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Abstract

Because of the increase in hip implant operations over the last few decades, the
design and manufacturing techniques have also been improving in order to
create the optimal design that suits each individual patient and minimizes the
need for revisional surgery. The hip implant fixture into the human bones has
been the main concern from the biomechanical point of view. Lattice topology
optimization has aided in supporting the osseointegration properties since the
lattice structures have shown, once applied, the ability to produce a close-to-
bone structure due to their properties. Due to their properties, lattice
structures have aided in supporting the osseointegration properties once
applied to the implant, leading to a better fixture for implants as strange
objects into the human bone. However, the properties of the lattice structures
change based on their parameters, which in turn can complicate the structure's
shape and topology, making the manufacturing process a complicated task. For
the purpose of saving the time and effort of the implant creation process,
machine learning methods have come to support the prediction of the
mechanical properties, and additive manufacturing techniques have handled

the manufacturing of the complex topology of the implant structure.

This doctoral dissertation provides a comprehensive and carefully updated
examination of literature pertaining to the process of the lattice optimization of
hip implants. Additionally, it goes deep into the complex field of practical
design optimization for the hip implant using lattice structures. With the aid of
machine learning techniques, these lattice structure properties have been
calculated according to desired mechanical properties. Thus, the process

ensures higher overall efficiency and precision of the implant design.

The research investigates material selection, where the study shows the
benefits of using the titanium Ti6Al4V alloy with the lattice structures design
due to its suitable properties. This alloy has a high corrosion resistance and

almost no critical interaction with the human body fluid. The alloy’s Young’s
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modulus is also calculated to assess the elasticity of the selected material. The
dissertation also focuses on the initial computer-aided design of the lattice
structures and their applied types. Three distinct types of latticed structures
with different shapes are discussed. The mechanical properties relating to unit
cells and the effect they have on the general implant design are investigated.
Using one of the machine learning techniques, Linear regression, the porosity
of the latticed design is pre-set to be in a suitable range that results in better
topology and mechanical properties for the implant design. Total numerical
simulation is performed on the three designs of unit cells, then the specimens
are 3D-printed, and a laboratory compression test is performed to validate the

results of the simulations.

Keywords: Optimization, lattice structures, machine learning,
osseointegration, Finite Element Analysis, Direct laser metal sintering, additive

manufacturing, compression testing, Linear Regression.
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Chapter 1: Introduction
Overview

Patients with hip diseases suffer while performing daily activities like walking,
running and jumping, which makes hip replacement surgery a commonly
needed procedure. The Total Hip Arthroplasty (THA) is a procedure where the
injured hip is exchanged with a new artificial implant. The main goal of the
implant is to impart the load from the acetabulum to the bone of the thigh. This
dictates inserting the hip implant inside the femur [1]. Figure 1 shows the parts
of the hip implant within the human body, mentioning the names of all parts

involved in the procedure.

s Acetabular o

Implant
shell » L
Ace?abular R Lo
liner 74\,
Hip |
—
stem |
Femur
bone

Figure 1. Hip implant parts and location in the body [2].

The artificial hip implant principle was developed in Europe in the early 1940s
[3]. A good Total Hip Replacement (THR), if successful, can give the patient
almost all the recovery of mobility with pain-free activities for almost 15 years
[4]. Despite the fact that a successful hip implant surgery can return the activity

to the patient, some cases might need a revision surgery (Revision Hip
1



Arthroplasty RHA) in order to resume its efficiency as expected [5]. In the ideal
state, the implant stem should have full contact with its cortical bone
surrounding it in the femur to attain a durable fixation of the implant into its

place of insertion [6].

Research has been done in the arthroplasty field to estimate the longevity of
the hip implant. All hip implants would come to an end in terms of functioning,
and it is vital that patients having this kind of replacement know the
approximate time of such validity. Thus, determining how long a hip
replacement can last is now an essential question in the biomedical field. Total
Hip Arthroplasty (THA) is considered to have a high success rate as a surgical
procedure in the modern medicine [7]. Nevertheless, a low failure rate exists,
and it is a high number of patients since the statistics state that 2 million
arthroplasty procedures are done worldwide every year, the thing that makes a
high number of patients in need of revision surgery [8]. In Germany alone,
210,000 hip implantation procedures and 30,000 revision surgeries were

executed in 2011 [9].

Hip injuries are considered serious and highly damaging and might lead to a
permanent disability and, sometimes, death. It Is also worth mentioning that
hip fractures number worldwide is estimated to reach over 6.26 million by
2050 [10]. Between 2007 and 2017, the number of hip implant prostheses
increased by a range of 30-40% [11]. Figure 2 shows the increase in hip
implant revision surgeries over the years 1991 to 2010, where both males and

females were investigated by T Dixon et al [12].
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Figure 2. Primary and revision trends of hip replacement rates [12].

However, the life span of hip prosthesis can be increased by trying to adapt its
properties to that of the human bone based on long-term medical studies
results [13]. The ongoing research in the field of hip prosthesis motivated the
innovation in material science, technology, surgical techniques and fixation
methods, leading to an increase in the life span of the implant. Up until last

year’s statistics, 75% of hip implants last for up to 15 years [14], [15].

The human bone has a feature called “bone modeling” which enables it to adapt
to the changes happening in the surrounding environment. Bone can remodel
by renewing its cells in response to the novel changes of loads and boundaries.
Sometimes, fractures may occur if the loads acting on the bone exceed its
strength. Moreover, bone common diseases such as osteoporosis and necrosis
can reduce the load-bearing capacity of the hip. Despite the remodeling feature
and in case of heavily affected bones, some fractures may be permanent and

irreversible [16].

3



Due to many bone diseases, like rheumatoid arthritis, osteoporosis and
traumatic events, the number of total hip arthroplasty operations is increasing
proportionally with the increment in the average population age all over the
world. Over the past few years, the number of hip arthroplasty in young people
has been significantly registering high values since the younger generation
exert more intensive and frequent loads on the joints than the elderly. The gain
or loss of the proximal femur, the closer-to-body-center part of the femur, in the
presence of an orthopedic implant is the main factor affecting the performance

of the durability and longevity of the prosthesis [17].

Any micromotion happening between the bone and the implant will cause the
implant loosening. This creates the necessity to perform a revision surgery on
the implant [18]. This micromotion needs to be minimized when designing the
implant since it causes a decrease in the bone amount growing into the
implant. The bone in-growth is obstructed by this high amount of micromotion,
and this decrease of the bone in-growth results in a shorter lifespan of the
implant [19]. The in-growth affects the implant’s stability where high
micromotion causes fibric membrane to develop between the bone and the
implant which, in turn, leads to an unstable fixture [19], [20], [21]. The
existence of such membrane hinders the bone ingrowth into the implant

leading to reduced longevity [22].

Aseptic loosening is considered to be a frequent reason behind hip implant
revisional surgery [23]. Aseptic loosening can mainly be caused by the stress
shielding effect, which results from the implant material having a much greater
elasticity modulus than that of the human bone. A bigger share of the load gets
handled by the implant since it is stiffer than the bone’s structure, which
results in a decrease in the mechanical stimulus that incentivizes bone

generation. With time, this causes losses in the bone and increases the level of



loosening of the implant. Less bone formation, in turn, makes it harder to

perform any revision surgeries to implant a new prosthesis [24], [25], [26].

Figure 2 explains the mechanism of the stress shielding effect. In the normal
situation, the femur undergoes the external load where the loading is imparted
from the femoral head along the neck of the femur continuing to the femur
cortical bone as shown in Figure 2a. When the stiffer part is inserted into the
canal, the implant in this case, the load is divided between the bone and the
implant. Thus the bone is exposed to a reduced amount of stress and hence the

name, stress shielded [27].

The white area in Figure 3 on the left side shows the stress shielded area of the
bone, while the dark area in Figure 3 on the right side shows how the femur
surrounding the femur distal part is overly loaded. As Wolff’s law states, the
structure of the bone is developed in a suitable way to resist the loadings
exerted on it. The fact that makes the parts of the bone undergoing extra load
or stress respond by the increment of the bone mass, whereas the parts
undergoing less load or stress will react by the decrement of bone mass.
Subsequently, bone resorption results in and leads to the loosening of the

implant and, in some cases, to complete failure [28].
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Figure 3. Stress shielding scheme [29]

In order to assess the loading taking place on the hip implant, the stress
affecting the femur is one of the most important indicators, and it has been
used in many studies to estimate the amount of stress shielding in the
respective implant. Finite element analysis has been believed to be an effective
means to analyze the load transmission to the femur through the stem.
Harrysson et al. assessed the intensity of load transmission from stem to femur
based on the distribution of the stress after implanting various kinds of femoral

stems [30].

A study by Hazlehurst tried to mark 25 nodes in the Gruen zone (seven areas of
the implant’s stem) within the femur and assessed the stress shielding at every
marked zone of the proximal femur by averaging the total von Mises stress on
the distributed nodes in each section [31], [32]. In the end, not only have
researchers evaluated SS stress shielding, but also, they were able to assess
based on the change ratio of the femur stress after implanting the femoral

stem, as shown in Equation 1.



Sint— S
SS (%) = % -100, (1)
int

Where S;,,; is the von Mises stress on the functional femur, S, is the von

Mises stress on the implanted femur [33].

Many factors can influence the existence of micromotion of the implant
including the strength of the bone surrounding the implant, the surface contact
between the implant and the bone, and the friction coefficient of the contact
surface [34]. While the strength of the bone is a measure that cannot be
controlled, designers can manipulate the surface contact during the designing
process of the implant by enlarging the surface area. Each design can be better
for each type of bone. A design type suitable for osteoporotic bones might be
totally different from a design type for a child or healthy adult. Surface texture
might also be achieved by application of material finishing properties or via the

application of coating to the implant [35].

For the purpose of minimizing micromotion in the hip implant, a
primary factor to take into consideration is stress distribution all along the
implant. This comes from the fact that various loads on the implant can make a
change to the density of the bone and the shape around the implant. A
successful implant is the one that can guarantee equal distribution of stress
around the whole surface of the implant. Increased bone density will result in
areas of high stress whereas decreased density will exist in areas of low stress.
Thus, the uneven distribution of the stress around the implant might cause

unstable fixation [36].

