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ABSTRACT

Predicting mechanical responses under various load conditions is of significant interest in the field of
orthopedic research. Despite an abundance of research on finite element (FE) modeling for human bones,
studies specifically focusing on the tibia remain notably limited. Given that mechanical properties and
structural form of goat tibiae closely mimic those of human tibiae at the region of interest (ROI), they can
serve as excellent models for comparative orthopedic research. While existing literature on ovine bone
research offers rich in-vivo models, it lacks a validated FE model of the tibia subjected to thorough spatial
error assessment.

This thesis presents a novel open-source-based FE model of a goat tibia incorporating phase field fracture
representation. The model was validated using Digital Image Correlation (DIC)-measured strain under
compression, offering a valuable tool for bone biomechanics research. A model of bone geometry was
constructed from a 3D quantitative computed tomography (QCT) scan of the goat tibia. Density was
calculated from Hounsfield values and spatially distributed within the FE mesh. To validate this FE model,
we conducted a uniaxial compression test by applying the load along the shaft axis. A DIC system provided
high-resolution strain measurements across the surface of the tibia, with results found to align well with FE
simulation outcomes - thus validating our elastic model.

To quantitatively predict three-dimensional fractures, we used a high-performance computing (HPC)
environment to couple our elastic model with a phase field model — resulting in fracture initiation and
evolution predictions that closely mirror experimental observations. This high-fidelity QCT-based
approach offers a framework for personalized modeling of human tibiae enabling patient-specific analysis
relating to fracture risk, implant effectiveness, and optimal treatment strategies.
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Chapter One: Introduction

Investigations into bone health and physiology aid in devising improved treatments for fractures and
orthopedic injuries. This covers developments in implant materials, surgical techniques, and rehabilitation
approaches. Additionally, for regenerative medicine to evolve, it is essential to understand the structure and
function of bones. Even with medical progress, many challenges are faced by the researchers while making
decisions about bone injuries and how best to treat them. The limitations of current treatments in entirely
restoring the form and function of a bone are a source of concern for both clinicians and researchers.

The mechanical properties of bone, like other structural materials, depend on the composition. Since the
composition of a bone is affected by age, different diseases, nutrition, and many other factors, predicting
the mechanical behavior of the bone by measuring the bone composition has been central to skeletal studies,
and majorly important in orthopedics. Fracture mechanics focuses on the limiting behavior of materials,
and computational models for fracture have greatly improved in the last 50 years. Though computational
models for fracture have greatly improved in the last few decades, hierarchically structured materials such
as bone remain a challenge however due to various layers with different properties that tolerate damage
differently [1]. Detailed characterization of specimens and subsequent mechanical testing can provide the
needed input for the fracture model. A properly validated model can aid in refinements of orthopedic
surgery or in the designing of novel implants.

Translational research focused on orthopedic applications such as biomedical implants carries substantial
value, as the number of individuals requiring orthopedic implants are continuously increasing [2]. To
combat the challenges of biocompatibility, often the research begins with in vivo modelling systems prior
to human clinical trials. Appropriate in vivo investigations must closely simulate the human body; so,
researchers often use large animal models such as goats and sheep [3]. Goats are an excellent model for
comparative orthopedic research as the size and shape of their appendicular apparatus share similarities
with the human skeleton [4], [5], [6], [7], [8], [9]. Furthermore, in terms of physical properties, size and
shape, goat tibia resembles that of human tibia very closely [10]. While the finite element modeling of
human bones have been available in the literature [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
and few in vivo studies on goats [21], [22], there has not been any study on ovine FE modeling that
considered the spatial distribution of mechanical properties. This study aims to create and calibrate the FE
model of the goat tibia with proper validation and predict the initiation and propagation of fracture.

The composition of bones changes with age and different diseases [23]. The study of the tibia includes the
shaft which does not have a constant thickness. At different length scales, there are discrete characteristic
structural features, there has been a detailed study on how the crack growth occurs in the hierarchical
structure of human bones in 2015 [24]. Because of such structure, mechanical behavior of bone cannot be
predicted with accuracy if the variation of the density throughout the bone is not considered. Spatial
distribution of mechanical properties that is dependent on the local density is being used in human bone
research, and 3D quantitative computed tomography (QCT) based finite element analysis is the method that
is commonly used for such studies. However, there is a lack of research on goat bones which can be great
surrogate models for human skeletal study.

