective meshes of the screws as inhomogeneous Neumann boundary
conditions. For the numerical integration, surface meshes for load-bearing surfaces can
be easily generated utilizing the CAD models. Dirichlet boundary conditions are weakly
enforced, also using the penalty method. For the numerical integration, a surface mesh
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of the endplates can be generated using the marching cubes algorithm and the segmented
binary image.

6.2.3 Numerical example’

In the following, we present an example of a vertebra—implant simulation using the multi-
level hp-FCM. It is noteworthy that the numerical model considers the whole vertebra
with the local refinement resolving the microstructure at the interface.

Setup

We consider a lower thoracic vertebra into which two cannulated pedicle screws are in-
serted. We use the FCM with the weak coupling approach to solve the interface problem,
and employ multi-level hAp-refinement to resolve the high gradients around the threads of
the screws.

The geometry of the vertebra originates from a CT scan with high spatial resolution,
carried out for a formalin-fixated specimen of the eleventh thoracic vertebra of an 84-
year-old donor. She had dedicated her body for educational and research purposes to the
local Institute of Anatomy prior to death, in compliance with the local institutional and
legislative requirements. Images were acquired by using a whole-body 256-row C'T scanner
(iCT, Philips Medical Care, Best, The Netherlands) after 24 hours of degassing. Scan
parameters were a tube voltage of 120 kVp, a tube load of 585 mAs, an image matrix of
1024 x 1024 pixels, and a field of view of 150 mm. Transverse sections were reconstructed
with an interpolated voxel size of 146 x 146 x 146 pum?®, and the intensity values of the
CT images were calibrated with a reference phantom (Mindways Osteoporosis Phantom,
San Francisco, CA, USA) to derive calcium hydroxyapatite values in (mg/cm®).

The geometric model of the screws is a B-Rep CAD model of a Viper2-Screw (DePuy
Synthes, Umkirch, Germany), kindly provided to us by the manufacturer.

The material properties for the vertebra were resolved on the voxel level, as a threshold
was set to the intensity values to distinguish the trabecular structure. The voxels that
are identified as inside the bone were assigned a Young’s modulus E®Y = 10 GPa, and
Poisson ratio v = 0.3, which are commonly used parameters in HR-pQCT based voxel
FEM [186]. The material of the screws is titanium with £ = 100 GPa and v = 0.3.

The considered load case simulates a pull-out test, where the vertebral body is clamped
and the screws are pulled axially outwards—as depicted in Figure 6.11. The Dirichlet
boundary conditions are defined as clamping of superior and inferior end-plates, whereas
the Neumann boundary condition is defined on the screws head, as a uniformly distributed
axial force.

SThis section is based on work that was published in [75]. The main scientific research as well as the
textual elaboration of the publication was performed by the author of this work.
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Figure 6.11: Pull-out test

Discretization
hp-FCM

The complete model of the vertebra—screw system was setup virtually by combining both
geometric models as described in the following. First, the CT-scan was segmented using
ITK-SNAP [274] to obtain a separate model of the vertebral body without the surrounding
tissue. This segmentation only considers the outer boundary of the vertebra, and does
not distinguish between cortical and trabecular bone.

The CAD model of the screws was suitably positioned in the same coordinate space. To
carry out the point membership test on the CAD model, a watertight surface triangulation
of the screws was created using Rhinoceros [203]. The surface triangulation was then
utilized by a ray tracing algorithm [19], to determine whether a given integration point
lies within the screws’ geometry.

The first FCM mesh is used to discretize the embedding domain of the vertebral body. The
mesh is axis-aligned with the CT-scan. The FCM model uses the geometric description
based on the voxel data, as presented in [209, 268]. The geometry is defined by applying a
threshold to the CT-scan to define the bone-structure and subtracting the screws through
a Boolean operation. To account for the hollow shafts of the screws, an additional cylinder
at the central axis of each screw was subtracted. The numerical evaluation of the domain
integrals performs an intersection of the voxel grid with the refined FCM mesh to give
the integration sub-cells. This is necessary as the number of voxels per spatial direction
for one finite cell is not a power of two.

To resolve the stress concentration, the mesh is refined using the multi-level hp-scheme
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towards the cusps of the screws’ threads (concave geometry) and towards the re-entrant
corner at the pedicle. The second FCM mesh is used to discretize the embedding domain
of the screws. This mesh is refined towards the roots of the screws’ threads, where
stress concentration within the screws is expected. The spacetree scheme is used for the
numerical integration on the second mesh.

The complete discretization results in a total of 1,322 finite cells for first mesh and 155
finite cells for the second mesh. Using polynomial degree p = 3 and k£ = 3 refinement
levels, the discretization has approximately 1.13 million degrees of freedom. The final
refined meshes are depicted in Figure 6.12.

To control the ill-conditioning of the stiffness matrices, the fictitious domain in both
meshes is given a stiffness of Eg; = 107 GPa and vg; = 0.3. The FCM model contains
badly cut cells, which are expected in cases involving complex geometry, resulting in an
ill-conditioned matrix even with relatively low polynomial degrees [58]. Hence, the chosen
fictitious stiffness is relatively high. Nevertheless, as discussed at the end of Section 5.4.2,
the introduced modeling error is expected to be much lower than the approximation error
for this complex model.