Research motivation

Even though hip arthroplasty, a widely performed surgical procedure,
has provided relief to millions of patients suffering from extensive pains and
disorders in the hip joints, and despite the improvement in the surgical

techniques and material science, the challenges still intercept the creation of
7



optimal implant longevity and functionality for the patient. The conventional
solid implant often shows limitations as stated in the previous chapter. Thus,
the need to explore innovative approaches arises. The integration of lattice
structures into the hip implant design is one of the up-to-date approaches to

address the recurrent hip implant issues.

Lattice structures are characterized by their open interconnected
framework and have offered a remarkable advance in various engineering
applications due to their excellent combination of lightweight properties,
structural efficiency, and enhanced material utilization. With the incorporation
of lattice structures into the design of the hip implant, we believe several
potential benefits can be achieved. Lattice structures can help with organizing
the mechanical loads distribution more efficiently across the implant-host bone
interface and can reduce the stress shielding phenomenon. This can lead to
better long-term stability and reduce the risk of complications related to the

hip implant.

The research also seeks to build an enhanced osseointegration for the implant
to the hosting bone. The porous nature of the lattice structures provides a
larger surface area for the bone ingrowth, which facilitates the improvement of
osseointegration and stability. More bone ingrowth leads to a quicker post-

operative recovery and reduces the need for revision surgeries.

Advanced materials can be used with the utilization of lattice structures while
maintaining implant strength and functionality. This enables the optimization
of the weight of the hip implant which eliminates discomfort and improves the

patient’s mobility.

The parameters of lattice structures can be manipulated so that they
can match patient-specific anatomical characteristics, which allows for more

precise fitness and improved biomechanical properties and performance. The



personalization of the hip implant design holds the potential to optimize the

outcomes and minimize the implant-related complications.

During the research, many challenges and objectives will be discussed.
While the integration of the lattice structures into the hip implant design adds
a significant value to the process, it still creates some interesting questions to
be answered to ensure successful clinical implementation. The challenges
include choosing the suitable material of the latticed implant that should be
compatible with the hosting bone in order for a better osseointegration to be
accomplished. The optimal lattice topology and design selection, where we
seek creating the optimal implant design based on the patient’s anatomical

characteristics.

With the optimization process and the application of the lattice
structures into the implant, the manufacturability of the designs should also be
guaranteed to build a fruitful creation process of the implant. The long-term
biocompatibility and durability assessment of the implant are also crucial

factors in the process to ensure an efficient prosthesis.

The main incentive of this research is to address these challenges and
advance the hip implant optimization process through the optimization of
lattice structures. We aim to establish a solid method for the integration of the
lattice-enhanced hip implants into orthopedic practice for the sake of
enhancing the surgical operations success rate and increasing the longevity of
the hip prosthesis. Ultimately, the research is trying to improve the quality of

performance for the individuals undergoing hip arthroplasty.

Aims and objectives

The main aim of this dissertation is to optimize the hip implant
arthroplasty by the integration of lattice structures in order to reach an

improved biomechanical performance and patient outcomes, which imposes
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the optimization and analysis of many factors. Optimizing the hip implant for
the study means gaining a better fixation through increasing the
osseointegration of the implant into the human body. As explained in the
introduction, implant fixation can be enhanced by improving the bone
ingrowth and preventing the micromotion of the implant that might cause
loosening. Throughout the dissertation, many objectives should be achieved to
reach the final goal of an efficient optimization for hip implant that can be
patient-specific i.e., the methodology suggested here should adapt to the needs
and requirements of the patient. These objectives can be summarized by the

following:

e Within the literature review, the objective is to establish a
comprehensive understanding of the current hip implant designs,
studies, their limitations, and the expected benefits of integrating the
lattice structures. Moreover, the research seeks to conduct an extensive
literature review on the existing hip prosthesis biomechanical
performance and limitations.

e Investigating and analyzing the impact of various materials on the real
performance and durability of orthopedic implants via conducting a
detailed literature review on many materials used in the biomedical
field. The investigation will also surf through biocompatibility, the
mechanical properties and the corrosion resistance of the chosen
materials, given that these properties are the most important
characteristics to have in a candidate for an orthopedic implant. After
that, the study identifies the most suitable material within the current
research.

e The optimization of design of the orthopedic implants for an enhanced
structural integrity and a good functional performance. Via the
utilization of the computer-aided design (CAD) tools, the research

develops the novel implant design with the incorporation of the
10
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biomechanical principles. Lattice structures are integrated into the
novel design of the hip implant to optimize the structural design of the
implant to better suit the hosting bone.

Using Finite Element (FE) simulations for validating the performance of
the lattice structured hip implants and using the FE tools to enhance
the mechanical behavior of the orthopedic implants. The study also
uses the FE models in order to accurately represent the real-world
condition of the implant loadings and restrictions. FE also helps guide
the optimization of implant design and the material selection.

Exploring the potential of additive manufacturing technology and 3D
printing techniques in the manufacturing of orthopedic implants with
the concentration on the implant design customization and the material
innovation. The research also investigates the feasibility of using
patient-specific data to customize the implant design with the help of
additive manufacturing. Practical use of the 3D printing will be used to
print some samples as a preparation step before some laboratory tests.
Implementing optimization techniques to boost the overall
performance of and functionality of orthopedic implants. The study
also applies optimization algorithms to identify the optimal
combination of design parameters for an improved lattice-structured
implant performance. Machine learning optimization is utilized in the
optimization of the design and the performance of orthopedic implants.
Optimization with the help of machine learning techniques enhances
the research ability to investigate the use of such techniques in the
prediction of the mechanical behavior and failure modes of orthopedic
latticed implants. The machine learning model is developed based on
historical performance data that generated good biomechanical result

of the implant design.



By addressing these points, the research seeks to comprehensively introduce
the effective optimization of the hip implant for the sake of creating the most-
suitable patient-specific design of the implant with a set of pre-investigated

parameters that can ensure a successful and reliable life of the implant.

Contribution

Despite the fact that there is much research concerning hip implant
optimization, the results are still more generic than specified. Standardization
of the hip implant design is helpful with the manufacturing process and gets
unified requirements. However, the customization of the hip implants with the
use of lattice structures will create an implant design, for each individual
patient, that can enhance the stability and fixation of the implant inside their
bodies. The unique aspect of this research lies in its ability to produce
customized, patient-specific design of the hip implant with pre-defined

parameters.

e Personalized design:

The traditional hip implants usually come in standard shapes and sizes,
which may not perfectly suit the anatomical features of every patient.
This study seeks to address this limitation by the incorporation of
lattice structures into the design process. These lattices can be
customized to improve the match between the implant’s structure and
the hosting body, ensuring a better fit and reducing the risk of the
complications associated with ill-fitting implants.

e Tailored parameters:

By optimization, the study means to incorporate lattice structures into
the design of the implant to optimize the implant’'s mechanical
properties, enhancing its strength, durability and fixation, while
minimizing the total weight. This can contribute to long-term

performance and reduced wear of the implant. A systematic approach
12
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is involved in this research to set parameters for the lattice structures.
This includes factors such as bone size, shape and porosity. By defining
these parameters in advance, the research can streamline the
customization process to allow for an efficient and accurate generation
of patient-specific hip implant design.

e Advanced computer modelling and simulation.

The thesis uses advanced computer modelling and simulation
techniques to help analyze the biomechanical properties of the
customized hip implant designs. This helps provide a thorough
evaluation of the way the implant will interact with the patient’s unique
anatomy and how it will react against the various conditions. Optimal
performance can be obtained with the help of the simulation and
modelling process.

e Reduced complications and improved outcomes:

Once the optimization of the design by adjusting the hip implant
parameters for each patient can be done, the research will be able to
reduce the risk of complications such as the implant loosening,
dislocation, and wear-related issues. Finally, the personalized approach
can improve the patient’s outcomes, reduce recovery times, and
enhance the overall quality of the implant along its lifespan for

individual undergoing hip replacement surgery.



Chapter 2: Literature review
2.1 Metallic biomaterials

Biomaterials can be defined as materials that are fit for usage in medicine and
dentistry where these materials are subject to direct contact with the live
tissue inside the human body [37]. The basic first decision with relation to the
implant design is the suitable selection of biomaterials. And to make it clear,
the term “biomaterial” directly refers to those materials that have an
interaction with the biological parts in the body (tissues, organs, etc.), and they
have the ability to help facilitate the reformation process of tissues without
causing any uncalled-for results, i.e. toxicity, irritation and carcinogenesis [38],

[39].

Biomaterials are divided into four main groups polymers, ceramics/glasses,
metals, and composites, which can be a mixture of any of the rest of the groups.
Each type of biomaterial to be dealt with is classified under one of these four
types. Hence, it is necessary to understand the basic features of these groups

well before going on to the designing stage of the implant [40].

Metallic biomaterials constitute the majority of biomaterials used in the most
up-to-date manufacturing of implants and have witnessed widespread usage
over the past few years. Metals used for implant material possess elevated
strength, are less susceptible to fracture and are famous for their ability to
resist corrosion. Currently used metallic biomaterials can be divided into three

main groups: cobalt-based alloys, iron-based alloys, and titanium-based alloys.

As shown in Figure 4, musculoskeletal surgeries appliances are made fully or in
part of metal. Metallic biomaterials can be counted on because of their high
strength and the ability to withstand failure even when fatigue is considered. If

the right biomaterial is chosen for the implant, then the latter can provide relief

14



from pain and regain function to the joints within which the cartilage was worn

or damaged [40].

Figure 4. a) Metal screws and plates used to hold fractured bone parts together during
healing, b) typical hip joint replacement made mostly of metal [40].
The selection process for medical devices might sometimes be a complicated
one. It depends on many factors. The main factors to be considered are the
mechanical loading parameters, the biological requirements, chemical
properties, and structural designing parameters. Metallic biomaterials have
advantages over other materials like polymers and ceramics because they are
tough, strong, and ductile (deformable, especially with comparison to

ceramics).