The objective of our study was to develop a comprehensive physics-based model that accurately assesses
the mechanical properties and fracture behavior of goat tibiae. By leveraging this advanced modeling
approach, we aim to obviate the need for experiments involving cadaver specimens or live animals, and
eventually to aid human bone research. Our innovative method for analyzing goat tibiae was designed to
reduce animal usage in our laboratory while simultaneously enhancing our modeling systems and fostering
significant scientific advancements. This research will facilitate precise predictions regarding stress
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concentrations in intact tibiae under physiological loads contributing valuable insights into optimal
practices for subsequent bone healing studies and the development of new orthopedic devices before
initiating ex vivo and in vivo experiments.

Our novel approach combines elastic model and fracture models validated from goat tibia specimens. The
first component is the elastic model that maps the spatial distribution of stiffness of a bone specimen and
finds the response under load. Then, a phase field model predicts the initiation and evaluation of fracture
under uniaxial compression load which is validated from the experimental data.

Phase field models have emerged as a viable fracture mechanics approach to predict crack nucleation and
propagation. Correlation of apparent density and the strength of the bone was studied in 1985 [25], and later
several works were conducted in this field for mapping of the experimentally measured bone density
through assumed model forms to produce local property variations across the specimens [11], [13], [14],
[26]. To capture the complex geometry as well as local inhomogeneous and anisotropic characteristics [27]
of the tibia, 3D computed tomography (CT) scans are used to obtain the geometry and spatial density
distribution. While there is a number of commercial software available for reading the data from CT scan
images, this study aimed to utilize open-source software to map the mechanical properties to the 3D bone
model. The software that were utilized in the process were 3D Slicer [28], MOOSE framework [29] and
ParaView [30]. 3D Slicer is used to extract the nodal properties and the 3D mesh; combination of ParaView
and MOOSE are utilized to prepare the finite element (FE) model, and MATLAB was used to map the
nodal properties into the FE model. For calibration, the simulation results will be compared with the strain
field obtained from the DIC (Digital Image Correlation), a method that is well-practiced in the literature
[12], [15]. CloudCompare [31] was used to perform the comparison. With the elastic model validated using
DIC, another parallel finite-element code RACCOON [32] which is specialized in phase-field for fracture
was utilized to simulate the initiation and propagation of fracture. Finally, the simulation results were
compared with the experimental data.



Chapter Two: Method

A three-dimensional FE mesh was generated from the QCT data and spatial material properties were
assigned to the nodal cloud following the procedures detailed in [33]. Thereafter, the elastic model was
validated using the displacement and strain field measured by the DIC system.

2.1. Mechanical setup

Two goat tibiae (denoted by G21023 and G21031) kept frozen at -20°C were used for experiments. The
tibiae were kept intact in the legs with muscles since the muscles around the leg and the skin prevent
desiccation of the bone. The tibiae were obtained from the College of Veterinary Medicine — University of
Tennessee, Knoxville, TN, USA. G21023 was from the left leg of a 62.2-kg female goat and G21031 was
from the left leg of a 51.4-kg female goat.

On the day of the experiment, the tibiae were defrosted and surgically removed from the whole leg and
cleaned of tissue. The tibiae were embedded in PMMA (Poly methyl methacrylate) at the distal and
proximal ends using 6-inch diameter PVVC rings. Two custom-made metal adapters were fabricated to house
the PVC-PMMA ends and facilitate the Materials Test Systems (MTS) (25 kN capacity) servo-hydraulic
Universal Testing Machines (UTM) to grip the specimen. To retain the moisture, gauze dipped in saline
water were used to wrap each tibia and was CT scanned using a Phillips Brilliance CT Scanner [34] along
with six phantom tubes (Figure 1). The phantom tubes were filled with K;HPO, solutions with concentration
from 0 to 1200 mg/cc. Scanning parameters were 120 kV, exposure of 200 mAs/slice, slice thickness 0.67
mm (equal to slice spacing) with an increment of 0.33 mm.

