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ABSTRACT

SHABAN, TAREK, S., Masters: April: 2019, Masters of Science in Mechanical Engineering
Title: Novel Process for Designing Topology Optimized Femoral Stems Printable by Metal
Additive Manufacturing

Supervisor of Thesis: Faris, Tarlochan.

Total hip arthroplasty faces an issue of the high cost and risks of revision
surgeries. Studies show that more than 50% of the revision surgeries are the
consequence of the aseptic loosening of the implant. The cause of the loosening is the
bone resorption during the bone remodeling due to poor load transfer to the bone
because of the stiff metal used for the implant. The aim of this work is illustrating a
novel process of designing topology optimized femoral stems printable by additive
manufacturing to increase the load transfer. The proposed manual penalization process
is used to produce the required stems followed by a multiple simulations process to
select the optimum stem extraction iso-surface threshold value. The results show
printable stems that increased the strain energy in the bone by 20% and had better

micromotions uniform distribution resulting in more uniform bone growth.
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NOMENCLATURE

BW: the load used for optimization is body weight load

WL: the load used for optimization is walking load

BWT: Post-Optimization simulation done by applying body weight load
WLT: Post-Optimization simulation done by applying walking load

Ti: Stands for Ti-6Al-4V alloy

Co: Stands for Co-Cr-Mo alloy



CHAPTER 1: INTRODUCTION

1.1. Background

Total hip arthroplasty is a medical procedure made to restore the function of the
hip joint that is injured during an accident or no longer functioning due to osteoarthritis
and osteoporosis that are common in elderly people (Perets et al., 2018) (Stibolt et al.,
2018). The operation includes adding a femoral stem that is implanted in the femur
bone and a plastic bio material cup that is inserted in the hip bone itself (Sandhu, 2015).
The femoral stem has two parts, one is the ball joint connected to the hip bone
responsible for the movement and the other is the stem that is implanted in the femur

bone.

/
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Figure 1 - Femoral stem composition (Li, Li, Lian, Guo, & Jin, 2010)



The significance of the stem being designed and used is due to the expected rates
of the total number of operations globally to reach 4.5 million by 2050 increasing from
1.26 million in 1990 (Veronese & Maggi, 2018). To reduce the number of surgeries,
the revision surgeries should be considered as in the UK alone, by 2016, there were
more than 85000 revision surgeries more than 50% of them was due to aspect loosening
(NJR, 2017). This is in addition to the risks and the costs associated with the revision
surgeries as they are risky due to the change of the bone structure to weaker and the
attachment of the implant in the bone (Grisez, Calkins, & Dietz, 2017) (Ong, Lau,
Suggs, Kurtz, & Manley, 2010). It was found out for a study by Medicare Program that
the costs of revision surgeries are of too high cost for the program and with low and
poor outcome to the patient and thus it is required to focus on selecting improved
implants in order to benefit the patient and reduce the risks and costs associated with
the revision (Koenig, Feng, He, & Nguyen, 2018).

3D metal printing (also known as metal additive manufacturing) is evolving very
quickly to the point that now it is being used by some of the large medical implant
manufacturers, it was used in the early phases of development as a prototyping tool but
now it has evolved. After speaking to the sales representative of Biomet implants in
Qatar, Biomet a large implant manufacturer actually uses metal 3D printing for printing
the femoral stems for some patients who fail to find their size of a suitable stem from
the available off-shelf stems. The company made a special department for what they
call Patient-Matched Implants (PMI) specific for patients who cannot easily find
matched components to suit them (Zimmer Biomet, 2019). In addition to other medical

companies obtaining the FDA approval for the use of 3D metal printing for other



medical implants are proves of the future of using 3D metal printing for many other
implants (“FDA approval for 3D printed titanium implant,” 2016) (“FDA approval for
3D printed titanium cranial plate,” 2016).

To produce the required femoral stems to increase the load transfer to the bone
this requires increasing the strain energy in the bone, requiring to reduce the strain
energy in the stem (Alkhatib et al., 2019)(Oshkour et al., 2015). To achieve this, the
tool of Topology Optimization will serve the need. The tool removes material to create
voids inside a part/structure to make a new part while maintaining a certain set number
of constrains to achieve a set objective function (W. Zhang, Zhou, & Zhu, 2017). The
concern facing topology optimization is the printability of the designed products out of
it (Mass & Amir, 2018). This thesis will suggest a process to optimize a femoral stem
and convert it to a fully printable stem as the expected outcome from topology
optimization software is a material density distribution including elements with relative
density (density ratio not a full solid not a full void, similar to a material of a different
properties) and these elements cannot be printed using additive manufacturing
machines (Chang, Chen, Huang, & Hsu, 2012).

1.2.  Problem statement

Aseptic loosening which is the cause of 50% of revision surgeries is due to the
stiffness mismatch between the bone and the implant, a phenomena named stress
shielding (X. Wang et al., 2016). The implant having a stiffness of around 110 GPa if
made from titanium alloy, 200 if made from Cobalt chromium alloy and the bone on
the other side having 17 GPa for the cortical bone(X. Wang et al., 2016) (Takumi et al.,
2015), this large difference results in the stem holding the load of the body without

transferring it to the bone which cause bone resorption according to bone remodeling



theory (Perrella, Fraldi, Esposito, Cowin, & Cutolo, 2009) (Chang et al., 2012). The
problem is now in design a femoral stem that can transform the load from the hip bone
to the femur bone thus maintaining the femur intact as much as possible by minimizing
the bone resorption (Huiskes, Weinans, van Rietbergen, & Rietbergen, 1992). This can
be done by using the optimization tool to increase the strain energy in the bone by
reducing the strain energy in the femoral stems, as the increase of the strain energy
enhances and motivates the bone growth process (G Robling & H Turner, 2009)
(Alkhatib et al., 2019) (Oshkour et al., 2013).

In addition to making the stem as close as possible from the outer shape and
coatings to the currently available stems to not require intensive research about the bio
compatibility and body acceptance for it and it can be printed using the 3D metal
printers that many companies are adapting as mentioned earlier.

1.3.  Objectives

To achieve 3D printable femoral stems using topology optimization tool to reduce
the stem stiffness in order to increase strain energy in the femur bone.
1.4.  Structure of thesis

This thesis includes 5 chapters in total.

o The first introduction chapter gives a brief about the background of the problem
and showing the significance of the issue and stating the objective of the study.

. Followed by a literature review chapter listing information about the hip and
femur bone, remodeling theory and the forces applied on them.

. The third chapter includes the methodology used, starting from the suggested
process of this work, the finite element model, the optimization model and the design

of experiment followed.



o The fourth chapter includes the results divided in four subsections, the final
optimized stems, the micromotions of the post-optimization simulations, the strain
energy transfer results and the predictions of the maximum porosities achievable using
the calculated factor of safety.

Followed by the conclusion and the references.