However, metallic biomaterials have some disadvantages that include exposure
to corrosion which is due to the nature of the metallic bond. During the 1960s,

most of the steel-based biomaterials used with implants malfunctioned due to
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corrosion, which led the designers to the alloys of titanium and cobalt-chrome
for hip implants. It is worth noting that metallic biomaterials have a higher
density and stiffness than most of the other natural materials used. These two
properties lead to the undesirable issue of stress shielding. Stress shielding
does not allow the tissue to be exposed to the natural levels of mechanical
loading which causes the tissue to weaken and thus causes the loss of bone in

the areas adjacent to the implant [40].

316L Stainless steel, titanium alloy Ti6Al4V and Cobalt chrome alloys CoCr
have been extremely used as biomaterials for the orthopedic implants because
of their suitable biological and mechanical properties [41]. The titanium alloy
Ti6Al4V has proved to be a good candidate in the field of orthopedics due to its
excellent biocompatibility, weight ratio, superior corrosion resistance and the
low Young’s modulus with comparison to the other biomaterials [42]. Young’s
modulus is a crucial factor in assessing the mechanical performance of implant
materials. As for the TI6Al4V alloy, Young’s modulus is approximately 110 GPa
which is way higher than the human cortical and trabecular bone’s Young’s
modulus which is around 10 to 30 GPa for cortical bone and 0.8 to 5 GPa for

trabecular bone [41], [42], [43].

Since the titanium alloy is chosen for most of our research throughout the
years of study, a general review is proposed on the metallic group of
biomaterials. Titanium is considered the most biocompatible material out of all
the metallic biomaterials since it can resist and tolerate body fluids. It has been
used in the implant manufacturing field for more than 30 years. Its main
advantageous properties include high strength, corrosion resistance and low
weight, which led to a various range of successful applications. Titanium in the
pure state has a high melting point, low density, and an elastic modulus of 107

GPa.
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The titanium alloys came into the play to offer highly damage-tolerant
implants. The low Young’s modulus of Ti alloys with comparison to the steel
implants is an advantage because it reduces bone resorption. Ti alloys are the
perfect choice when direct contact between the implant and the tissue or bone
is required. However, the low shear strength of titanium alloys makes them less
of a candidate for manufacturing screws or plates. In addition, they do not have
good surface wear properties and tend to seize when they have sliding contact
with another TI alloy. Usually, the poor surface properties are improved via

nitriding and oxidizing [44].

The selection of materials in the research is set on the titanium alloy Ti6Al4V of
grade 23. As shown by the previous research done in the field, this alloy is
widely known in the joint replacement field. This is due to its suitable
biomechanical properties. These good qualities can be summarized by high
fatigue resistance, osseoconductivity and biocompatibility. Since the
manufacturing process to be used during the research is the direct metal laser
sintering DMLS, i.e., a laser-based method, the titanium alloy properties are
important to consider based on the condition of laser manufacturing

techniques.

Ti6Al4V alloys to be a raw material for laser manufacturing are usually
preprocessed because they usually form a martensitic-like microstructure
which makes them have fast cooling, high temperature gradient, and high
strength. However, they are brittle with low ductility of elongation 5%. The
residual stress is high in such formations which causes stresses to remain in
the manufactured part and can result in some defects [45]. This fact dictates
the necessity for heat treatment after processing, which can relieve the residual

stresses and can increase the elongation percentage up to 10% [46].
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2.2 Bone properties

Bone is a resilient and firm tissue that provides structural enhancement to the
body. Since it is a living structure, bone usually adapts to the surrounding
environment and applied loads. The bone reactions to existing loads can be
summarized by the following: The more the bone is loaded, the harder and

denser it gets [47].

The normal human bone is usually composed of two main sections: the cortical
the cancellous [48], [49]. The cortical bone is the outer layer of the bone tissue
which contributes significantly to upholding the bone’s structure stiffness and
integrity. Additionally, cortical bones constitute approximately 80% of the total
bone mass in the human body. Figure 5 presents a detailed depiction of a

representative bone structure [49].
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Figure 5. Human bone structure [49]
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Cancellous bones resemble latticed structures, a feature that helps the bone to
keep its strength and, at the same time, be lightweight compared to other bone
types. Cancellous bones are usually situated at the long bone ends and in the
structure of the short bones which is related to its ability to improve the

transition of loads through such structures.

General bone health is mostly measured depending on the integrity of the
cancellous bone. It was discovered that, at any certain age, men and women
have different cancellous bone structure. Men have more trabecular bone mass
compared to women, however, they both have the same probability in the
decrease of the cancellous bone’s density with aging [50]. This explains the sex
and age considerations when designing orthopedic implants. These changes in
the lattice design of the cancellous bone also require an implant design that can

adapt to such changes [51].

Lattice structures help modify the metallic biomaterials in a way that makes
them similar in structure to the human bone by reducing their toughness and
increasing their porosity. Consequently, over the past few decades, there has
been a growing scientific interest in incorporating porous structures, like
lattices, into the implant designs in a trial to create bio imitation of the bone

structure and enhance biocompatibility.

2.3 Cellular structures

Natural cellular-structured materials such as cork, wood, and bone have been
used for decades and their structure has been imitated in modern technologies
such as the manufacturing of foams and honeycombs [52]. Lattice structures
are an appealing option for many design applications in many fields, especially
for the light-weighting feature due to the fact that they have a high specific

strength and stiffness by virtue of their porous structure [53]. Lattice
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structures have also proved useful with energy absorption applications based

on their deformation behavior [54].

Lattice structures are considered to be another type of cellular materials that is
usually differentiated from the foamy structure by the regular repetition of
their unit cells [55]. Gibson [56] states lattice structures to be consisted of
interconnected networks of struts or plates. Ashby, however, further explains
that lattice structures are a form of cellular materials and they differ from
engineered structures like trusses in terms of their scale where the lattice

structure has a millimetric or even a micrometric scale [57].

These definitions lead to the conclusion that a lattice structure should be dealt
with as a material with its own mechanical properties, which gives the
opportunity to directly compare between the parent materials properties and

the newly generated lattice structures.

Lattice structures are primarily composed of layers of interconnected beam
elements that form a lattice-like body. This gives the designers the ability to
effectively control the flow of material in the desired structural design [58].
Because of their suitable properties and useful characteristics, lattice
structures have been increasingly involved within the structural design field.
Mainly, their exceptional ability to be easily adjusted geometrically and to have

their properties controlled [59].

Seharing et al. described lattice structures to be a porous and hollow formation
that are done by positioning the cells in a three-dimensional space [60]. As to
Helou et al, lattices are explained as a space-filling unit cells that can be

tessellated along any axis without the existence of gaps among the cells [61].

Another interesting fact about lattice structures is that their characteristics are
dependent on the number of cells, the material, cell’s orientation, strut distance

and the manufacturing process [62]. Sakshikokil et al. [63] designated the
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micro-lattice structures and explained that their resistance to the exerting
loads is a feature related to the micro-construction and it is measurable with
the help of the amount of stress-energy that builds up in the latticed structure

after applying the loads.

Figure 6 shows the models of the micro-lattice structures.
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Figure 6. Micro-lattice [63]

Hanna et al. [64] showed the types of unit cells used with hip implant
optimization in some cases. Using a 15-mm-diameter cylinder their research

shows the types of lattices after optimizing the design as shown in Figure 7.
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Figure 7. Types of lattices used with hip implants optimization [64]

Although there are many definitions that try to simplify the principle of lattice
structures, there is still no agreed-upon definition. That is mainly because
cellular structures are not only limited to the changing size of the struts and the
connection type between cells. Many researchers have their own definition of
the lattice structures, but most of them are based on the definition stated by

Gibson and Ashby’s of lattices as mentioned in the beginning of this chapter.

Lattice structures are generally, based on their mechanical response, divided
into two separate groups being either bending-dominated or stretch-
dominated. The difference between the two categories is that the bending-
dominated structures usually experience bending moments inside their
structure, and they comply with the pressure since there are not sufficient
struts to equilibrate the bending moments at the joints, Figure 8, a. On the
other hand, stretch-dominated structures bear axial loads because they have
adequate struts to intercept the load and equilibrate the load, thus they are

more stiff and stronger than the latter type, Figure 8, b [65]. The topology of
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the unit cell usually is the main factor in determining whether the structure

will be bending or stretch-dominated.
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Figure 8. bending-dominated (a) and stretch-dominated (b) structures [66]

The lattice structures are cellular materials where the material’s topology
distribution is carefully governed and optimized for special properties or
functions [67]. The classification of lattice structures relies on their applied
relative density, the fact that leads to three distinct groups. These groups
include the foamy structures that has low relative density up to 5%, lattices
with relative density ranging between 20% to 50%, commonly known as
architected materials, and structures that have a relative density exceeding
60% which shows mechanical responses that resemble, to a high extent, bulk
materials [68]. For some existing literature [69], [70], the relative density of
each material of lattice structure depends on the ratio between two design-

related parameters: thickness of the strut (t) and the length of the unit cell (1).

Another categorization system divides three-dimensional lattice structures into
non-stochastic (periodic) and stochastic (foam) structures basing on the order
of the unit cells, and every structure can be also categorized into open-cell and

closed-cell structures as shown in Figure 9 [71]. The open-cell foam type
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structures have open walls for its unit cells, which is usually formed using an
inflation during its production, leaving only the framework that permits the

gases and the fluids to pass through easily [72].

On the other hand, closed-cell structures have cells with closed walls and
usually are non-porous and impermeable. Non-stochastic structures are also
called as periodic or lattice structures, where the unit cell of each shape is
repeatedly organized like honeycombs and trusses [73]. Stochastic structures

have metallic and non-metallic foams which form a spongy structure [74].