For DIC imaging, the tibiae were painted by matte white spray paint with black speckles. Before loading
the bones to failure, tibiae were loaded within the elastic limit (Figure 2). The proximal end was mounted
to the testing machine and kept fixed, while displacement was applied at the distal end along the shaft axis.
Such boundary conditions are close to one of the physiological loading conditions whereas there are plans
to investigate inclined and torsional loading in the future. Displacement control loading was applied using
an MTS (25 kN capacity) servo hydraulic UTM. The tibiae were initially loaded in elastic region, and then
unloaded. After that, they were loaded until they failed by brittle fracture. A uniform displacement rate of
0.2 mm/min was applied throughout the experiment.

Three-dimensional DIC method was used to ascertain spatially distributed displacement along the bone
surface during quasi-static compression loading in accordance with [35]. Images were captured via Vic
Snap software in situ at 3 Hz frame rate using a dual camera system. Sony IMX174 2.3-megapixel
grasshopper cameras equipped with 17 mm Schneider Kreuznach Citrine 1.4/17 compact lenses set at f-
stop value of 5.6 (f-stop working range is 1.4-11) were mounted upon a rigid frame at a standoff distance
of 0.33 m, with a baseline separation of 76 mm and a stereo angle of 14 degrees for in situ imaging. Each
camera had a pixel size of 5.86 microns and 1920x1200 pixel resolution. Region of interest (ROI) scale
was determined as 8.6 pixel/mm in field of view approximately 223 mm by 140 mm.
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Figure 1: Goat tibia (G21023) wrapped with gauze dipped in saline water along with six phantom tubes,
(b) A representative CT slice of tibia and phantoms, (c) Cross section of goat tibia from 3D slicer
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Figure 2: Experimental setup with DIC system (G21031)



2.2. DIC post processing:

Stereo calibration was performed using Correlated Solutions 9 mm 12x9 dot calibration target achieving a
calibration score of 0.35, which is within the acceptable range. Data correlation was performed utilizing
Vic3D software with subset size of 33 pixels and step size of 6 pixels, producing 7335 distinct correlation
points with less than 0.035-pixel deviation off the epi-polar line. The subset shape function used was the
fixed function in Vic 3D software package, and a filter size of 15 pixels was used for data smoothing.
Lagrange strain was extracted along the coordinate directions based upon the bone orientation.

The experimental data was post processed using MATLAB scripts to determine force vs displacement
relation (Figure 3). Three instances were used as reference images within the elastic limit. Displacement
applied at these three points were used in the FE model and reaction forces were compared with the
experimental values. The reference image from the second of these three (image 1421) was used for the
elastic model validation. Because of compliance, there were some noises recorded in the UTM, which could
be identified as the bone was unloaded after loading in the elastic zone. Considering the elastic zone as a
linear one, adjustments were made when the DIC and UTM data were postprocessed.

2.3. Phantom calibration:

The calibration process started with the DICOM images of the goat tibia received from the CT scanner. The
property that can indicate the density is denoted as Hounsfield unit (HU) values, which needs to be
calibrated to determine the density of the part being scanned. There are several studies on inter-scanner
variations [19], and development of methods for calibrating the DICOM images with phantom tubes to
measure the density of the bones [36], [37], [38]. Adopting from a number of works [18], [19], in this study,
K2HPQ;, at concentration of 0 mg/cc, 100 mg/cc, 200mg/cc, 400 mg/cc, 800 mg/cc, 1200 mg/cc are used
for phantom calibration. The HU values of the phantom tubes are used for calibration, and a relationship
between the HU value and the density is established.

Linear regression was applied to fit the following relation between ‘apparent solid density’ and HU value
of the phantom tubes shown in (Equation 1.

P, HPO, = (0.6881x + 6.7948) x 1073 6/,
(Equation 1)
here,
x = HU value measure by the CT scan.