CHAPTER 2: Literature Review
2.1. Total Hip Arthroplasty
2.1.1. Hip Joint and Bone
The hip bone is the lower bone of the body that is responsible for connecting
both of the hips to the upper body (See Next Figure). The hip joint is the connection
point between the femur bone and the hip bone where it has six degrees of freedom

and connected through a cup and ball joint (See the second next Figure).

Figure 2 - Hip Bone top and two femur bones left and right bottom (J. Chen et al.,

2018)



Figure 3 - Hip Joint, showing the femur bone left side with ball and hip bone top

right (Mattei, D1 Puccio, Piccigallo, & Ciulli, 2011)

2.1.2. Force on the Hip Joint

The forces on any joint in the body and all tests are usually done in a fatigue
cycle in what is known as gait cycles. For simplicity in this thesis, two of the loads
will only be considered and for computational power and time limits, a static test will
only be considered as the focus of this thesis is on the process of producing printable
topology optimized stems. The two loads considered are from daily routine: standing
load which is considered to be a point load by (335% of the body weight) 3000N on
the femur ball, this is corresponds for the total body weight load applied during daily
routine activities and is used for the beginning of load application during a gait cycle
as mentioned by Bergmann, Deuretzbacher, Heller, Graichen, & Rohlmann, 2001)
and walking loads that vary between 203 and 233% of the body weight given average
body weight around 850 N (Bergmann, Deuretzbacher, Heller, Graichen, &
Rohlmann, 2001). The exact value of forces used for the simulation can be found in

chapter 5.



2.1.3. Bone Remodeling Theory

The nature of the bone and the human body in general is to be adaptable to the
nature. The bone as a living tissue is no different. It adjusts itself to reduce its mass
either internally or externally based on the stress level being applied on it, internally
would be by becoming more porous and externally by becoming thinner (Huiskes et
al., 1992) (Ott, 2004). Despite of the improvements of stems over the past years,
aseptic loosening is still the main failure reason of the implant at a rates of 15% in a

time between 5-7 years after the surgery for cement-less stems (Dayton & Incavo,

2005).

Figure 4 - Stem Aseptic Loosening, starting from A after implant direct, B after 3

years and C after 5 years (Dayton & Incavo, 2005)



2.2. Femoral Stems

2.2.1. Materials Used

Currently the witnessed in the literature that there are two materials being used
for femoral stems, Titanium alloy Ti-6Al-4V and Cobalt Chrome Molybdenum alloy
Co-Cr-Mo with Ti-6Al-4V is the most commonly used nowadays (Colic et al., 2016)
(K. B. Hazlehurst, 2014) (K. Hazlehurst, Wang, & Stanford, 2013). The use of the
titanium allow is due to the less stiffness of the cobalt chrome alloy (K. Hazlehurst et

al., 2013).

2.2.2. Femoral Stem Types

There are different ways of categorizing stems, by the shape of the stem if it is
one piece called the Monoblock stem inserted directly in the femur and the modular
consists of two pieces one large one goes into the whole femur and is connected to the
main stem that is slightly similar in shape with the Monoblock (Nadeau & Garbuz,
2016) (Grisez et al., 2017). The modular stem is usually used in revision surgeries
except for some very severe cases thus the Monoblock stem is the mainly used (Grisez

etal., 2017).

Figure 5 - Monoblock Stem (Grisez et al., 2017)

10



Figure 6 - Modular Stem, where on the right side the distal part of the femur with the

stem continuing to the femur bone end (Grisez et al., 2017)

The Monoblock stem is the one mostly used for the first time in total hip
arthroplasty and it comes in different shapes and lengths based on the reason for the
operation. The following figure shows some lengths and shapes from Zimmer Biomet

manufacturer.

Figure 7 - Monoblock stem examples (Biomet, 2012)

2.2.3. Stem Fixations

There are two types of stem fixations in the femur, cement and cement-less. The

11



cement-less depends on a press-fit technique to be implanted giving a shorter
operation time and better stability (Gehrke, Citak, & Ohlmeier, 2019) (Stibolt et al.,
2018). The cemented stem however is mentioned in some literature for having better
long term results but overall the debate about which is better over the long term was
found equal (Kim, Park, Kim, & Kim, 2016). It is important to mention the
disadvantage of the cemented stems in the case of revision surgeries due to difficulties
of removing the old stem (Vargas-Hernandez, Bingham, Hart, & Sierra, 2017) (Grisez
et al., 2017). The trend in the surgeries nowadays is to use the cement-less due to less
operation time, better stability and less recovery time (Gehrke et al., 2019) (Vargas-
Hernandez et al., 2017).

2.3. Topology Optimization

2.3.1. Introduction

There are three types of optimization for parts/structures application, size
optimization, shape optimization and topology optimization with the latest being the
most sophisticated (Tian et al., 2019). The latest, topology optimization is a numerical
tool for designing structures and parts with the best performance (K. Zhang, Cheng,
& Xu, 2019). It works by removing material from a certain selected region to achieve
a shape of the part that achieves the objective function and made to satisfy the set

constrains. The following figure explains the algorithm behind it.

12
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Figure 8§ - Optimization Process

In the meantime, it is now a tool more than a process as there are multiple
software with CAD user interface making it easier than it was in the early stages were
it was done using codes and algorithms. The following figure shows as example of

topology optimization to a beam supported from both ends with a uniform load

applied on it similar to a simple bridge.

Figure 9 - Topology Optimization Example to a simple beam (Park & Sutradhar,

2015)
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2.3.2. Algorithms/Methods

There are many algorithms/methods used for topology optimization such as
parametrized parameter set, evolutionary structural optimization (ESO) and solid
isotropic material with penalization (SIMP) (S. Wang, Liu, Wang, Yan, & Deng,
2015) (Vasista & Tong, 2014). It has been proven that the most computationally
efficient, close as possible to being able to be printed and the most used is the SIMP
method and since the focus is to achieve printable stems then SIMP method will be
used (Tian et al., 2019)(Gardan & Schneider, 2015) (Perrella et al., 2009) (K. Zhang
et al., 2019) (S. Zhang, Le, Gain, & Norato, 2019) (Siva Rama Krishna, Mahesh, &
Sateesh, 2017). The beneficial feature behind the SIMP is using the relative density
(RD) concept of each element that has the value between 0-1 with 0 giving no element
in the final optimized part and 1 is a full density element of the original material (K.
Zhang et al., 2019). After setting all elements to RD of 1 in the first iteration, the
simulation is done and the relative density distribution is changed across all elements
in the changing region and the iterations continue. The penalization part comes in
where some elements are removed for having such a very low RD while the rest

remains.