Cellular structures

Stochastic cell structure Non-Stochastic cell structure

foam Periodic cell structure; lattice
| |
| | | ]

Closed-cell form Open-cell form Two-dimensional (2D) Three-dimensional (3D)
Lattice (closed-cell) Lattice (open-cell)

Closed-cell foam Open-cell foam Honeycomb
Figure 9. Categories of lattice structures [75]

Lattice structures are, consequently, a good option to be implemented into the
orthopedic implants. In our research, lattice structures of non-stochastic 3D
cell truss structure type were considered based on the ANSYS software used to
perform simulations and on the 3D printer used to 3D-print the actual designs.
This type of lattice structure offers an easier approach with unit cell
parameters control, a feature that creates room for optimization, where

optimal mass distribution and better bone ingrowth can be obtained [76].
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2.4 Lattice structures and osseointegration of Hip implant
2.4.1 Hip implant design

The human hip joint is the largest type of ball-and-socket joint in the body,
where the upper thighbone or the femur moves freely inside the hollow socket
of the pelvis that is cup-shaped as shown in Figure 10, a. This mechanism gives
the lower extremity the free motion within a certain range while holding the
upper part of the body and withstanding the impact resulting from the
movement [77]. Hip implant is usually composed of three main parts: the head,
the cup and the stem as shown in Figure 10, b. The stem is inserted into the
endosteal face of the canal of the femur and provides the stability needed for
the implant. The cup is considered to be the replacement of the damaged
acetabulum in the pelvis, and the spherical shaped head (the ball) fits into the

acetabular shell immersed in the cup.
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Figure 10. a) bones distribution in the normal hip, b) artificial hip implant embedded in
the pelvis and the femoral canal [77].

Osteoarthritis (damage of the cartilage covering the bone ends) and

osteonecrosis (blood flow is not enough for the joint, which causes fracture or
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dislocation), are common as diseases that happen to the hip area, this may
necessitate the total hip replacement surgery. Hip dysplasia, as well, is the
event of dislocation or displacement of the joint in the hip area. In this
situation, the hip socket is not able to cover the ball of the upper part of the
thighbone [78], [79].

Hip replacement surgery can relieve the pain, support the hip function, and
improve the mobility of the patient. However, many factors may affect the
performance of the implant including size, design, weight material and age of
the patient [80]. As mentioned before, in case of implant loosening, a second
surgery might be needed to rectify the position of the implant. In most cases,

the loosening is a result of the stress shielding discussed earlier [7].

Figure 11 a and b demonstrate relationships between the human thigh bone
and the associated implant. Once the suggested system extracts hip joints,
parameters determining the shape of related implants becomes a
straightforward process. It is essential to note that the actual size of
components may vary, either larger or smaller compared to the corresponding

parameters of a patient’s hip joint.

Ensuring stability is important, and to achieve this, it is ideal for femoral
components of the implant to conform to the surface of the thigh bone canal as
shown in Figure 11, c. The design of the stem profile aims to align with the
shaft of the thigh bone while avoiding any interference with the canal. The
length of the stem is established based on its position within the thigh bone

canal specifically located 80 mm from its trochanter.

Adjustments in factors like neck shaft angle and head offset length are made
based on a patient’s head parameters. The anteversion angle for implanting in
neck is also determined by considering a patient’s anteversion parameter.
Additionally, obtaining information about cup size implanted in the pelvis

involves utilizing the head parameter. In summary, all dimensions related to a
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patient’s implant components are defined using primary geometry parameters

derived from their own hip joint.
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Figure 11. Geometric parameters of Hip implant. a) femur parameters, b) patient’s
specific implant parameters, c) the stem in front of the canal. [77].
In some cases, the geometry of the designed implant may be unacceptable to
the surgeon performing the surgery with relation to their medical expertise
and knowledge. In that situation, the surgeon might choose a different design
of the implant in order to insert some practical knowledge to generate an
optimal design for the implant. Thus, every implant design should be
confirmed with the surgeon performing the operation before moving on to the
manufacturing stage in order to achieve a more reliable design of the hip

implant [77].
2.4.2 Hip implants

Over the past few decades, many researchers have tried to investigate hip

implants to improve their design to obtain a successful long-term result. High
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percentage of these studies tried to assess the fit state of the implant design
based on 2D radiographs [81]. Noble et al. [82] investigated statistical research
on femoral geometry of American subjects with the use of 2D radiograph
Khang et al. [83] tried using the CT to study 38 femurs taken out of cadavers
and 200 femurs out of living Korean subjects. Results proved that femurs taken
from Korean differ from those taken out of American. Computed tomography’s
use has been increasing in studies to study and analyze the anatomy of the

femur [84].

Many attempts were made to create a design of patient-specific hip implant
that can bear the physiological load transfer and provides sufficient stability
[85]. Sugano et al. [86] was able to develop a CT-based technique with
computer preoperative planning and put this technique into comparison with

the traditional X-ray method that is generally used.

Goetzea et al. [87] tried to develop custom-made implants in pursuit of finding
a solution for the geometric difference between the anatomy of the femoral
canal and the conventional stems. Healy, [88] on the other hand, tried to focus
on the selection of the hip implant for the arthroplasty in the elderly with
regard to bone quality, implant fixation, morphologic properties and implant
cost. Walker et al. [89] set the rules and principles for femur and presented its

feasibility based on the analysis of the proximal femur.

During the last century, surgical operations methods have been improving
along with the newly invented imaging devices and techniques, especially, the
computer tomography CT, and the magnetic resonance imaging (MRI) [90]. No
matter how developed the implants rationale can get, there will always be
some main properties that need to be existent, ease of tissue regeneration and

high biocompatibility for example.

Throughout the years, human implants are chronologically ordered into three

generations based on their evolution [91], as can be seen in Figure 12. The
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oldest generation is about the implants developed for fixation purposes and to
enhance the damaged tissues, and they were famous for being completely inert

towards the surrounding biosystem, i.e., no interaction whatsoever [92].

The next generation includes the implants with developed materials and
structures that enhance the structural integrity and supports the blood
diffusion along with the flow of nutrients, which leads to high biocompatibility
[93]. The latest third generation contains the previously mentioned properties
and features plus the biomimetic and bioactive properties [94], [95].
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Figure 12. Human implant evolution [49]

Implants from the third generation can be enhanced by applying some of the
growth factors on their outer surfaces, and that is to facilitate the tissue

recreation process.

Several artificial types of implants are being used these days with replacement
procedures. Yongtage et al [77], adopted the following steps in the THR surgery
as shown below in Figure 13. The surgeon carefully selects the implant type
that aligns with the needs of the patient depending on many 2D X-ray scans,
then, the femur is extracted from the pelvis area to reveal the joint cavity. The

femoral head is sliced into two segments slightly distal from the bigger
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trochanter. The acetabulum of the pelvis is then expanded with a reamer, and
the acetabulum is securely fixed into the reamed socket. The endosteal surface
of the canal of the femur is punched to make a cavity matching the shape of the
stem. In the end, the implant ball is inserted into the acetabular shell so that

the joint is well aligned and finally the incision is sealed.

Figure 13. Total hip replacement surgery steps. [77]

2.4.3 Hip Stem fixation

The stem of the implant is inserted into the body bone and responsible for
holding the hip implant in place. This creates a classification of the hip implants
based on the way they are fixed into the body. The two most common
techniques of fixing the hip implants into the bone are the cemented and
cementless. Over the recent 40 years, many developments have been added

into the cemented THA methods and materials.

In the cemented technique, the implants are glued by the use of cement,
whereas, in the cementless implants, fixation takes place biologically [96].
During the cemented method, PMMA (acrylic polymer
polymethylmethacrylate) [97], which is a powder mixed with monomer. The
mixture preparation takes around 8-10 minutes relating to the surrounding
temperature and humidity. Once the mixture is ready, it should be inserted into
the patient’s bone, and it should be followed by the implant. Both the implant
and the bone should be held firmly against each other till the formation is

completed.
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For the cementation process in the THA to succeed, it is crucial to well take
care of bone preparation and the application pressure of the cement. Some
risks are to be expected with this technique. Mostly, the possibility of fracture
in the interface between the bone and the cement. Moreover, certain allergies
might arise for some patients against the materials used in the mixture.
Consequently, the cementless THA was invented in order to replace the

cemented technique when in need [98].

Around the year 1980, the newly improved design of implants was introduced
as cementless implants. Cementless implants are directly inserted into the
canal that was prepared by the surgeon performing the surgery. In order to
guarantee minimal micromotion of the implant and to enhance the bone
ingrowth process, the stem should be well stabled within the bone. The surface
of the cementless implant is usually made porous in order to facilitate the
osseointegration that also, in turn, enhances stability. Long-term stability and
success of the implant greatly depend on the initial stability in its early stages

[96].

Patient’s weight, shape of the implant, and bone’s quality can affect the initial
stability of the implant [99]. Khanuja et al. classified the cementless implants
into six different groups according to their geometries and how the fixation is
achieved. The six groups can be summarized as the following: Single wedge
prosthesis, Double-wedge prosthesis, Type 3 are tapered and round, tapered
and splined, tapered and rectangular, Type 4 is cylindrical and fully coated,
Type 5 is modular, and Type 6 is anatomic [100]. Figure 14 shows the six types

of hip implant stems.
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Figure 14. Hip Cementles stem designs [100]

Figure 15 shows a comparison between the cement and cementless hip implant
design. The left side shows the cemented prosthesis where the cement attaches
the metal to the bone. On the right side, however, the cementless prosthesis can

be seen to have fine mesh of pores on its surface area that gets in touch with
the bone.
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Figure 15. Cemented vs uncemented prosthesis [101]



2.4.4 Implant osseointegration

Branemark defined the principle of osseointegration to be the direct structural
and functional connection between living bone and the adjacent surface of the
implant carrying the load. On his initial remarks on the osseointegration
process, Branemark stated that the titanium implants were able to
permanently integrated with the bone where the living bone and the titanium
oxide layer of the implant could be fused to the extent that separation can only
be done with fracturing the connection [102], [103]. Basically, osseointegration
is a fixation mechanism where non-vital object can be inserted into living bone

and can survive under all usual parameters of loading [104].

In the biomedical field, an implant can be described as osseointegrated in the
absence of motion between the bone and the implant that is in immediate
contact with it. However, osseointegration features the clinical status that
describes a long-term stability of the implant and this is not a biological feature
of the implant itself or the metal [105]. Moreover, osseointegration is not the
outcome of a favorable biological tissue reaction, but rather the absence of a

negative tissue response [106].

Many factors can contribute to the performance of the osseointegration
process. They are divided into two categories, factors that support
osseointegration and factors that hinder osseointegration. Factors supporting
osseointegration include factors related to the implant itself like material,
length, diameter, implant design, chemical composition, implant surface
topography, and implant surface treatment [107]. The host bone status is also
an enhancing factor and its healing properties [108], as well as the stability of

the mechanical loading conditions exerted on the implant [109].