This relation is used during the extraction of nodal properties from the DICOM images (Figure 4). While
the tubes are marked as 100 mg/cc, 200mg/cc, 400 mg/cc, 800 mg/cc, 1200 mg/cc considering the
milligrams of KoHPO4 powder dissolved into 50 cc of water, the actual density of the phantom tubes that
were used for calculation were 96.05 mg/cc, 184.79 mg/cc, 343.46 mg/cc, 601.86 mg/cc and 803.306 mg/cc
respectively. The last phantom tube was excluded from the calibration process due to the potential for
abnormal values caused by the high density of the solution.
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2.4. Elastic model:

The method developed in [33] was used to obtain the model geometry and perform the elastic simulation
of the FE model which are briefed in the following subsections.

2.4.1. Model geometry

The challenge of modeling bones is the heterogenous structure with inconsistent density distribution. Using
the QCT data, two FE models of goat tibiae were constructed. In brief, the DICOM files were converted in
to a 3D surface geometry in 3D Slicer [28] and an open-source module ‘Segment Mesher’, were used to
create the 3D finite element mesh. The meshing method used was “TetGen” [39], and the parameters used
are presented in Table 1. The element size of the generated mesh is around 0.33mm. This study used seven
mesh files, whereas three of them were used for FE analysis and the other four dummy meshes were used
for creating the side sets where boundary conditions will be applied (Figure 5). While the dummy meshes
are not used in the simulation process, they are used to define the side sets at the ends and sides of the
PMMAs at the distal and proximal ends by using “SideSetsBetweenSubdomainsGenerator” command in
MOOSE. The two dummy meshes at the ends need to cover the extreme ends of the volume so that they
can be used for calibrating the nodal projection process. The coordinate axes of the FE mesh generated by
the 3D Slicer are different from those of the extracted nodal property grid from the DICOM files. Thus,
calibration is required to align and scale the axes before mapping the properties.

2.4.2. Nodal projection of spatial properties

After that, a code was written in the python language and used in the python console of the 3D Slicer to
create the nodal cloud of the properties in a structured grid that is later utilized to map the properties on the
finite element mesh. Then, a combination of steps with MOOSE [29] and ParaView [30] was performed to
prepare the FE mesh for the analysis. Apparent solid density calculated in (Equation 1) was used to evaluate
the ash bone density from the relation developed in the literature [40], [41] given in ((Equation 2).

Pash = 0.877 X 1.15 X pg,ppo, + 0.08 gm/cc
(Equation 2)

While a relationship between ash density of goat tibia with Young’s modulus has not yet been established,
goat tibia very closely resembles human tibia in terms of mechanical properties as well as composition [42],
[8]. As a result, the relationships widely used in literature [43], [44] was adopted in this study to convert
the ash density to Young’s modulus ((Equation 3) to (Equation 5)).

Ecort—ketier = 10200 X pé:qohl[Mpa];Pash > 0.486

(Equation 3)
Econst = 2398 [MPa], 0.3 < pggn < 0.486

(Equation 4)
Etrap-keyak = 33900 X pi5[MPal, paen < 0.3

(Equation 5)



Table 1: Parameter setting in TetGen

Parameter Value
Maximum radius-edge ratio 5
Minimum dihedral angle 10
Maximum tetrahedron volume 1
< Distal end
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Figure 5: Left - 3D FE mesh blocks of goat tibia (G21023); Right - Proximal and Distal Side sets
generated for application of boundary conditions



Poisson’s ratio was set to 0.3 which has commonly been used in bone QCTFE models [32]. A finite element
code was written in MATLAB to project the spatial properties from the DICOM nodal cloud to the nodes
in 3D FE mesh (Figure 6). Definition of mechanical properties for PMMA was challenging and of great
significance at the same time. The experimental setup included PMMA at the two ends of the bone. The
proximal end was fixed and the distal end was subjected to displacement by the UTM. The distal PMMA
absorbed a substantial amount of energy and gets deformed due to compression before the load is
transmitted to the distal head. Similarly, PMMA at the proximal end absorbs some energy before the fixed
boundary condition is enforced by the vise. However, as PMMAs at both ends are encased in PVC rings
and metal grips, only the deformation of the ROI on the tibia was measured by the DIC system. The
structure of PMMA is not consistent (Figure 1) and there is a variation of density. A linear relationship was
assumed between the Young’s modulus and mineral density calculated from the HU value in PMMA region
considering the maximum Young’s modulus as 2.9 GPa [45]. The HU value that corresponds to 2.9 GPa
was determined by a parametric study, which was validated when the elastic simulation data and
experimental results were compared.