(a) Vertebra (b) Screws

Figure 6.12: Discretization using FCM

Material interface

The penalty approach (see (5.8a)) was used to couple the meshes with £, = 10°. To
integrate the coupling terms, a fine surface triangulation for the bone-screw interfaces was
created using Rhinoceros, by meshing the outer surfaces of the screws. For an accurate
and efficient evaluation of the surface integral, the triangulation was intersected with the
refined finite cell grid, as shown in Figure 6.13. The triangles were then associated to
the finite cell pairs from the two meshes, such that the coupling terms were added to the
assembled stiffness matrices only once per finite-cell pair.
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(b) Intersected triangulation

Figure 6.13: Discretization of coupling surface

Boundary conditions

Dirichlet boundary conditions were applied at the superior and inferior end-plates of the
vertebra. These were weakly enforced using the penalty method, with the penalty terms
integrated over a surface triangulation. The surface description was generated using
the marching cubes algorithm and the segmentation. The penalty value was selected
empirically, Bp = 10”. The Neumann boundary conditions modeling the axial load on the
screws were applied on a surface mesh created from the CAD model. The surface mesh
was also intersected with the faces of the refined FCM mesh, to allow for a more accurate
evaluation of the Neumann integral.

Solution and numerical results

The resulting system of linear equations was solved using the parallel direct solver Intel®
Pardiso which is provided as part of the Intel Math Kernel Library [114]. The simulation
was run on two eight-core Intel® Xeon® E5-2690 @ 2.9 GHz CPUs. The model takes
approximately 40 minutes for the integration, solution and post-processing. Visualization
was carried out using ParaView [10] on the same hardware.

The surface of the trabecular bone was recovered using ParaView, for an axial and a
sagittal section. The recovered surface was used for the plots shown here. The computed
displacements are depicted in Figure 6.14. It can be observed that the applied boundary
conditions are fulfilled, and that the displacement field appears continuous across the
interface.

The von-Mises stresses calculated for the screws and the bones are depicted in Figure 6.15
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Figure 6.14: Vertebra with pedicle screws: numerical approximation of displacements

for a sagittal and an axial section. The numerically approximated stresses are continuous
within the screw’s geometry, with no discernible jumps at element boundaries or large
scale oscillations. This indicates a low discretization error.

High stresses are visible in the neck region between the applied load and the vertebra.
Additionally, a bending stress distribution is observed for the helical thread, with the
maximum stress occurring at the roots of the thread. In the vertebra, the stress concen-
tration is localized around the screws, and at the pedicle’s re-entrant corner, which is a
common site of fracture initiation. Similar stress distribution patterns were also reported
for simulations using p-FEM models [261, 263, 211, 35]. Altogether, it can be concluded
that the numerical results are mechanically plausible, and correspond well to the applied
load case.

6.2.4 Discussion

In this application, we demonstrated that the FCM for material interface problems in con-
junction with the multi-level hp-refinement scheme is directly applicable for the simulation
of geometrically complex vertebra—screw models. Furthermore, we demonstrated that the
flexible nature of the FCM in dealing with different types of geometric description allows
for an easy combination of the image-based model of the vertebra and the CAD-based
model of the screws. Together with the first application presented in this chapter, the
results showcase the potential of the FCM as an efficient tool for the accurate simulation
of material interface problems in bone mechanics.

As an embedded domain method, the FCM is able to resolve the complex geometries of
the trabecular microstructure, and that of the detailed CAD-model, without the need
for time-consuming mesh generation procedures. Using the weak coupling approach,
the FCM can also represent the weak discontinuity at the material interface, thereby
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Figure 6.15: Vertebra with pedicle screws: numerical approximation of von-Mises stresses
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recovering its favorable convergence properties. Employing the multi-level Ap-scheme for
local refinement allows us to accurately represent the complex stress state at the bone—
screw interface using a moderate number of degrees of freedom (approx. 1 million degrees
of freedom), while considering the whole vertebra with two pedicle screws. Furthermore,
using separate meshes for each object allows for an effortless combination of different
types of geometrical description without need for any re-parametrization (voxelization of
the screw, surface meshing of the vertebral body).

There are, however, some limitations to our proposed approach for the simulation of
vertebra—screw models. We used a linear elastic material model for both the bone and
screws, which is used in the current gold standard of y-FEM simulations. However, this
oversimplifies some aspects of the problem. For instance, it has been recently shown that
pre-stresses in the bone induced by the insertion process are significant and need to be
included in the models for an accurate simulation [72]. More sophisticated contact models
also allow for interface de-bonding for a more realistic scenario [61].

Moreover, due to the ill-conditioning of the stiffness matrices resulting from the FCM
discretization, we are restricted to the use of direct linear system solvers, which limits
the size of the largest system we can solve. The simulation of larger and more complex
configurations—involving several vertebrae and fusion rods—would estimate the loads on
the screws more realistically. To be able to solve larger models, or models with higher
resolution, the use of an iterative solver is necessary. Recent work shows that using a
multi-grid approach as a pre-conditioner is an effective approach for multi-level hp-refined
FCM grids [118].