Factors that hinder osseointegration can be the intensive mobility and
micromotion in the implant [110], inadequate porosity of the implant coating

[111], radiation therapy and the use of some pharmacological agents [112].
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Factors related to the patients can also inhibit the osseointegration process like
osteoporosis, advanced age, rheumatoid arthritis, nutritional deficiency, renal

insufficiency and smoking [113], [114], [115].

Another crucial factor that affects osseointegration is the material
biocompatibility, and it can play a significant role in predicting the
osseointegration performance. Its importance comes from the idea that in the
contact area between the bone and the implant, it is preferrable not to have any

fibered tissue at the interface [116].

Titanium is one of the most used materials in the field of orthopedics, and that
is due to its high biocompatibility, resistance to corrosion, and the low level of
toxicity. An oxide layer constitutes part of the Titanium’s surface, and it
provides the capacity to self-repair via reoxidation when any damage happens

[117].
2.4.5 Effect of lattice structures on osseointegration

As discussed in the previous chapter, osseointegration is a complex process
that can be affected by many factors, and since the lattice structures affect
many of the biomechanical properties of the implant, they can have a great
effect on the osseointegration as well [118]. Since lattice structures have that
effect on the bone ingrowth into the bone, their properties like porosity, unit
cell topology, shape and pore size can strongly affect that process in their turn

[119], [120], [121].

Arabnejad et al. studied samples chosen from two lattice structures,
Tetrahedron and Octet truss, where the parameters were selected based on a
limited area that suits the osseointegration process. This limited area of
selection was set by many previous experiments [30], [122]. This selection area

states, for Tetrahedron type of lattice structures, that the size of the pore be in
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the range between 50-800 um [123]. As shown in the next Figure 16, the design

limits are exhibited with the red lines.
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Figure 16. Design limits for Tetrahedron topology [124]

However, for the Octet truss lattice type, the limits for designing were 400-800
um for the size of the pore, 50% for the porosity and a thickness ranging

between 200-400 pm, as shown in Figure 17.
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Figure 17. Octet truss design limits [124]

Generally speaking, titanium implants optimized via lattice structures for a
better bone ingrowth should have special shape and dimensions of pores
because all of that affect the osseointegration properties of the implant [125].
Researchers usually try finding the optimum combination between the pore
size and the strut thickness to produce implants having a certain porosity level
that facilitates the osseointegration; hence boosting the fixture of the implant
into the bone. Based on the literature concerning the implant osseointegration
levels, the best results for bone ingrowth with lattice structures in use can be
achieved with the following ranges 500-750 um, 200-500 pum, and 50-90%, for

the pore size, strut thickness, and porosity, respectively [126].

Yet, there is no clear set of parameters for an optimum pore size. This is
because of the fact that for every type of bone in the body, there exists certain
biomechanical properties. Thus, every type of unit cell should be inspected to
be in the optimum pore size that will produce an implant structure that

matches that specific bone.
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2.5 Additive Manufacturing (AM)

Additive manufacturing is a method of manufacturing during which the raw
materials like plastic, powder, or metal are layer-by-layer deposited to build the
3D model up from a Computer Aided Design (CAD) model. This technique
differs from the conventional manufacturing methods that depend on removing

materials out of the raw materials to get to the required shape [127], [128].

Applications of AM have been enormously increasing in the orthopedics field.
Many biomedical devices, tools, implants, and prosthesis have been
manufactured using AM techniques. AM has gained this wide-spread usage
with manufacturing due to its ability to manufacture complex shapes with high
precision. It provides a very flexible solution in the orthopedics field where the
desired shape and size for the implants can be manufactured as per demand,
and it can help create any customized design no matter how delicate and
complex it is [129]. This ability comes from the fact that AM uses layer-by-layer
building of the geometry of the model under manufacturing. Moreover, using
AM with expensive materials and alloys such as titanium alloys can save cost to
a high extent. AM can be described as a method that facilitates the surgeon’s
work and increases the success rate, not to mention that it provides a great

patient-specific implant with unlimited geometric freedom [130].

The AM, however, has many techniques to handle the manufacturing process.
Much research has been done in order to select the suitable AM technique for
the type of materials used in the orthopedics field. Power Bed Fusion PBF
methods and techniques, such as Electron Beam Melting (EBM), Selective Laser
Melting (SLM), and Direct Metal Laser Sintering (DMLS), are a good match for
the manufacturing of implants of titanium alloys, and that is due to the high
quality direct manufacturing method they use [131]. Liu tried to compare three
AM techniques: selective laser melting SLM, directed energy deposition and

electron beam melting (EBM) (SLM) and (DED) proved able to produce
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structures that have 100-200 MPa higher yield and tensile strength when in
comparison to EBM [132]. Two main AM techniques are discussed within this
thesis, the SLM process since it is one of the most used techniques with metal
biomaterials, and the DMLS since it is perfect to use with lattice structures
made from titanium alloys and was used hereafter within the research done in

the field.

SLM was first developed for laser technology in Germany in the 1990s [133],
and has been adopted in many industries due to the ability to manufacture fully
dense and functional products directly from metallic materials without the

need for an intermediate binders or any additional processing methods [134].

Within the SLM process, a film of powder is spread on the build substrate.
Then, the laser beam melts the powder following the shape to the desired
geometry. In the next stage, a recoater applies the next film of powder using the
already solidified part as the new basis. Because of the short reaction time
between the laser beam and the powder, the cooling and heating ratio are high
within the SLM process. The mechanical properties of components made by the
SLM are totally different from those manufactured using the conventional

methods due to the difference in manufacturing principle [135].

The development of AM has one main goal, and that is to fabricate three-
dimensional complicated products directly from metallic powder via the CAD
model. The laser sintering technique is one of the manufacturing techniques
that is able to create metallic prototypes. There happens to be two types of

laser sintering techniques that can process metallic powders via sintered laser:

The first one: Indirect laser sintering which is a technique that is not widely
used with industrial applications due to the necessity of post-processing
procedures needed and for the fact that most products manufactured with this

method have a relatively low-density.
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The second technique is the Direct metal laser sintering: which can be defined
as a new additive manufacturing technique based on laser, and it was
developed by the Rapid Product Innovation (Rusko, Finland) and EOS GmbH
(Munich, Germany). DMLS is a developed laser-based manufacturing
technology that uses data from a 3D designing software in order to build a
component using layer-by-layer solidification. The process is initiated with the
application of a thin layer of metallic powder on a platform called the building

platform.

As exhibited in Figure 18, a high-energy laser beam scans the pattern described
by the designer. The beam fuses the powder with the laser optic after each
layer is executed. At the same time, the building platform continues to lower
and the recoater spreads the powder on the platform thereafter. The DMLS
technique operates with liquid-phase sintering to create a bond among the
particles [136]. The flexibility of the feedstock and the shapes it produces can
offer a suitable solution for producing complicated parts with comparison to

the traditional methods [137].
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Figure 18. schematic graphic of DMLS process [136]
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Figure 19 shows some of the parts manufactured using DMLS technology.

© | d)

Figure 19. Parts manufactured via DMLS. a) hip implant, b) skull plate, c) Ti knee
implant, d) rendered Drill guide to support stability in bone geometry [136]
As can be seen, the additive manufacturing techniques have facilitated the
manufacturing of lattice structures. In our research, 3D-printer that uses DMLS
technology was used to manufacture the designed specimens and implants for

lab verification.

2.6 Finite element analysis in biomechanics

Due to the extremely large expenses that come with the using methods of
additive manufacturing, the need for simulating the design results was a big
necessity. Especially for the lattice structures complex design, and to avoid

extra time and cost with manufacturing the implants of the body and then
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experimenting on them and then applying the changes with the redesigning
process, Finite Element Analysis (FEA) stepped in to help explore the behavior
of the lattice-structured design which helps reduce the time in the

manufacturing process and the costs of the prototype manufacturing [138].

FE can be used to simulate the real laboratory reaction of lattice structures and
view the initial insight into the designed implant behavior. However, many
studies confirmed that there would be a deviation when comparing between

the laboratory tests and the simulated computerized results.

FEA has been of useful assistance to biomechanical designers where it helped
define the critical regions of fractures, fatigue, strains, and mechanical stress
that all can affect the longevity of the hip implant. Another crucial advantage of
the FEA is that it can give an accurate estimate on the number of cycles a hip

implant can bear before failure or yield [139].

Despite the fact that results might have some error between the real-life
reaction and the computerized simulation, Zheng stated that there exists an
agreement in overall results. His study investigated many lattice-structured
with various shapes and porosities. The findings offered a prediction on the
biomechanical properties and how the Young’s modulus was affected by the
relative density [140]. Helou et al. investigated the validation of lattice
structures with both the finite element analysis and the experimental
laboratory test. The experiment showed some differences between the two

results [138].

With the help of FEA and the ANSYS software, Ghani [141] was able to calculate
the elastic modulus of lattice structured samples printed with the SLM process.
The study supported the principle of using FEA in the investigation of the

distribution of stress within the three-dimensional model of human implant.
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FEA was also used in an in vivo study on functionally graded lattice structures
where the optimal design for the hip implant topology was created after
estimating the stress behavior related design parameters. The study showed
that the designed hip implant was able to bear the real life loads applied [141].
The FEA supported Gok with the reduction of the stress’ maximum values by
25.89% which were related to multi-lattice structures applied to the hip

implant design.

Over the past few years, FEA has been extensively used to evaluate the
biomechanical and biotribological properties of knee and hip implants
performance under static conditions. Maxian et al. was able to calculate the
contact pressure of metal-on-metal and metal-on-ultrahigh molecular weight
polyethylene hip implants with the use of Abaqus software [142]. Besong et al.
[143] succeeded in predicting the pressure of metal-on-metal contact type of
hip implant with the use of FEA. Kang and Liu [144] estimated the volume of
wear caused with metal-on-UHMWPE in hip implants depending on the area of

contact calculated using the FE method.