2.4.3. FE analysis

It was considered that the bone behaves as a linear elastic material before accumulating enough damage
and failing. To validate the model by comparing the experimental data at the elastic zone, linearized small
strain theory is used for the first part of the numerical study. The FE model was then simulated in the
MOOSE framework to determine the displacement and strain field under uniaxial compression load. The
input file contained a ParsedMaterial object that relates the spatial stiffness with the density distribution.
The function that relates the stiffness and density can be taken in the form of a function parser expression
as an input parameter in the ParsedMaterial object. The nodal variable from the final exodus file generated
in the previous step was used as a SolutionUserObject and the properties are parsed to generate elemental
variables for the simulation [33]. The kernels, displacement variables and the material with elastic
properties were constructed using the tensor mechanics master action to perform a continuum mechanics
simulation. Considering that the gradient of displacement is much smaller with respect to the position,
linearized small strain theory was used which is selected as a built-in option from the tensor mechanics
master action. Calculations of the residual and Jacobian were handled by the stress divergence kernels
reflecting the governing equations.

Displacements were prescribed from the DIC data (Figure 3) at the distal end boundary along the bone shaft
while the distal side was not allowed any movement transverse to the bone shaft axis. Proximal side and
proximal end were prescribed zero displacement in all directions. Initially for sample G21023, the elastic
zone of the FE model was compared with the DIC data using displacement vs reaction force at the distal
end. Then, for a specific displacement of 1.143532 mm, strain and displacement fields were compared with
that of the experimental data.

When the FE and experimental data are sufficiently close, the same model was used to simulate the second
sample, G21031 and the results were compared with the DIC data.
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2.4.4. Error mapping and validation method

CloudCompare is a software that has the tools to align the mesh automatically by tracing the similar pattern
in different point clouds. DIC point clouds are from the ROI on the bone, whereas the FE mesh has the
point clouds of the total bone with the PMMA at the distal and proximal ends. Additionally, some artifacts
generated during the segmentation process in 3D Slicer due to resolution of the CT scan. As a result, some
surface features from the FE model and the DIC surface do not match. Thus, the automatic operation in
CloudCompare could not be used in this study. Using the process introduced in [33], the DIC nodal cloud
was manually aligned with the FE 3D mesh. Once the alignment was confirmed visually, a rotation matrix
(Equation 6) can be saved and used to align any image from the DIC pixel data of the same sample (Figure
7). The ROI of DIC pixel data was trimmed as the edges had too much out of plane motion or were
shadowed causing noise in the data measured by the DIC system.

0.998307 —0.05509 -0.01864 6.529131

0.054106 09973  —0.04965 128.0819

0.021328 0.048554 0.998593 —155.298
0 0 0 1

(Equation 6)
2.5. Fracture model

With the FE model validated by the experimental data in the linear elastic region, a phase field method was
implemented to simulate the fracture behavior. RACCOON [32] is a parallel FE code specialized in phase-
field for fracture. In this study RACCOON was used to simulate the fracture behavior. The framework
allows combination of elasticity model and phase field model. Small strain was assumed for isotropic
elasticity. Strain energy density is defined as (Equation 7.

Ye = %I(tr(e)2 + Gdev(&): dev(e)
(Equation 7)

here,

¢ is the strain energy, K is the bulk modulus, € is the strain, and G is the shear modulus.