2.3.3. Output of Optimization

The final result of the optimization process is a part with most of the original
elements with their new relative density, thus it is a map of the relative densities of
the elements (K. Zhang et al., 2019) (Pasini, Tanzer, Rahimizadeh, Nourmohammadi,

& Arabnejad, 2017). These elements are then extracted using the software, if the
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extraction is direct, the part cannot be used as it contains only a relative density map,
that means that not all elements are solid some of them has a relative density between
0 and 1, meaning its density relative to a real solid particle/element. During the
extraction phase, a smoothing of the mesh is done by the software to make sure that
the surface of the extracted mesh is smooth. This smoothing is done using a value
called the iso-surface value which is a value between 0 and 1 again, it controls which
element of the mesh is the element on the surface and evens the elements with
reference to it by displacing the nodes on the surface making a new even surface based
on the iso-surface value (“What is an optimization process?,” n.d.), the value when
increased makes that surface closer to the inside of the material and the opposite
meaning more material when increased in the current case and less material when
decreased. Extracting using the smoothing process with the iso-surface value will be
used to benefit in the current work, this is to produced different porosities of the

resultant optimized stem and to convert them to solid.

Optimization
A K ..
o\ TN S,
Him, ™ ot
15.0

10.0

5.0

Support Volume (cm”3)

0.0 —o—ud
0.65 0.72 0.78 0.85 0.92 1

Volume Fraction

Figure 10 - Example of optimization output and Relative Density map

(Mirzendehdel & Suresh, 2016)
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2.3.4. Software Used

There are many software for use in optimization most known are ABAQUS and
ANSYS. ABAQUS uses the aid of TOSCA optimization codes and algorithms and
ABAQUS 2017 is the one being used for this work.

2.4. Summary

. Fact 1: Aseptic loosening is the reason for more than 50% of revision surgeries.
. Fact 2: Aseptic loosening is due to poor load transfer to the bone.
o Fact 3: Topology optimization results in relative density element maps that

cannot be printed using additive manufacturing.
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CHAPTER 3: METHODOLOGY

3.1. Suggested Process for Optimized Printable Stems

3.1.1. Validated Model

The first step would be to obtain and validate the model for the part being
optimized, in the case of this thesis a femur bone with an implanted femoral stem were
obtained from previous studies (Alkhatib et al., 2019) (Oshkour et al., 2015).The
CADs were modified to meet some references in the literature for matching the results
for validation and then the loads are set for a static test as required. The test should

have the loads applied on the part set as in the validation reference.

3.1.2. Optimization

The optimization is set in three stages, the first one is to select the region to
have the elements removed from, where the software is allowed to change the relative
density of the elements in this region. Then the objective function is set, the objective
function is a scalar function in the simulation in the selected region to be minimize or
maximized based on the requirement (Bruggi & Taliercio, 2014). The selection for
this work was to minimize the strain energy in the internal region selected inside the

femoral stem.

3.1.3. Manual Penalization

As mentioned earlier, the result of the optimization is a map of the relative
densities of the elements making the optimized part. The thesis work suggests a
method using manual penalization (element removal) after the optimization is done
and converting the result into a fully solid part where all elements are with relative
density of 1 by using a threshold value for the iso-surface in the extraction process.

The aim is to have multiple optimized stems with different porosities to study the
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effect on the key results making the selection process of the required iso-surface value
to achieve the desired key result. In order to get more stems it is suggested during the
extraction phase to use the iso-surface value ranging between 0 and 1, changing the
value between 0 and 1 results in having multiple stems with different porosities.
Having a larger iso-surface value will result in having more material and visa versa
meaning more porosity with smaller iso-surface value and less porosity with large iso-
surface value. After optimization, there is a suggested iso-surface value giving only
one stem, to have customized stems giving the required performance based on the key
results, this requires having as many stems as possible simulated and this key result is
measured and the data are plotted with respect to the porosity/iso-surface/threshold
value and then the optimum value of the porosity/iso-surface-threshold is selected and
the stem is extracted using this value. The process of extracting will be named manual
penalization for ease of writing.

Multiple threshold values were selected and the results have been evaluated for
performance and then the final selection of threshold for each part is selected. Previous
work in the literature only smoothen out the resulting parts from the optimization and
converted all elements to solid directly giving a part with more or less material than
needed to achieve the key result aimed for. For the case of trying to increase the load
transfer/strain energy transfer to the bone, having more material than needed will
reduce the amount of energy transfer not giving the maximum possible as desired
(Baharuddin et al., 2014). Optimization processes have already the penalization done
during the process but it eliminates only elements with low relative density. After the
extraction from the optimization is done, a conversion of the stems into parts that can

be simulated was done using three software, the first one was Magics Materialize to
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convert the stem into STL format as it is extracted as STL document from ABAQUS,
then Solidworks to convert the STL file to STEP file to be imported in ABAQUS to

do the post-optimization simulations.

3.1.4. The novelty in the process

The following chart illustrates the three stages of the process:

VERTE] okt

Penelization

Validated
Model

Optimization Optimization

Simulations

Figure 11 - Flowchart of the novel process

1- Validated Model: this includes obtaining a validated model, first obtaining the
CAD of the part being optimized and other parts needed. This is to make the simple
static simulation required were the loads of the optimizations are applied. After
obtaining the model, validation for this model is required, this can be done by running
the model and comparing it with other results from previous studies. The output of
this stage is a simple model static analysis.

2- Optimization: After the model has been validated, comes the optimization
stage. The first step before setting the constrains and other requirements of the
optimization, a small modification is required in the CAD. This is to make the design
area that will be selected for the optimization. This area is made by partitioning the
part in ABAQUS. For this work because the design area is nonuniform, the inner part
of the stem was separated and the stem skin was separated, then they were both

combined into one part with the intersection boundaries between the two parts
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remaining and then the stem was partitioned using these intersecting boundaries. After
this, the optimization model is set starting from selecting the design area/region, then
setting the objective function and the constrains required for the optimization and
running the optimization once all is set. The final output of this stage is one
optimized femoral stem.

3- Manual Penalization: the process as explained earlier is to produce as many
stems as possible to fulfil accurate data plots for the key result being measured using
the iso-surface value during the stem extraction process. This is basically when
extracting the stems from ABAQUS optimization result tab, the required iso-surface
value is used. For this work, 4 iso-surface values have been selected, 0.2,0.4,0.6 and
0.8. As there are two loads in this work, the walking load and the body weight load,
and there are two materials, the total number of required optimization processes is
four. The result of this stage is 4 optimized stems from each optimization, thus
total of 16 stems.

4- Post Optimization Simulations: the aim of this stage is to simulate all the
resultant stems for some required key results and plot the data with respect to the
porosity/iso-surface value in order to find the optimum iso-surface/porosity value to
suit the required later-on. As there are two loads in this work and 16 optimized stems,
a total of 32 simulations were performed and the results were plotted as in the results
section. Later on, when the optimum value is selected by medical researchers for
further studies, the stem is extracted from the optimization files back from the output
of stage 2 with the optimum iso-surface value.