In trial to optimize the hip implant, Anthony et el. in [145] tried to perform
FEM simulation on several hip stems. The study aimed to show a comparison of
the von Misses stress between each of the designed stems along with the
displacement. Their study used 3 different materials: Cr-Co-Mo Stainless Steel
SS316L and Titanium alloy Ti6Al4V. The cross sections of the hip implant in the
study were distributed among four different ones: Circular, Elliptical, Trapezoid

and Oval.

Three hip profiles were used in the experiment, for each hip profile, the four
cross sections were tested. The hip implants were bounded and loaded in a way
that imitates the real boundary conditions and loads that the hip implant
usually withstands. The research showed that Ti6Al4V has the lowest stress
values compared to those of CoCr and 316L SS.
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2.7 Implant optimization

Researchers in the orthopedics field have always studied the structure of the
medical implant to be able to achieve better biomechanical properties and
manufacture implants that can match need in the best way. Over the years,
scientists have classified optimization into three different kinds of
optimization: Shape optimization, size optimization and Topology optimization

(TO) [146]

TO can be defined as a mathematical technique that can rearrange flow of
materials in order to achieve the required properties while maintaining the
necessary constraints, and, at the same time, is capable of using the trial-and-

error principle to provide a useful designing tool [147].

In its early stages, TO was used mostly with the mechanical design in the
aviation field in order to optimize the distribution of material on the average
structure [148]. Starting from the 1980s, TO has been considered a useful
technique that can be applied to improve the design of biomedical implants
[149]. In most cases, the results of topologically optimized structures are
complex designs that used to create a big challenge for conventional
manufacturing methods to fabricate. In the current up-to-date AM techniques,
the limitations in manufacturing were overcome, and the number of
topologically optimized orthopedic implants with better biomechanical

properties have increased over recent years.

Within the FEA process, TO offers a developed technique to functionally
improve the mechanical properties by redesigning the material’s distribution
in a specific domain. This distribution is based solely on the loading exerted

and the constrained boundary conditions [150].

In the orthopedics field, the main aim of the majority of research is to improve

the implants into implants that has low strain energy which can be defined as
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the energy stored in a body when certain work or load has been exerted on it
[151]. Li et al. stated that TO can determine whether the element under the
FEA possesses enough stress, and when the answer is no, the element would be
adjusted or removed in order to improve the overall efficiency [152].
Nowadays, FEA software like Abaqus (Dassault Systems, USA), Hypermesh
(Altair Engineering, Troy, MI) and Ansys (Ansys, Inc., USA) are able to perform
the total iterated topology optimization operation using some specialized

algorithms.

In order to prove the manufacturability of the new TO design, the resulting part
was 3D printed. The investigation was a classic example on how TO was moved
from theory into practice and proved that the TO use with the biomedical
implants is of great use [153]. Porous structures were also applied to the local

microstructure according to the TO design with different material’s density.

Topology optimization might impose some complications on the design since it
changes the material’s distribution by editing the material’s flow into the
structure. In order to get the desired porosity out of the lattice structures’
parameters, and since there is not yet any obvious equation that dictates the
relationship between the topological optimization and the parameters, many
trial-and-error experiments are usually done in order to reach to the desired
and/or optimum results when designing a lattice-structured implant. This
conclusion has led to the fact that machine learning (ML) can step to offer some
help in processing the manipulation in parameters since it can handle the
randomness of the designing parameters and their effect on the resultant
structure. ML can also process complex numerical analysis if necessary. Yet, the
only downside of using the ML methods is that it might, sometimes, be time-

consuming due to the complexity in the code [154].

Some trials have been made to apply the ML techniques into the lattice

generation and the results improved efficiency to an acceptable extent. A study
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used the autoencoder for the prediction of the mechanical properties of micro-
lattice structure with the help of an encoder and generated micro-lattices with

the desired mechanical properties by using the decoder [155].

The machine learning regression application was used by Mesut and Fatih
[156] to get the metrics of performance for the heart sound data. They utilized
many classification techniques such as: Decision Trees, Naive Bayes, Support
Vector Machine (SVM). Whereas Nur [157] performed a comparison between
several machine learning models: SVMs, regression models, and ANNs in the
prediction of three output variables. Root Mean Square Error (RMSE), Mean
Square Error (MSE) and R? coefficient were used to evaluate the model’s

daccuracy.

Neural network (NN) technique was also applied to create relationships
between the traditional triangular lattices and their elastic properties for a
better design of architectured anisotropy-tuned lattice structures [158]. NN
was also used to establish data-driven inverse design where the desired
properties to be an input for the model and the output to be the design
parameters of the latticed materials [159]. In order to predict the mechanical
properties of aniso-truss lattices and to help with calculating sensitivity

analysis, NN with single layer was applied to a designing model [160].

In another research paper, 57 samples were collected from various studies, and
a support vector machine (SVR) model was applied to anticipate the
biomechanical properties of lattices. The target properties of designs were the
elastic modulus, porosity, unit cell length and the material’s density. The
investigation generated a model that was able to set the designing parameters

in a way that they produce the required properties required [161].

Guoji et al. used the stress-strain graphs that were obtained from FEM and used
the results as training data for an artificial neural network (ANN) that could

refine the FEM prediction. This study was able to expand the design range of
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the generated lattices with the required properties. They concluded that
heterogeneous lattices with specific responses can be obtained with the help of

deep learning DL methods [162].

Deep learning was also used to generate a reverse design of graded lattices in
order to attain a multiscale design built on two methods, the topology
optimization and the neural networks together. The built system improved
efficiency in time for the creation of high-performing structures with quick
design process that takes up to 2 seconds and was able to prepare a reference
for the TO design of lattices. The study also confirmed that using DL meta-

structure design technique is more rapid than the optimization flow [163]

Three hidden layers were proposed in the deep learning neural network DLNN
technique used with the data. The input layer was represented by the
orientation angle, the diameter, and the struts length. The output layer was of
three nodes with sigmoid function as an activation. The output results were the
specific strength, the Young’s modulus and the ultimate strength. Fifty neurons
composed each of the hidden layers. Hidden layers used the same size based on
the suggestions from [165] because of the convenience it produces when
applying the relative technique. The Activation function was Swish to activate
the first hidden layer, whereas the second and third layers were activated with

a rectified linear unit (ReLU).
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Chapter 3: Mechanical properties of Ti6Al4V
3.1 Experiment setup

The mechanical properties of the Ti6Al4V are important to be defined in order
to guarantee accurate results in both the simulation and the lab validation. The
most important mechanical property when dealing with a certain material is

the Young’s modulus, i.e. how elastic the material is.

The designing software used in the experiment is the ANSYS software version
2020 R2 (Canonsburg, PA, USA). Ansys SpaceClaim was used for the CAD design
of the models, and Ansys Workbench was used for the static simulation of the
compression test. 3D-printing of the specimens to be used in this experiment
was performed using EOS M290 (Electro Optical Systems, Munich, Germany)
machine that uses direct metal laser sintering technique. The machine is
equipped with a laser head type Yb fiber with 400 W power. The focal diameter
of the machine is 100 pm whereas the scanning speed is 7 m s'1 [166]. Mitutoyo
digital caliper with a precision of +0.02 mm was the main measuring tool to

precisely check the heights and diameters of the specimens.

The compression test was performed using INSTRON 8801 servo-hydraulic
fatigue testing machine as per ISO 13314 Standard. A video extensometer
device was installed on the testing machine that was equipped with a high-
resolution camera in order to register any change in the displacement
throughout the experiment. The chemical composition of the TI6Al4V alloy

used in the research’s experiments is shown in Table 1.

Table 1. Chemical composition of Ti6Al4V

Chemical composition

Element percentage %
Al 5.50-6.50
\% 3.50-4.50
0 0.13
N 0.05
C 0.08
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H 0.012

Fe 0.25

Y 0.005
Other elements each 0.1
Other elements total 0.4

A quick experiment was performed in the lab in order to determine the exact
Young’s modulus that the specimens have after being 3D-printed. Three
cylindrical samples were CAD designed and then 3D-printed, as shown in

Figure 20, using the same titanium alloy.
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Figure 20. Specimen for compression testing

The samples were then tested on compression and finite element analysis was
performed with the use of Ansys software to validate the results through the
comparison between simulative and laboratorial results. The reason behind the
extra check with this experiment is to determine the exact Young’s modulus of
the material being dealt with. If the nominal value is inserted in the software,
then the laboratory value of the material might be different, and that is due to
the 3D printing accuracy, quality, and the material’s quality. Young’s modulus

was calculated with Equation 2.

E=- (2)

Where E is the young’s modulus in MPa, o is the stress which resulted from the
force over the area of the sample’s cross section. ¢ is the strain resulted from

the change in height of the sample. In the FEM analysis the stress and strain

48



values were calculated through the Ansys Workbench software, and in the
laboratory, the same variable values were extracted from the compression
machine. The compression test was performed with a loading speed of 1
mm/min. The test was monitored also using a video extensometer which is
provided with a high-quality camera that can detect changes in displacement
all through the compression experiment. Figure 21 shows the compression test
set up and the FEM process parameters.

A: Static Structural
Static Structural
Time: 1. 5
25/05/2022 15:48

A Force: 10000 N
[B] Fixed Support

Figure 21. a) Compression test, b) FEM
3.2 Compression test results

Using the video extensometer, the strain values resulting from the applied
displacement were registered throughout the experiment. As for stress values,
they were calculated using the reaction forces registered by the testing

machine. Figure 22 shows the stress-strain values for all specimens.
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Figure 22. Stress-strain values

As per the graph above, Young’s modulus average result is 106247 MPa, which
is 6% deviated from the nominal value that is 113800 MPa.