The results presented in this application suggest that the FCM can be directly applied for
the numerical simulation of similar bone-implant problems. For example, the simulation
of femurs with implanted stems should be easily applicable with the proposed scheme,
presenting even fewer challenges. Another application with a very similar setup is the
simulation of dental implants, which can make use of the FCM to easily model problems
involving several layers of materials.

In this work, we have used a priori refined meshes, with a geometrically-driven local refine-
ment towards points where singularities are expected. The use of automatic refinement
based on an error estimator would help to further improve the numerical efficiency of the
proposed method. The development of error estimators for the FCM is a topic of active
current research [62].
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Chapter 7

Conclusion

7.1 Summary and conclusion

In this thesis, we have investigated the suitability of the finite cell method (FCM) as
a simulation tool for the biomechanical analysis of the human vertebra, and proposed
effective solutions to overcome its limitations.

We presented a new validation study for the FCM, which considered micro-CT-based mod-
els of human vertebral bodies. The validation experiments used digital volume correlation
to estimate the displacement fields within the vertebral bodies under axial compression.
The boundary conditions for the FCM models were interpolated from the DVC data and
weakly enforced using the penalty method. The numerical predictions of the displace-
ments were compared to the DVC measurements of the internal fields for validation. The
results show a very good agreement between the FCM simulations and the experiments,
underlining the potential of the micro-CT-based FCM as an attractive alternative simu-
lation approach to the well-established p-FEM.

We also presented a numerical discretization technique using the FCM for solving three-
dimensional material interface problems involving complex geometry. We proposed the
combination of the FCM with a weak coupling approach to treat the issues caused by
the weak discontinuity. Additionally, we applied the multi-level hp-refinement scheme to
locally refine the FCM meshes in order to resolve singularities and local solution features
at the interfaces. A series of numerical experiments with two- and three-dimensional
benchmark problems was presented, showing that the proposed refinement scheme in
conjunction with the weak enforcement of the interface conditions leads to a significant
improvement of the convergence rates. To showcase the potential of the proposed combi-
nation of methods, we presented an application considering the high-resolution simulation
of a vertebra with pedicle screws.

Additionally, we proposed a numerical approach for the weak enforcement of concentrated
(point) loads in the FCM. This allows to consider boundary conditions stemming from
patient-specific musculoskeletal models, which we demonstrated in a proof-of-concept nu-
merical example which considered a single spinal segment.

In conclusion, we have demonstrated that the FCM is a powerful discretization technique
with great potential a simulation tool for biomechanical analysis. When combined with an
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adequate method for the treatment of weak discontinuities and a suitable scheme for local
mesh refinement, the FCM can be used to carry out accurate high-resolution simulations
for a moderate computational cost. A particularly attractive feature is its flexibility in
handling different types of geometric representation, allowing for an effortless combination
of image-based bone models with CAD-models of implants.

7.2 Outlook

The results presented in this thesis open the door for exploring further applications of
the proposed numerical approach, but also highlight some limitations which should be
addressed by future research.

Whereas our validation study for the u-FCM considered microstructural models, further
validation studies should also consider continuum-level patient-specific FCM models of
vertebra which are based on clinical QCT images. This would bring the method closer to
clinical applications.

The definition of realistic boundary conditions is important to ensure the reliability of
patient-specific clinical models. To that end, more detailed multibody simulations are
necessary. Moreover, accounting for the degeneration of the intervertebral discs should
make the FCM models more realistic, as the discs’ degeneration causes a redistribution
of the load profile over the vertebral bodies.

In our study, we examined the numerical predictions of the displacements within the
trabecular structure. Validation of the strains has more significance to the estimation of
fracture risk, but is also considerably more challenging. From the experimental side, the
registration algorithms require coarser grids to have enough physical features to identify
the displacements, which in turn limits their applicability for the pointwise validation of
strain fields. Moreover, the FCM models would need to be further refined to provide
numerically accurate predictions of the strains.

In our opinion, the main limitation of the FCM stems from the ill-conditioning of the
stiffness matrices, caused by the penalization of the material parameters in the fictitious
domain. This prevents the use of iterative methods to solve the linear systems of equation.
In this work, we resorted to using a direct solver, which imposes a hard limit on the
maximum solvable problem size due to its high memory requirements. The development
of effective preconditioners for the FCM is necessary to unlock its potential to solve
more complex problems in higher resolution. Recent research suggests that Additive-
Schwarz [117] and multigrid approaches [118] can be effectively used as preconditioners
for the multi-level hp-refined FCM to enable the use of iterative solvers.

In this work, we have used isotropic linear elastic constitutive equations to model the
bone tissue, both in continuum and microstructural scales. We apply an inhomogeneous
material distribution, which allows us to capture the anisotropic behavior of bone on a
larger scale. Clearly, employing anisotropic material models should increase the scope of
validity and reliability of the numerical models, while being straightforward to include in
the framework of the FCM.
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