The novelty of the process includes two parts, the first one is the manual

penalization done after the optimization and the second part is the post-optimization
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simulations. The purpose of the first part is to produce stems of different porosities
using a threshold values as mentioned earlier. The second part is to evaluate and
finding the trend in the performance, the process is extracting as many parts as
possible with different porosities and simulating them recoding the key data used for
selection of the required part. From the empirical equations of the fitting of the data
of the key results, the exact required threshold will be found the part is extracted again
using this threshold.

3.2. Finite Element Model

3.2.1. CAD
The model used was obtained from previous studies were the femur bone and

the stem used were obtained from a CT-Scan and imported into Abaqus (Alkhatib et
al., 2019)(Jetté, Brailovski, Simoneau, Dumas, & Terriault, 2018). The femur bone
was then cut from the bottom and inserted in a resin block for validation and boundary
condition purposes (Jetté et al., 2018). The following parts were used in the assembly
of the model:

1- The femur bone

2- The femoral stem

3- Epoxy Block

4- Three muscle forces application point pieces.
All of the parts are solid deformable parts.

5- 0 thickness part connected to stem head to apply force (Rigid, Planer) (Shown

in the assembly figure only.

The following figures show the parts and the final assembly
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Figure 12 - Femur bone after cut Figure 13 - Femoral Stem used

Figure 14 - Sample of muscle forces application points Figure 15 - Epoxy block to fix the stem
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Figure 16 - The final assembly

3.2.2. Material Models
Multiple material models were used as follows:

Bone material models: one for the cortical bone and one for the spongy bone.
Both materials were assigned in ABAQUS material library as mentioned in the
previous literature (Oshkour et al., 2015). The materials were then assigned as the
following figure and the properties included elastic properties. The whole femur bone
was set as Cortical Bone and the spongy part that is near the stem cut insertion point

is spongy as in the figure.
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Cortical
Spongy

Figure 17 - Bone material assignment

The materials used for the stems were two materials, Ti-6Al-4V alloy (Arcam,
2014) (Aboutaleb, Mahtabi, Tschopp, & Bian, 2019) and -Co-Cr-Mo alloy (Lee,
Nomura, & Chiba, 2008). The models for them were obtained from the literature and
applied in ABAQUS data base and assigned to the stem body. Both material models
included elastic and plastic properties can be found in the appendix. The plastic
properties were obtained from experimentally obtained stress-strain curves.

Material used for the epoxy block were obtained from the reference used for the
validation from experimental data and assigned to the block including elastic

properties (Jetté et al., 2018).

3.2.3. Interactions

The interactions module in ABAQUS is to align the relations between the parts
and the definition of their relationship. The following interactions have set in the
simulation:
1-  Interaction between the inner part of the bone and the stem:

It was set as a contact interaction with a coefficient of friction of 0.4 (Oshkour et al.,
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2015) (Alkhatib et al., 2019). There are some literature that use 0.3 for the coefficient
(Nufio, Groppetti, & Senin, 2006) (Takumi et al., 2015) (Ataollahi Oshkour et al.,
2014) (Ramos, Completo, Relvas, & Simdes, 2012) (W. C. Chen, Lai, Cheng, &
Chang, 2014), comparisons between the two values have been conducted through
simulations and both values results were matching thus no difference was found
between 0.3 and 0.4.

2-  Interaction between the force application points (Muscles and stem head) and
the femur bone and the stem respectively:

The interaction between the force application points and the main parts (stem and
femur bone) was set to tie condition to not allow any relevant movement between the
force point and the main part.

3-  Between the bone and the epoxy block:
Tie condition was set here as well
4-  Force application parts alone:
Their interaction was set to a rigid body, they are supposed to only transfer the forces

to the main part.

3.2.4. Forces on the Hip Joint/loads
The loads and boundary conditions are applied in two cases, walking loads and
standing/body weight load. There is a common boundary as follows:

Fixed boundary condition to fix the epoxy block in-place:
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Figure 18 - Epoxy Boundary Condition

The not common forces depend on the case being simulated, as mentioned
earlier, two cases are being studied, walking case and Body weight/standing case.
1-  Walking loads:
The loads have been applied as in the same manner as the reference used for the

walking loads as follows:
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Body weight load,
.

Abductor &
proximal tensor
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Vastus muscle
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b

Fixed

Figure 19 - Walking loads as per the reference Figure 20 - Walking loads (Alkhatib et al., 2019)

The following table shows the assignment of the loads:

Table 1 - All Loads Used for Waling Load Simulations

Load
X(N) Y (N) Z (N)
P -378 -229.6 -1604.4
Pi 406 30.1 605.5
P1 50.4 81.2 92.4
P2 -3.5 -4.9 -133
P3 -6.3 129.5 -650.3
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1- Body weight load:

Figure 21 - Body weight load — yellow arrow on the stem head shows the direction

A simple load representing a 335% of body weight was applied at the stem head
in the direction downwards representing the load applied for some daily routines in
the case of standing for a body mass of 90.8 kg relative to the length of the femur

being modelled (Jetté et al., 2018).

3.2.5. Validation

The validation was done in comparison between what (Jetté et al., 2018) and the
model we have, the validation was done for the body weight load as to compare with
their experimental and numerical data. The following is the force vs displacement
curve including the experimental data measured from their experiment and the

numerical displacement measured from this model.
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3000
2500

2000

1500

Force N

Paper Experimental Results

1000 (Jetté et al., 2018)
500 ——— FEA Model Results (Current
Study)
0
0 2 4 6 8 10

Displacement mm

Figure 22 - Force vs Displacement Validation (Jetté et al., 2018)

It can be seen from the graph that the forces applied and the displacements
caused with each the values of the force applied between the experimental done in the
lab and the numerical values obtained from the model being used. Since the first match
in and FE model is the displacement and force, it is more adequate to compare stress
values for further matching but no data was found for the similar case conducted, the
following shows the stresses in the femur bone from the same condition used for the

validation.
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Figure 23 - Stresses in the femur bone - Validation Simulation

3.2.6. Meshing
An element size of 1.8 for the stem has been used. Force application point as
well used 1.8, where (Yamako et al., 2017) used 2 for a stem of the same length. In
addition to 30 for the bone. Mesh information are as follows:
1- Femur: Tetrahedral elements, 17547 elements
2- Stem: Tetrahedral elements, 47437 elements.
3- Stem head: linear triangular elements, 42 elements.

Total Number or elements 65026 elements.
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3.3. Optimization Model

3.3.1. CAD

The same cad that was used in the static simulation was used except for the
modification of the stem. The modification was to make a layer of approximately 1
mm of the material surrounding the design space (the part where the material will be
removed during the optimization process). This is to get femoral stems optimized
without compromising the shape and coatings being used in the off-shelf stems to use
it directly with the same technique and tools to implant directly. The two parts were
then assembled together as one part and the model was ready. This step was done to
make it possible to select the inner region of the stem as a design space in the
optimization process. The following figure shows the selection of the design space for

the stem selected for the optimization process.