3.3 FE analysis results

In order to perform a comparison between the simulative compression test and
the lab experiment, the Young’s modulus calculated in the lab experiment was
applied into the simulation investigation setup. The simulative test was
performed within the elastic range of the material. Mesh convergence analysis
for the deformation results was conducted to guarantee an accurate simulation
process. The deformation reaches a convergence with a change less than 5%.
Figure 23 shows the mesh element size against deformation in the convergence

study.
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Figure 23. Convergence study
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Figure 24 shows the stress-strain results for the simulation test. A value of
108151 MPa was obtained for the Young’s modulus which is also close enough
to the nominal value of the Ti6Al4V alloys. The deviation from the nominal
value registered 4.9%. Nominal value, simulative value and the lab value of the

Young’s modulus were shown in the figure as well.
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Figure 24. Stress-strain graph and Young's modulus values

The deviation between the three values can be attributed to many reasons and
can be summarized by the following: The accuracy of the 3D-printing process,
the quality of the 3D-printing process and the quality of the material used.
Young’s modulus defines the elasticity of the material, and since the Ti6Al4V
alloy’s Young’s modulus is still bigger than the bone’s elasticity range, lattice
structures can be implemented into the design to reduce the stiffness of the
material and approximate the alloy’s Young’s modulus to the bone’s range as

will be performed in the following chapters.
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Chapter 4. Designing and manufacturing lattice
structures
4.1 Latticed design

Now that the material’s stiffness is defined accurately, and before the complete
implant is designed, three types of lattice-structured specimens are to be
created for the next phase of compression testing. Before moving on to the
compression tests on the specimens, this chapter investigates the shape and

dimensional accuracy of the manufactured titanium lattice structures.

The specimens were designed using SpaceClaim within the ANSYS software
2020 R2. The specimens’ dimensions are 20 x 20 x 30 mm. Within the
SpaceClaim software, two main parameters are needed in order to define the

latticed structure:

e The length between the adjacent unit cell’s centers, or simply, the
length
o The thickness of each beam connecting the unit cells, or simply, the

thickness

The latticing was implemented in the middle volume of the total specimen,
where a 20 x 20 x 20 mm volume will be latticed in order to leave an upper and
lower 5 mm solid volumes that will facilitate the later lab compression test by
being compressed between the machine’s two compression plates. Figure 25

shows the lattice details on the first type of lattice structures.
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Figure 25. Dimensions and lattice details
4.2 Lattice structure’s specimens manufacturing

Latticing was applied to the three chosen types of lattice structures with
parameters that generate similar values of porosity within all types for the sake
of making an accurate comparison between the reactions for all types. Figure
26 shows the three 3D-printed types of lattice structures. The manufacturing
process produced three specimens of each 3D-printed type. The three types of

unit cells are: 3D lattice infill pattern, double-pyramid lattice with cross, and

octahedral lattice 2.
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Figure 26. 3D-printed specimens(a) 3D lattice infill pattern, (b) double-pyramid lattice
and face diagonals, (c) octahedral lattice 2 [167]

The unit cell parameters for the three lattice structures are shown in Table 2.

Table 2. Lattice structure's parameters

Thickness  Length

Unit cell type (mm) (mm)
3D lattice infill pattern 0.7 1.7
Double pyrarpid lattice and 0.7 35
face diagonals
Octahedral lattice 2 0.7 3.8

Figure 27 shows a visualization on the lattice geometry for each type of lattices.

(@) (b) ©)

Figure 27. Lattice structures geometry: (a) 3 Dimensional Lattice Infill Pattern, (b)
Double pyramid lattice and face diagonals, (c) Octahedral lattice 2 [167]
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4.3 Results

The samples’ dimensions were measured, and the masses were weighed. The

average values are shown in the next Table 3.

Table 3. Average measurements of the 3D-printed specimens

Average Average Average .
Unit cell length width height W(El%ht
(mm) (mm) (mm) &
3D lattice infill pattern 19.99 19.97 30.29 26.61
Double pyramid lattice and 19.96 20.03 3024 2834
face diagonals
Octahedral lattice 2 20.04 20.03 30.26 28.44

For the evaluation of the 3D printing outcome, all three types of lattice

structures (3-Dimensional Lattice Infill Pattern, Double pyramid lattice and

face diagonals and Octahedral lattice 2) were reviewed and inspected. After

having measured the dimensions and mass of the specimens, an accuracy check

was performed using the GOM ATOS high-speed scanning system available at

the University of Debrecen, faculty of Engineering, 3D laboratory. The scanning

process performs a precise measurement and detailed resolution via the

structured blue light system [168]. The printed specimens were put in

comparison with the designed CAD files in order to pinpoint the deviation

between the designed and printed accuracy. Table 4 exhibits the comparison

between the measured and nominal data for the three lattice structures.

Table 4. Measured vs nominal data comparison [167]

Specimen Length Width Height Mass
[mm]  [mm] [mm] [g]

Mean (specimens) 19.99 19.97 30.29 26.61

Std. Deviation 0.04 0.03 0.05 0.14
Nominal Mean

(CAD model) 20.00 20.00 30.00 26.93

Error (Nominal, 1 03 029 032

Specimens)
Max deviation 0.080 0.060 0.347 0.510
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Max deviation 0400 0300 1.156 1.894
percentage (%)
3-Dimensional Lattice Infill Pattern
Mean (specimens) 19.96 20.03 30.24 2834
Std. Deviation 0.04 0.06 0.03 0.10
Nominal Mean
(CAD model) 20.00 20.00 30.00 28.70
Error (Nominal, 0.04 0.03 024 037
Specimens)
Max deviation 0.073 0.127 0.273 0.460
Max deviation 0367 0633 0911 1.602
percentage (%)
Double pyramid lattice and face diagonals
Mean (specimens) 20.04 20.03 30.26 2844
Std. Deviation 0.07 0.08 0.06 0.04
Nominal Mean
(CAD model) 20.00 20.00 30.00 29.00
Error (Nominal, 0.04 003 026 058
Specimens)
Max deviation 0.133 0.163 0.333  0.590
Max deviation 0667 0817 1111 2.033

percentage (%)
Octahedral lattice 2

For the first type, the 3D lattice infill pattern, the deviation of the dimensions
was a maximum of 1.15% in the height, while the mass deviation was higher to

1.89%. The printing inaccuracy also caused a decrease in the width and length.

On the other hand, the Double Pyramid lattice and face diagonals type had an
average deviation in the length of up to 0.36% and in the width of up to 0.63%.
Its mass deviation is less than the previous type with a percentage of 1.6%. As
for the Octahedral Lattice 2 type, the deviations are higher compared to the
other two types. Mass deviation was 2.03% of the designed value, and the
dimensions deviation highest value was in width terms with a percentage of up

to 0.8%.

Since porosity results from the change of the hole size which is considered a
major variable in determining the osseointegration rate, the porosity values
were calculated, using Equation 3, for each type of specimen under

investigation.
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Where P is the porosity, V) s+ice is the latticed structure volume, and Vj,, is the
volume of the total bulk block. Table 5 shows the porosity calculation and the
variance between the nominal and real values. The highest deviation in the
porosity values was of the Octahedral lattice 2 where the scored deviation was
2.93% from the nominal value. The rest of the types, however, showed a close
percentage of around 2% in maximum.

Table 5. porosity values, deviation vs real values

3D Double
. Lattice pyramid Octahedral
Specimen Infill lattice and lattice 2

Pattern face diagonals

i\)/[oerf;ity(specimens) % 75.18 70.39 7023
Std. porosity % 0.37 0.23 0.16
Nominal porosity % 74 69 68.4
Error 1.183 1.394 1.835
Deviation percentage %  1.60 2.02 2.68
Max deviation 1.72 1.74 2.00
Max deviation 33 2.52 2.93

percentage (%)

Figure 28 shows the deviation and the relative error for dimensions, masses,

and porosities of the printed specimens.

57



58

20

195

185

32

30

28

26

24

22

20

18

30

28

26

24

22

20

23[34

20.04 . X
19.99 19196 19.97 20103 20.03

Average Length [mm] Average Width [mm] Nominal Length, Width (mm)
a
30.29 30.24 30.26 30
I I I
Average Height [mm] Nominal Height (mm)

29
2844 i
| l
]

Mass [g Nominal Mass (g)



88

75118 74

7039 7023

Average Porosity (%) Nominal Porosity (%)
3D lattice infill ~ Double Pyramid lattice and face diagonals ® Octahedral Lattice 2

d
Figure 28. The deviation in values between CAD design’s dimensions, masses,
porosities and the printed specimens’. a) variance in Length, width, b) Variance in
Height, c) Variance in mass, d) variance in porosity [167]
Figure 29 shows the results of scanning the specimens. Areas in green
represent the inappropriate distribution of material, whereas areas in red color
mean the density of material is higher than normal, and areas in blue color
represent the low density or loss in material’s distribution. Due to the direct
relationship between the 3D-printing accuracy and material’s distribution, the
figure lists the dimensional accuracy next to the areas of material’s distribution
for a clearer comparison along the height of the specimens. The range for

accuracy on the height axis varies by a unit of £0.15 mm.

As seen in Figure 29, there are some fluctuations on the Octahedral lattice 2
that totally supports the results of accuracy on its dimensions, where the
complexity of this type’s shape played a significant role in producing, to some
extent, inaccurate results. Among the three cases, the high level of material’s
distribution is concentrated on the areas of connections between the bulk and

latticed part of the specimen.

59



Figure 29. Scanning results for: a) 3-Dimensional Lattice Infill Pattern, b) Double
pyramid lattice and face diagonals, c) Octahedral lattice 2 [167]
For better results and since the specimens are prepared to go through
compression tests after having been 3D-printed, the heights of all specimens
were leveled using milling machine available at the machining lab at the
engineering faculty, University of Debrecen. The final height for all specimens
was set to 30 mm. The upper and lower surface of the specimens are

completely parallel where equal pressure can be guaranteed.

The study investigated three types of lattice structures to compare their
designed geometries with their manufactured counterparts. For each structure
type, six samples were fabricated using the EOS M 290 machine, which employs
the Direct Metal Laser Sintering (DMLS) process. The key findings of the study
are as follows: the dimensional accuracy in the XY plane was found to be higher
than in the Z direction, which is attributed to the inherent precision of the
printing system. The more complex the printed structure is, the lower the
manufacturing accuracy will be. As the size of the printed object increases, a
decline in accuracy occurs, potentially due to the machine's performance over
prolonged printing durations. For better dimensional accuracy, it is advisable to
use simpler unit cell geometries (e.g., basic 3D lattice infill types). 3D scanning
and inspection revealed inconsistencies in material distribution. These
fluctuations are influenced by factors such as laser scanning direction, laser

power, and scanning speed during the printing process
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Chapter 5: Lattice structures mechanical
properties
5.1 Preparation of the specimens

Since the lattice structure application affects the mechanical properties of the
implant’s design, the purpose of this chapter is to determine the mechanical
properties of the total structure after implementing the lattices into the 3D-
printed specimens. The investigation takes place as a comparison between a
simulative compression test done using FEM and a laboratory compression
test. Effective Young’s modulus values were calculated for all types of lattices in
order to see how lattice structures could help reduce Young’s modulus value to

be as close to the human bone’s stiffness as possible [169].