The computational framework of our mathematical model is adopted from RACCOON and MOOSE [46].
While for materials with a significant difference in behavior between volume-changing and shape-changing
deformations, using a decomposition approach to differentiate between volumetric (bulk) and deviatoric
(shear) contributions to the energy could provide more accurate results, the formulation is much more
complex and very expensive to solve in terms of computational power and solving time. While the primary
aim of this study was to investigate the fracture using the strain volumetric and deviatoric decomposition
approach, due to limitation of resources and emphasizing the development of the framework, the strain was
treated as a single entity without separating it into volumetric and deviatoric parts to simplify the
formulation [47], [48]. In strain volumetric and deviatoric decomposition approach, the linearized strain
tensor is decomposed orthogonally as shown in (Equation 8 to (Equation 10.
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Figure 7: Aligned FE mesh (Red) with DIC surface point cloud (RGB)
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=g +¢p
(Equation 8)

1 2
&g = Etr(s)
(Equation 9)

1
&p=&— Etr(e)l
(Equation 10)

The strain energy due to tensile and compressive stress are defined in (Equation 11 and (Equation 12.

Yt = —1 K{tr{(e)?), + Gep - €
2 + D D
(Equation 11)

1
Y~ = §K<tr(£)2>‘
(Equation 12)

The corresponding stress is defined as in (Equation 13 and (Equation 14.
o~ = K(tr(¢))
(Equation 13)

ot =Ce—0"
(Equation 14)

In this work, the equations are simplified as there will not be any decomposition of strain following the
approach of classical phase-field methods in [47], [48].

Yt =yandy =0 where, ¥ = g(d)y,
Stress is redefined in (Equation 15).

2%

o =g(d)o,wherea = P

(Equation 15)

Crack geometry function and a quadratic degradation function were defined as shown in (Equation 16 and
(Equation 17.

a = d?
(Equation 16)
gd=A-)*A-m+n
(Equation 17)

Here, a is the crack geometry function characterizes homogenous evolution of crack phase-field, and d is
the damage field.
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Here, n is a stabilization parameter, the purpose of which is not to allow the degradation to reach precisely
to zero even when the damage is maximum. In this paper, n = 1e — 6 is used.

The total free energy is defined as shown in (Equation 18 to (Equation 21):

Ge (1 , Gel
F= g(d)ll’o + C_0<7a(d) + l|Vd| ) = felastic + ffracture + E |Vd|
(Equation 18)

froc = fetastic + ffracture
(Equation 19)

1 /G,
ffracture = - Ta(d)
Co
(Equation 20)

fetastic = g(d)lllo
(Equation 21)

Here, ¢, is a scaling parameter discussed in [49], L is the length scale factor that governs the width of the
crack. It is recommended to be set as minimum two times of the element size. With element size around
0.33 mm, length scale factor was varied from 0.7 to 2 to determine an appropriate value. Results from
length scale factor ranging from 1 to 1.2 were shown in this study as smaller values cause convergence
error and the values bigger than 1.2 result in unrealistic values.

A material kernel named ADDerivativeParsedMaterial was used to calculate the critical energy release rate
at every element. A relationship between the critical energy release rate G, and the Young’s modulus E
related to ash bone density p,, Was proposed as a power-law dependent one in [11] and given in (Equation
22.

6. = 62
(Equation 22)
here,
G2 = reference critical energy release rate.
E, = reference critical Young’s modulus.

E = local Young’s modulus calculated in (Equation 3) through (Equation 5).

B = power-law exponent. § = 0 means uniform critical energy; 8 = 1 represents a linear relationand § >
1 implies as strong correlation between the energy release rate and Youngs modulus.

In this study, E, and B8 were assumed as 20 GPa and 0.8 according to [11], while G2 was calibrated for goat
tibia sample G21023. Then, the same parameter was applied on G21031 phase field model to observe its
agreement with the experimental data.
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Chapter Three: Results and discussion

Validation started with the FE model simulated in the linear elastic zone of goat tibia G21023. The tibia
under axial compression experience rotations of the shaft due to the nonuniform thickness and stiffness
(Figure 6). The PVC rings at the two ends were firmly gripped by the UTM to ensure there is no lateral and
rotational movement. As a result, torque was generated at the ends of the tibia. The value of the torque was
very small (about 1 kN-mm) and was not considered for the FE model as it was not in the scope of the
study.