Figure 24 - Selected Design space for the optimization
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3.3.2. Objective Function

The objective function was to minimize the strain energy in the stem in order to
increase the strain energy in the bone and thus the objective function was set to
minimizing the strain energy in the stem as the increase of the strain energy in bone

enhances the bone growth (Doblaré¢, Garcia, & Gomez, 2004)(Energy, n.d.).

3.3.3. Constrains
One constrains was used on the design region as follows:
¢ Volume constrain: a fraction of the initial value = 0.75.
e This is to reduce the volume of the inner region by 25% of the original value
34. Design of Experiment
The experiment objective is to illustrate a unique process of optimizing a femoral
stem that can be printed using 3D metal printing/Additive Manufacturing solving the
problem of relative density elements and having as many stems as possible for the data
fitting without having to do optimization for each stem. To illustrate this, 4 optimization
processes were done, and their results were converted into solid stems by using different
thresholds and then the stems were tested using a static test. The process can be

explained in two sections as follows:

3.4.1. Optimization of Stems

The optimization process was done for two materials of the stem (Ti-6Al-4V
and Co-Cr-Mo) and for two loads (Body Weight load and Walking loads). Resulting
in 4 optimization processes that were carried out on the personal laptop with 8 cores
clocking at 3.6 GHz and 16 GB of Ram combined with an SSD. Simulation times
were approximately 40-50 hours per optimization process summarized to 187 hours

in total for optimization only.
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3.4.2. Simulation of Optimized Stems (Post Optimization)

Four threshold values were selected, 0.2,0.4,0.6 and 0.8. These are the values
that were used while converting the stems into solid. The result is 16 optimized
femoral stems and two loads to test the performance with thus gathering into 32
femoral stems to be simulated. The following figure shows the tree of the simulations

that were done:
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Ti-6Al-4V Co-Cr-Mo
~
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0.6 0.8 0.6 0.8 0.6 0.8 0.6 0.8
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Figure 25 - Tree showing the optimization process inputs and the resulting outputs
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. The Optimized Stems

The following figures are showing a cross section of the resulting femoral stems
from the optimization process, as mentioned earlier the exterior of the stems remains
exactly the same as the solid and the difference is the inner region. There are four
figures, two materials and two optimization loads are used and each figure contains the
cross section of four stems for each of the four thresholds that were used for the

conversion to printable stems.

Figure 26 - Ti-6Al-4V optimized stems using body weight load
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0.2 0.4 0.6

Figure 27 - Ti-6Al-4V optimized stems using walking loads

0.2 0.4 0.6

Figure 28 - Co-Cr-Mo optimized stems using body weight load
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0.2 0.4 0.6

Figure 29 - Co-Cr-Mo optimized stems using walking loads

The observations to be noted here is the increase of the voids inside the stems
with the increase of the threshold meaning less material in the extracted stem.

Other notices were the approximate similarities of the void shape with the load
despite the change of the material.

In the figure showing the Co-Cr-Mo optimized using body weight load (Figure
27), the stem of 0.2 threshold has more voids than its counterparts, this is due to the
cross-section level the screen capture was taken at was different than the other stems,
not related to the actual void as proved by the porosity calculations shown in the next
table.

The following table shows the calculated porosity of resulting stems in
accordance to extraction threshold. The porosities were calculated using the material
volume per optimized stem to the material volume of a solid stem:
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Table 2 - Optimized Stems Porosities

Thres Ti Walking Ti Body Co Walking Co Body

hold Load Test% Weight Test% Load Test% Weight Test%
0.2 5.15 5.06 5.23 6.12

0.4 10.98 11.07 10.99 13.81

0.6 22.40 22.72 22.62 27.30

0.8 34.57 34.85 34.56 39.87

Observations shows that the porosities across all stems and loads used for
optimizing them are similar in values except for the Co-Cr-Mo stems optimized using
the body weight load that have larger porosity. This is due to the greater stiffness of
Co-Cr-Mo alloy compared to the other Ti alloy and of the body weight requires the
stems to be stiffer and thus the material is arranged around the outer part of the stem
creating more void.

4.2. Micromotions

The micromotions happening between the bone and the stem are of a great
significance as they are the main factor in determining how the bone growth happens
to stabilize the cement-less femoral stem. After the implantation is done, the bone tissue
will take 4 to 12 weeks to form and the process will continue up to three years after the
surgery, during this time a range of micromotions has be maintained in order to get the
bone tissue suitable, the range is between 40 pm to 150 pm (Karuppal,
2016)(Limmahakhun et al., 2017). If any failure in providing the required range, it will
lead either to loose implant if more motions occur, and too stiff implant if the opposite

(Currey et al., 2013).
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The micromotions were measured as the relevant motion between the stem and
the femur bone and the dominant motion was found to be on the Y-axis direction as this
is the load of the body weight is acting, even during the walking load condition.

The following sections show the micromotions for the optimized stems with
reference to a solid stem with the same loads applied for each of the 4 cases that include:
Ti-6Al1-4V with body weight load, Ti-6Al-4V with the walking loads applied, Co-Cr-
Mo with the body weight, and Co-Cr-Mo with the walking loads applied. The figures
will include the optimized stems with the threshold starting from 0.2 on the left side to
0.8followed by the fully solid stem test of same material and loads as the last on the
right. The legend on the left corresponds to the four optimized stems from the left and

the legend on the right corresponds to the solid stem just besides it.
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4.2.1. Ti-6Al-4V Optimized using walking loads

1- Walking load simulation:

— | f
CSLIP2 \l CSLIP2
+2.965e-02 +2.163e-02
+2.514e-02 +1.825e-02
+2.063e-02 +1.488e-02
+1.612e-02 +1.150e-02
+1.162e-02 48.121e-03
+7.106e-03 744e-0
+2.597e-03 +1.367e-03
-1.912e-03 2.010e-03
6.422e-03 5.388e-03
1.093e-02 8.765e-03
1.544e-02 1.214e-02
1.995e-02 1.552e-02
446e-0 l -890e-02
(@) {0)

Figure 30 — (a) Titanium optimized stems optimized using walking loads - (b) Solid

Stem — simulated under walking load condition

Observations of the figure indicate larger micromotions in the optimized stems
were in the solid the range is between 1.3 and 21 um, the range in the optimized stems
is between 1.9 and 29 um. The micromotions were observed to be increasing with the
increase of the threshold (increased porosity) were is the optimized stem with 0.2
threshold has less micromotions than the one with 0.8. A second observation worth
noting is the distribution of the micromotions as it is more uniform in the optimized
stems than the solid stem. It is important to note that the micromotions observed in
both optimized and solid stems here are below the requirement for proper bone

ingrowth, this is mainly due to the over conservative coefficient of friction used for

the simulation.
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2- Body weight load simulation:

CsLIP2 CsLIP2
+5.443e-02 +3.816e-02
+4.627e-02 +3.330e-02
+3.811e-02 +2.845e-02
+2.994e-02 +2.360e-02
+2.178e-02 +1.874e-02
+1.362e-02 +1.389%-02
+5.455e-03 +9.034e-03
2.707e-03 +4.180e-03
1.087e-02 6.736e-04
1.903e-0. 5.527e-03
2.720e-02 1.038e-02
3.536e-02 1.523e-02
-4.352e-02 -2.009e-02

(a) {b)

Figure 31 — (a) Titanium optimized stems optimized using walking loads - (b) Solid

stem — simulated under body weight load condition

Observations here similar to the walking load in terms of the motion
distributions, as they are more uniform in the optimized stems. The range of the
motion in the body weight case covers larger gap as it ranges between 2.7 and 54 um
while the solid stem covers only 0.6 to 38 um. The observation is also logical as the
body weight load is more in magnitude in the direction where the dominant
micromotions are being measured. The similar observation of increasing motion with

increase of threshold is valid here as well.
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4.2.2. Ti-6A1-4V Optimized using body weight loads

1- Walking load simulation:

CSLIP2

43.053e-02
+2.591e-02

Figure 32 — (a) Titanium optimized stems using body weight load (b) Solid stems -

simulated under walking load condition

The observations remain the same here except the larger range when compared
with Figure 30 where the same load was applied as the motions in the optimized stems
are slightly more in magnitude ranging from 1.8 to 30 um. Other valid observations

include the increase of motion with the increase of the threshold being extracted at.
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2- Body weight load simulation:

CSLIP2 CSLIP2
+5.685e-02 +3.816e-02
+4.837e-02 +3.330e-02
+3.990e-02 +2.845e-02
+3.142e-02 +2.360e-02
+2.295e-02 +1.874e-02
+1.447e-02 +1.38%e-02
+5,995e-03 +9.034e-03

2.481e-03 +4.180e-03
1.096e-02 -6.736e-04
1.943e-02 -5.527e-03
2.791e-02 -1.038e-02
3.638e-02 -1.523e-02
4.486e-02 -2.009e-02

(a) {b)

Figure 33 — (a) Titanium optimized stems using body weight load — (b) Solid stems -

simulated under body weight load condition

Observations remain the same for the larger motions than the solid stem,
increase of the motion with increase of the threshold and the uniformly distributed

motion. Range witnessed is between 2.5 and 56 pm.
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4.2.3. Co-Cr-Mo Optimized using walking loads

1- Walking load simulation:

+9.523e-03 +7.604e-03
+5.597e-03 +4.407e-03
+1.672e-03 | +1.211e-03
-2.254e-03 -1.986e-0.
-6.179e-03 -5,183e-03
-1.010e-02 -8.380e-0.
-1.403e-02 1.158e-02

-1.796e-02

-2.188e-02 -1.797e-02

{a) (b}

Figure 34 — (a) Co-Cr-Mo optimized stems using walking loads — (b) Solid stems -

simulated under walking load condition

The observations remain the same with uniform distribution and increase with
increasing threshold. The range difference however is more in the optimized stems
than the solid, but the difference is not as large as the difference in the Ti-6Al-4V
(Refer to the Figure/s of Ti here). This is due to the larger stiffness of Co-Cr-Mo alloy

than Ti-6Al-4V. The range seen is between 1.6 and 25 um.
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2- Body weight load simulation:

{a) {b}

Figure 35 — (a) Co-Cr-Mo optimized stems using walking loads — (b) Solid stems -

simulated under body weight load condition

Uniform distribution, larger range of motion between 2.4 and 53 micromotions
are witnessed and the increase of motion with increase of threshold value is noticed.
Less micromotion range again for the solid stem than the Ti-6Al-4V counterparts due

to larger stiffness of Co-Cr-Mo.
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4.2.4. Co-Cr-Mo Optimized using body weight loads

1- Walking load simulation:

(a) (b)

Figure 36 — (a) Co-Cr-Mo optimized stems using body weight load - (b) Solid Stem

- simulated under walking load condition

Observations remain similar, the increase of motion with the increase of
porosity. The range is larger as the remaining results of having range between 1.8 and

29 pm.
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2- Body weight load simulation:

{a) (b)

Figure 37 — (a) Co-Cr-Mo optimized stems using body weight load — (b) Solid

Stems - simulated under body weight load condition

Observations remain the same as well, the uniform distribution, the increase

with the threshold increase and the larger range between 0.8 and 48 um.
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4.2.5. Summary
The range of micromotions between all the stems can be summarized as in the
following tables, the first one for the stems optimized using the body weight load

followed by a table for the stems optimized using the walking load:

Table 3 - Micromotions Range for The Stems Optimized Using the Body Weight

Load
Ti-6Al-4V Co-Cr-Mo
Threshold  Body Weight Walking Load Body Weight Walking Load
Test pm Test pm Test pm Test pm
0.2 1.35-50.1 1.96 —26.8 0.87—-48.3 1.70 -26.0
0.4 1.70 - 50.1 2.04-26.9 1.34 —-48.2 0.68—-25.4
0.6 2.22-52.6 1.95-28.4 1.61 -49.9 1.95-26.9
0.8 2.48-56.9 1.85-30.1 2.03-54.9 1.82-29.1
Solid 0.06 —38.2 2.01-21.2 0.01 -37.5 1.98 -20.0
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Table 4 - Micromotions Range for The Stems Optimized Using the Walking Load

Ti-6Al-4V Co-Cr-Mo
Threshold  Body Weight Walking Load Body Weight Walking Load
Test pm Test pm Test pm Test pm
0.2 1.34-50.0 1.96 —26.8 0.98 —48.6 1.67-25.0
0.4 1.48 - 50.0 1.99 -26.7 1.13-48.6 1.72-25.1
0.6 2.09-51.6 2.02-28.0 1.78 —50.0 2.01-26.3
0.8 271 -54.4 1.91-29.6 2.32-523 2.03-27.9
Solid 0.06 - 38.2 2.01-21.2 0.01-37.5 1.98 -20.0

The observations when comparing each of the stems for the same conditions
and the same load and comparing them with the solid stems are as follows:

* The Ti-6Al-4V stems result in more micromotions within the required range
which is better for bone growth within the pores than the Co-Cr-Mo counterpart
(Limmahakhun et al., 2017). This indicates that the desired range of micromotions
can be achieved independently of the material used.

* The solid stems result in less micromotions than the optimized stems
indicating a bad bone growth (Limmahakhun et al., 2017).

* The micromotions are higher when the body weight load is applied as
compared to the walking loads, as the magnitude of the body weight load is higher in
the measurement direction.

* The micromotions increase as well with the increase of the threshold
(meaning less void in the stem).

* The ranges witnessed in the results some of them are less than the required

48



range of motion for the bone growth that was the result of using an overestimation of
the coefficient of friction.
4.3. Strain Energy in Spongy Bone
In this section, the relation between the strain energy and the porosity (void sizes
percentage) is addressed. The following four figures show the relation where the strain
energy increase in percentage is on the Y-axis and the porosity percentage is on the X-
axis. There are four subsections categorized by the material and the load applied for the

post-optimization simulation.