The reaction force at distal end demonstrated very close agreement with the experimental data (Figure 8).
To further verify the local behavior, displacement and strain field from the FE simulation were compared
(Figure 9 and Figure 10). While displacement fields were very closely matched, there were some deviations
observed in the strain fields. The deviations are large at the sides which can be caused by out of plane
motion caused by the rotation which is a weakness for a two-camera DIC system.

To have a closer look at the deviations, the errors were plotted in Figure 11. The displacement field shows
an error within £10% and strain deviations are from -0.0002 to +0.001. Considering the out of plane motion
captured by a two-camera DIC system and complex shape of the goat tibia, the FE model in linear elastic
zone mimics the experimental behavior very closely.

A similar procedure was implemented for goat tibia G21031 (Figure 12 to Figure 15). The displacement vs
force curves exhibit slight deviation, but the linear region of the DIC data matches the FE data. The
displacement field shows an error within -2.5% to 10% and strain deviations are within -0.00175 to
+0.0003, which implies a good agreement between FE and experimental data. The agreement between FE
elastic model and experimental data in the linear elastic zone validates the spatial property assignment of
both the samples. Next, the phase-field simulation results were compared with the experimental data. The
reaction force was plotted against displacement as displacement was applied at the distal end (Figure 16
and Figure 17).

For G21023, the experimental fracture load is 13.9 kN compared to 12.3 kN from phase-filed result with
an 11% error, whereas the fracture displacement is 2.25 mm from the phase-field model when compared to
the experimental value of 2.43 mm with an error of 8%. For G21031, the experimental fracture load is 9.3
kN compared to 10.3 kN from phase field result with a 10% error. The fracture displacement is 2.46 mm in
phase-field model, whereas the experimental value was 2.41 mm with an error of 2%.

Figure 18 illustrates the evolution of phase-field parameter in G21023. It is apparent that it localizes at a
point and as it reaches the maximum value of 1, it exhibits the appearance of a fracture. A correlative
analysis between X-ray imagery and post-failure photographs of the goat tibia with Phase Field model data
is presented in Figure 19. The congruence between the modeled failure site and experimental observations
is apparent, indicating that the phase field model replicates the experimentally observed fracture behavior.
The initiation of fracture occurs within the cortical bone, proceeding to propagate transversely along the
axis of the bone shaft.

Figure 20 presents a detailed depiction of the phase-field parameter evolution within specimen G21031. In
Figure 21, a rigorous comparison is conducted between X-ray and photographic documentation of the failed
goat tibia and the corresponding results from phase field simulations. It is observed that the fracture onset
occurs within a consistent region. The stress is concentrated in the cortical zone, where the fracture was
initiated and subsequently propagated in a transverse direction through the tibial shaft.
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Reaction force comparison between DIC and FE data
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Figure 8: Displacement vs reaction force for DIC and FE data (G21023)
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Figure 9: Displacement field comparison for goat tibia G21023 (The regions with values outside of the
scale were eliminated from the contour)
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Figure 10: Strain field comparison for goat tibia G21023 (The regions with values outside of the scale
were eliminated from the contour)
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Figure 11: Error Plot; Displacement error in percentage (left); Strain error (right) for G21023 (The
regions with values outside of the scale were eliminated from the contour)
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Figure 12: Displacement vs reaction force for DIC and FE data (G21031)
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Figure 13: Displacement field comparison for goat tibia G21031 (The regions with values outside of the
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Figure 14: Strain field comparison for goat tibia G21031 (The regions with values outside of the scale
were eliminated from the contour)
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Figure 15: Error Plot; Displacement error in percentage (left); Strain error
(right) for G21031 (The regions with values outside of the scale were
eliminated from the contour)