4.3.1. Ti-6AI-4V stems simulated under Body weight load

i : —@— Optimized Using Bod
Ti Stems Body Weight Load Test wzigltzfoadsmg >

—@— Optimized Using Walking
20 Load
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Figure 38 - Strain energy increase in femur bone under body weight load

The observations seen include the following from the graph:
* The larger increase in the strain energy in the bone when the stem is
optimized using the body weight load rather than the stems optimized using the

walking load. This is due to the larger load applied during the optimization in the body
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weight optimized stems than the walking load.

* The increase of the strain energy increase in the bone with the increase of
porosity of the stems. This is due to the stems becoming less stiff transferring more
strain energy to the bone than the more solid stems that are of less porosity (Oshkour

etal., 2015).

4.3.2. Ti-6AI-4V stems simulated under Waling loads
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Figure 39 - Strain energy increase percentage vs Stem Porosity — Ti-6Al-4V under

walking load

The observations of this result are as follows:

* The increase of strain energy change in the bone for the stems optimized
using the body weight load over the stem optimized using the all load conditions. This
is due to the larger load applied during the optimization in the body weight optimized

stems than the walking load.
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* The increase of the strain energy change in the bone with the increase of the
porosity of the stems, this is due to the stems becoming less stiff when they have larger
porosities than the solids stems transferring more load to the bone as the energy is

reduced in the stems and increased in the bone.

4.3.3. Co-Cr-Mo stems simulated under body weight load
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Figure 40 - Strain energy increase percentage vs Stem Porosity — Co-Cr-Mo under

body weight load

The observations are the same as the two previous results, that for stems
optimized using body weight in the Ti-6Al-4V stems have a strain energy increase of
up to 20% while for the Co-Cr-Mo counterparts the increase is up to 25% and for the
stems optimized using the walking load Ti-6Al1-4V the increase was not as clear as in
the previous case this is due to the higher porosity achieved in the Co-Cr-Mo stems

optimized using the body weight load as the max porosity for them was 39% and for
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the Ti-6Al-4V counterparts was only 34% and for Co-Cr-Mo stems optimized using
the walking load as well the most porous stem had 34%, this is due to the larger load
applied in the optimization for the body weight load optimized Co-Cr-Mo stems and

the larger stiffness compared to the Ti-6Al-4V stems optimized under body weight.

4.3.4. Co-Cr-Mo stems simulated under walking loads
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Figure 41 - Strain energy increase percentage vs Stem Porosity — Co-Cr-Mo under

walking load

Observations here are similar to the previous sections and include:

* The increase of strain energy change in the bone for the stems optimized
using the body weight load than the stems optimized using the walking loads. This is
due to the larger load applied during the optimization in the body weight optimized
stems than the walking load.

* The increase of strain energy change in the bone with the increase of porosity
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of the stem. This is due to the stems becoming less stiff making it have less strain

energy allowing this strain energy to be transferred to the bone.

4.3.5. Summary

The change in the strain energy in the bone is seen to be directly proportional
to the change in the porosity of the stems for all of the cases. The main observation
was the greater amount of change in strain energy in the stems optimized using the
body weight load relative to the stems optimized using the walking loads for both
materials. This is due to the larger load applied during the optimization process in the
case of optimizing the stems using the body weight load. In addition to the noticeable
increase of strain energy change in the bone with the change in porosity for all stems
under the same load and optimized using the same conditions. The relation between
the porosity of stems and the strain energy increase in bone is due to the stems
becoming less stiff allowing more strain energy transfer to the bone. The following
table summarises the percentage change in strain energy with respect to the porosity

for all cases addressed above.
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1- Stems optimized using body weight load:

Table 5 - Strain Energy Change in The Bone for Stems Optimized Using Body

Weight Load
Ti-6Al-4V Co-Cr-Mo
Body Walking Body Walking
Weight Load Weight Load
Porosity Porosity
Threshold Strain Strain Strain Strain
% %
Energy Energy Energy Energy
Increase Increase Increas Increase
% % e % %
0.2 5.06 8.10 9.77 5.11 9.98 10.53
0.4 11.07 9.11 10.44 10.53 11.44 12.24
0.6 22.72 12.96 13.93 22.85 15.69 17.24
0.8 34.85 20.05 20.21 34.65 21.57 25.29
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2- Stems optimized using walking load:

Table 6 - Strain Energy Change in The Bone for Stems Optimized Using Walking

Load
Ti-6Al-4V Co-Cr-Mo
Body Walkin Body Walkin
Weight g Load Weight g Load
Test Test Test Test
Threshol Porosit Porosit
Strain Strain Strain Strain
d y % y %
Energy  Energy Energy  Energy
Increas Increas Increas Increas
e % e % e % e %
0.2 5.15 8.08 9.68 5.23 8.36 10.37
0.4 10.98 8.66 9.94 10.99 9.03 10.74
0.6 22.40 11.44 12.50 22.62 12.08 13.68
0.8 34.57 16.57 17.15 34.56 17.45 18.82

The strain energy change in bone is witnessed to have a constant increase
regardless of the load being used in the post-optimization simulation. The constant
increase however is related to the load used for the optimization of the stem. This
includes the Ti-6Al-4V stems having a strain energy increase of 20% for the ones
optimized using the body weight load and 17% for the ones optimized using the
walking loads. For the Co-Cr-Mo counter parts, the strain energy for the ones

optimized using the body weight was around 20% and for the ones optimized using

55



the walking load the strain energy is around 17%. All of these stems in this comparison
had a porosity of around 34%.

In addition to that, the change of the strain energy in the bone is witnessed to
have a directly proportional relationship with the porosity of the stems (that is directly
dependent on the threshold being used). This means in order to get more strain energy
increase in the bone, it is required to increase the porosity/void by increasing the
threshold used for extracting the stems and this must be done without tolerating the
factor of safety.

4.4. Extrapolation of Porosities and Results

4.4.1. Factor of safety calculations

The objective of this section to show a prediction of the maximum achievable
porosities in order to get the maximum achievable strain energy transfer to the bone.
the following are the relation between the calculated factor of safety and the porosity
in all of the stems. There are two figures gathered by the load applied in the post-

optimization simulation as the stress results are ranging close together.
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1- Walking load simulation
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Figure 42 - Factor of Safety vs Porosity Walking load simulation
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2- Body weight load simulation
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Figure 43 - Factor of Safety vs Porosity body weight load simulation

Observations to note in the previous figures indicate the higher factor of safety
of Ti-6Al1-4V alloy optimized stems rather than its Co-Cr-Mo counterparts. In addition
to the expected lower factor of safety range for all stems when using the body weight
load is used for the post-optimization simulation. The observed larger factor of safety
for the Ti-6Al-4V stems is due to the larger yielding stress of the Ti-6Al1-4V alloy than
the Co-Cr-Mo. The stresses measured as well show a difference but it is not the main
controlling fact controlling the factor of safety as the difference is not that large when
comparing stems of the same porosity made from the two different materials. The
following figures show the stresses with the porosity for both the waling load post-
optimization simulations and the body weight simulations as well. The point where

the stress was taken is the point of maximum stress which was the same for all
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conditions, stems and loads, the point is shown in the next figure as follows in the red

region circled by a black circle:

Figure 44 - Maximum Stress Point in stems

Von mises stresses vs porosity Body Weight load simulation
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Figure 45 - Stresses vs the porosity for body weight load post-optimization

simulation
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Von mises stresses vs porosity Walking load simulation
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Figure 46 - Stresses vs the porosity for walking load post-optimization simulation

The predictions will be done on the walking load as it is not as exaggerated as
the used body weight load and most of the available literature use the walking loads
(Baharuddin et al., 2014)(Ebramzadeh, Sangiorgio, Longjohn, Buhari, & Dorr,
2004)(A Harris et al., 2014)(Chalernpon, Aroonjarattham, & Aroonjarattham, 2015).
The following table shows the calculated factors of safety from the previous figures:
1-  Ti-6Al-4V:

Table 7 - Ti-6Al-4V Stems Factors of Safety

Porosity Ti BW Ti BW Porosity Ti WL Ti WL
% BWT WLT % BWT WLT
5.06 2.71 6.62 5.15 2.73 6.66
11.07 2.64 6.42 10.98 2.60 6.32
22.72 2.44 5.89 22.40 2.48 6.01
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34.85 2.13 5.18 I 34.57 2.26 5.40

2- Co-Cr-Mo:

Table 8 - Co-Cr-Mo Stems Factors of Safety

Porosity Co BW Co BW Porosity Co WL Co WL
% BWT WLT % BWT WLT
6.12 1.76 4.52 5.23 1.78 4.55
13.81 1.70 4.34 10.99 1.70 4.31
27.30 1.6 3.94 22.62 1.57 3.94
39.87 1.39 341 34.56 1.42 3.52

4.4.2. Extrapolations:

The fit used in the graphs in the previous section are done using a polynomial
equation of the second degree as an initial indication. Using a minimum factor of
safety of 2.5 will be taken as a reference that the lowest to achieve using the
extrapolations (A Harris et al., 2014). The calculated maximum achievable porosities
for the stems under the walking load test can be found in the next table. These values
were calculated using the fitting equations from the curves for the walking loads as

mentioned earlier.
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Table 9 - Maximum Achievable Porosities For Walking Load Conditions For A

Factor Of Safety Of 2.5

Stem Max Porosity %  Max Strain energy Increase %
Ti WL WLT 85.10 45.56%
Ti BW WLT  66.30 42.85%
Co WL WLT  68.20 36.91%
Co BW WLT  58.20 39.88%

The observation is that the maximum strain energy increase can be achieved
using the Ti-6Al-4V stems over the Co-Cr-Mo due to the higher maximum achievable
porosities. The values of the maximum strain energy increase were calculated using
the curve fit equations used to the strain energy curves for the walking load test for
both materials were the fit was done using an exponential equation.

The main requirement for the achievement of these porosities in design is
computational power as will be discussed in the next chapter of conclusion and future
work. These stems have to be designed and then tested as in the same process used
here.

4.5. Printability of the Optimized stems

To test the printability of the stems optimized here as the main objective, Magics
Materialise software has been used as it is the one used for conversion of the stems into
solid parts as well and it has been used in the literature for the same purpose (Li, Wang,
Zhang, & Li, 2009)(Brailovski, Jett¢, Simoneau, Dumas, & Terriault, 2017)(K.
Hazlehurst et al., 2013)(K. B. Hazlehurst, 2014)(Harrysson, Cansizoglu, Marcellin-
Little, Cormier, & West, 2008)(Taniguchi et al., 2016). This software is being used to
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convert the STL files of the optimized stems into slices where the printer can print them
and prepare the support generation for the parts as well. The stems were successfully
sliced, and their supports were done successfully with no issues and it is ready to print.
Unfortunately, the part could not be printed due to failure in the machine thus no

pictures of the printed part are shown.
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CHAPTER 5: CONCLUSION AND FUTURE WORK

5.1. Conclusion

The aim of this work was to implement a novel process of optimizing femoral
stems that can be printed using additive manufacturing machines/3D metal printing.
The novelty in the work is the ability to print the optimized stems as the results of any
optimization process are a map of the material density distribution containing elements
of relative density that cannot be printed and to have more stems to simulate without
paying the computational cost of having one optimization for each stem produced in
order to have a customized optimized stems suiting the exact needed key requirements
that are in this work chose to be the strain energy increase and the factor of safety. To
illustrate the process, 16 femoral stems were designed using the optimization process
using four optimization processes and the conversion process resulted in 16 optimized
stems that had to be evaluated for their performance by applying two loads in a
simulation process summing up to 32 post optimization simulations. Two materials
were used that are commonly used alloys for the same implant in the current market,
Ti-6Al-4V and Co-Cr-Mo. In addition to the two loads that were used, a walking load
and a body weight load where the later simulates the standing of the patient.

The evaluation of the optimized stems was based on two main results, the
micromotions in the bone tissue and the strain energy increase in the bone tissue. It was
found out that the strain energy increase is related to the load used in the optimization
process as the values of strain energy increase were the same and the stems optimized
using the body weight load had more strain energy increase in the bone than the stems
optimized using the walking load. This is due to the larger load used during the

optimization using the body weight load.
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For the micromotion evaluation, Ti-6Al-4V stems resulted in more
micromotions within the range required to motivate bone growth than the Co-Cr-Mo
counterparts by a slight increase of 1-2 um. This slight difference shows that the range
of motions desired can be achieved independent of the material.

A third evaluation was done to predict the maximum achievable strain energy
increase in the bone by predicting the maximum achievable porosities. It was found that
the maximum of increase in the Ti-6Al-4V stems is more than the Co-Cr-Mo stems.

To summarize, the use of Ti-6Al1-4V for optimized stems is preferable for its
slight better performance over Co-Cr-Mo in the more strain energy increase achievable
and the larger micromotions range.

5.2. Future Work

The difficulties faced during the work were related to the computational power
limits. This resulted in limiting the maximum used volume reduction constrain for the
optimization process due to the limited mesh size used for the process. Thus, it is
recommended in to use more powerful computers to use more volume reduction the in
the optimization process to achieve more strain energy absorption in the bone. Other
future work may include using a thinner skin size for the stem and this can be achieved
again using more elements and a smaller mesh size. In addition to having more
computational power will allow more optimization processes to be done allowing the
studying of more factors like the material penalization relative density threshold as this
requires a whole optimization process for each stem and one optimization process costs

50 hours of running.
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Co-Cr-Mo:

APPENDIX A: Material Models
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