19



Reaction force vs Displacement
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Figure 16: Reaction force vs displacement for goat tibia G21023
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Figure 17: Reaction force vs displacement for goat tibia G21031
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Figure 18: Evaluation of phase-field parameter in sample G21023 (top). Sectional view enlarged to
visualize the localization of fracture (bottom)
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Figure 19: Comparative view of fracture in Phase field model with DIC and x-ray image for sample
G21023
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Figure 20: Evaluation of phase-field parameter in sample G21023 (top). Sectional view enlarged to
visualize the localization of fracture (bottom)
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Figure 21: Comparative view of fracture in phase field model with DIC and x-ray image for sample
G21031
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3.1. Effects of the reference critical energy release rate

This work utilized the power-law dependence equation proposed in [11] with the beta = 0.8, and calibrated
for the critical energy release rate. Figure 22 illustrates how the failure load changes with the variation of
the reference critical energy release rate keeping the relationship with stiffness as discussed in Section 2.5
(Equation 22). As the reference critical energy release rate increases the fracture load and displacement
increase which is expected as the critical energy release rate is scaled by this value, and it describes the
minimum amount of energy required per unit of new crack area created for a crack to propagate in a
material. A value of 7.5 Jm= was adopted as the critical energy release rate for the validation process, which
is close to the value of 7 Jm™ that was used in [11], [12].

3.2. Effects of length scale:

The effect of length scale, [, was studied in this section. Material strength and response are greatly impacted
by the length scale. The effect of this is illustrated in (Figure 23), and for this work the value of 1.1 was
adopted. The size of the element that was used in this study was approximately 0.33 mm. The length scale
needs to be at least two elements across the width and should be as small as possible [11]. The comparison
was shown for length scales of 1.0, 1.1 and 1.2. The crack pattern does not change significantly except
smaller value yields sharper cracks. However, it affects the convergence, and it was observed that the
fracture load and fracture displacement increase with decreasing length scale.

3.3. Effect of boundary conditions:
To investigate the appropriateness of application of boundary conditions, another simulation was performed
by applying load directly on the distal head of the goat tibia G21023 (Figure 24). The fracture location
shifts towards the distal end further from the actual location, indicating the method of applying load on the
PMMA, keeping resemblance with the experimental setup, is a more appropriate modeling approach.
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Figure 23: Effect of length scale factor on fracture initiation
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Chapter Four: Conclusion

In this study, a novel open-source FE-based model of a goat tibia incorporating phase field fracture
representation was presented. A 3D FE mesh was prepared from the QCT data of two goat tibiae. The
heterogenous structure of the bone was replicated by projecting the nodal properties evaluated from the
local densities that were correlated with the HU values from CT data. For the displacement field, the first
sample had an error within £10%, whereas the second sample had error ranging from -2.5% to 10%. The
strain field varied from a minimum value of approximately -0.00175 to +0.001. After validating the elastic
model, the FE model was used in a phase-field simulation. Finally, the fracture behaviors were found to
have a good agreement with the experimental data. The phase-field model predicted the fracture load with
about 90% accuracy for both samples, whereas the fracture load was predicted with an accuracy of 92%
and 98% for the two samples respectively. The comparative image analysis indicates that the phase field
model mimics the experimental scenario very closely.

With available scope, a few more additional specimens can be used for the experiment with force applied
at an angle different to the shaft axis as well as torsional loading. The developed framework should be able
to predict such loading conditions, and minor variations can be calibrated to develop a model that can
simulate the physiological loading scenarios of the goat tibia. A low-cost method should be investigated to
utilize the strain deviatoric and volumetric energy split approach, which should be able to capture the
fracture behavior more accurately.

There is a wealth of extensive in-vivo studies concerning ovine bones, alongside research employing FE
modeling for human bones. By leveraging a phase-field method previously validated with human bones,
we have developed an FE model for goat tibiae. This novel application serves not only to bridge a gap in
the existing literature but also to lay the groundwork for expansive research within this domain. The utility
of our model extends to enhancing computational predictions pertinent to risk factors' impact assessment,
surgical model design optimization, and the innovation of new surgical implants and techniques. Moreover,
it can conserve resources by lowering the dependence on first ex vivo and second in vivo pilot research
modeling while offering these insights.
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