Four lattice structure types were drawn using SpaceClaim within ANSYS
software 2020 R2. The dimensions of the lattices are 20 x 20 x 30 mm with a
latticed middle volume of 20 x 20 x 20 mm, leaving two 5 mm upper and lower
volumes to ensure homogenous distribution of compression under the
machine’s jaws. Table 6 shows the specimen’s parameters with the porosity

calculations as per Equation 3.

Table 6. Specimen's parameters

Porosity Actual Bulk Beam
Unit cell percentage volume volume  thickness

(%) (mm?) (mm?) (mm)
3D lattice infill pattern 74 2079.17 8000 0.7
pouble pyramid 74 2067.58 8000 0.85

attice with cross
Double pyramld lattice and 71 2313.96 8000 06
face diagonals

Octahedral lattice 2 70 2431.76 8000 0.8
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The four specimen types were manufactured using the same machine in the
previous chapter, three specimens were manufactured of each type of lattices.

Figure 30 shows the four manufactured types of lattices to be used in the study.

(a) (b) (©) (d)

Figure 30. Lattice structures types: (a) 3D lattice infill pattern, (b) double-pyramid
lattice with cross, (c) double-pyramid lattice and face diagonals, (d) octahedral lattice 2
[169].

5.2 Compression test and FE model

After the stage of manufacturing the specimens in preparation for the
compression test, FEM analysis was used to validate the results. A comparison
was performed to find the deviation between the cyber and actual results. In
the compression test an INSTRON 8802 Servo Hydraulic Fatigue testing
machine was used (Instron, Norwood, MA, USA) to perform the test. A video
extensometer of type INSTRON AVE2 with a precision of 0.5% was also used
during the compressing for the purpose of achieving precise measurement

results of the displacement taking place within compression.

For full control over the process, Wave Matrix version 2 software (Instron,
Norwood, MA, USA). To enhance the monitoring of the displacement happening
on the specimens, the upper and lower bulk parts (5 mm thickness) of the
specimens were marked with two white dots where they represent a reference
for the video extensometer to be able to measure the strain. The displacement

rate applied during the experiment was set to 1 mm/min. The maximum force
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applied during the test reached up to 15kN in order to keep the results of the
compression within the elastic range of the Ti6Al4V alloy used to print the
specimens. There was no lubrication used during the experiment because of
the fact that a very small sideways movement was anticipated. The total
number of compression experiments was twelve quasi-static tests for three

specimens of each type of the four lattices. Figure 31 shows the testing setup.

Figure 31. Compression test setup [169]

As a validation method, the FEM was performed with the help of ANSYS
software R2 version 2020 (Ansys, Canonsburg, PA, USA). A complete simulation
was performed with the same conditions mentioned in the laboratorial
compression test. The loading force was 15 kN to be applied on the upper
surface of the specimens. A fixed support was assigned on the bottom surface.
The initial mesh default size was set to 2 mm. After performing a mesh
convergence study as shown in Figure 32, the latest mesh size was set to 1.5
mm, which achieved a change of less than 1% for the average of all three types.

With the applied mesh, the number of the elements reached a range between
63



500,000 and 700,000. In the Ansys software settings, the material’s properties

were set as described in the previous material’s table 2.
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Figure 32. Mesh convergence study [169]

Figure 33 shows the simulation boundary and loading condition, taking into
consideration that all types of unit cells underwent the same parameters and

conditions of the process of the compression test.

Force: 15000 N
Fixed support

[

Figure 33. Simulation settings [169]

Stress-strain curves were drawn for the compression test results and each
specimen’s type was evaluated. As mentioned above, the compression was
performed within the elastic region of the material, thus the relationship

between stress and strain is completely linear.
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5.3 Results

The results for laboratory compression tests are shown in the next Figure 34.

Young’s modulus was calculated and shown on the graphs.
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Figure 34. Effective Young’s modulus: (a) 3D lattice infill pattern, (b) double-pyramid

lattice with cross, (c) double-pyramid lattice and face diagonals, (d) octahedral lattice 2
[169].

As a main result of the research, the stiffness of the structure was reduced to a

range of 80-90% with the application of latticed optimization. During the

experiments, the load applied on all the types was of the same value, and since

they all have the same area under the load, the stress will be the same for all

types. The difference in value of the Young’'s modulus among all the types can

be explained by the change in the strain values, which comes due to the fact

that the reaction against the load for each type was unique and differs from the
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other. The “Octahedral lattice 2” type showed the highest value of Young's

modulus which nominates it to be the stiffest type among the other types. On

the other hand, the lowest value among the structures was for the “Double

Pyramid lattice with Cross” type.

Figure 35 shows the results of the FEM analysis for all types of lattice

structures, whereas the deviation between the laboratorial results and FEM

results was shown in Table 7.
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Figure 35. Young’s modulus FEM. (a) 3D lattice infill pattern, (b) Double pyramid lattice
with cross, (c) Double pyramid lattice and face diagonals, (d) Octahedral lattice 2.

Table 7. Deviation in Young’s modulus values between numerical analysis and

laboratorial results

Effective Young’s
Modulus (MPa)

Cell type

Effective Young’s

Modulus (MPa) Deviation %

(measurement) (numerllcal
analysis)
3D lattice infill pattern 8676.67 9592.9 9.6
Double pyramid 7734.60 8356.4 7.4

lattice with cross
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Double pyramid lattice and

: 8332.00 9260.1 10.0
face diagonals

Octahedral lattice 2 10889.67 11719 7.1

The deviation detected among the structures’ Young’s modulus reached up to
10% in the maximum case that happened at the Double Pyramid lattice and
Face Diagonals. The reasons behind such a deviation might be related to one of
the following results: The quality of the 3D-printing, the quality of the metal
powder used within the printing process, the accuracy of the 3D printer and

the compression test accuracy considering how accurate the machine is [169].

After examining these four lattice structures types with the focus on their
linear elastic behavior within the compression tests, FE analysis was used to
perform a validation of the experimental results. Based on the results, each
type of lattice demonstrated a mechanical behavior that is suitable for specific

type of the human bone in the hip implant area.

“Octahedral lattice 2” exhibited a high Young’s modulus value of 11 GPa, which
is close to the average modulus of mixed cortical /trabecular bone in the upper
femur area that usually has a stiffness range of 10-12 GPa [170], [171]. The “3D
lattice infill” and the “ Double pyramid lattice and face diagonals” presented
average values of 9 GPa, which is ideal in range for proximal femur cortical
modulus where it can support the structural regions [171], [172]. The “Double
pyramid lattice with cross” showed a low Young’s modulus with a value of 8
GPa, which matches the compressive properties of the femoral head’s
trabecular bone in areas that require shock absorption [173], [174], [175]. This
reduction in hip implant material’s stiffness is crucial to align the implant’s

stiffness more closely to that of natural bone.
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Chapter 6: Surrogate model Development
6.1 Lattice type selection

As mentioned previously, the Young’s modulus for the Ti6Al4V material used in
the research was measured in our previous article. According to the lattice
structure kinds that were numerically examined and validated via compression
tests to reduce the Young’s modulus of the implant structure with the lattice
structure application, the studies showed that every lattice structure type was

specifically suitable for a certain type of implant to be inserted into the body.

However, the 3D lattice infill type was found to be a good choice for the hip
implant optimization [169]. In this case study, the parameters for the lattice
structures were chosen to be 0.6 mm for the length and 0.4 mm for the
thickness, and since this is different from the parameters in the previous
Young’s modulus calculations, a numerical calculation for the Young’s modulus
and Poisson’s ratio were performed in order to continue the FE simulation with
the new suitable values. These parameters resulted in a porosity of 61% which

helps enhance the bone ingrowth as proven in [124].

6.2 FE analysis setup

For the calculation, a rectangular specimen with 20x20x30 mm dimensions
was designed in ANSYS SpaceClaim software version 2020 R2 (Ansys,
Canonsburg, PA, USA), and the middle part of the specimen was latticed as 3D
lattice infill type. A simulative compression test was executed using 2300 N
force as stated in the hip implant testing standard 7206-04:2010 [176]. The
fixed support was set to be on the lower part of the specimen. Patch-
independent mesh method was applied to the latticed section with element
size of 0.4 mm minimum. Element nodes were 248687 nodes, and the element

number was 774817. The test setup is shown in Figure 36 below.
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. Force: 2300 N

o m

Figure 36. Compression setup for 3D Lattice infill type [177]

Using the stress-strain graph, Figure 37 below shows the resulting value for the
Young’s modulus of the 3D lattice infill. The graph results in a Young’s modulus

value of 23022 MPa.
3D Lattice infill

y=23022x

Stress MPa
N W A g o

-

0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003

Strain

Figure 37. Young’s modulus of 3D lattice infill [177]

In Figure 38, the calculations of Poisson’s ratio are shown via the numerical
compression test of 3D lattice infill unit cell. The same size of cell was used to

fill a specimen of 10x6x6 mm.
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Figure 38. Poisson’s ratio compressive test setup [177]

Longitudinal and lateral strain were measured so the Poisson’s ration can be

calculated using Equation 4.

&cs
€L

(4)

Where ¢ is the cross-sectional normal strain and ¢; is the longitudinal normal

strain. Table 8 shows the value of Poisson’s ratio.

Table 8. Poisson’s ratio result

Lattice Longitudinal strain Lateral strain Poisson’s ratio

3D Lattice infill type 0.1001 0.0384 0.384

Ansys SpaceClaim software version 2020 R2 (Ansys, Canonsburg, PA, USA) was
used to design the hip implant following the standards of hip implant
designing specifications ASTM F2033-12 [178]. Figure 39 shows the parts of
the hip implant to be tested numerically. The implant is to be immersed in a

resin base, and the middle stem will be filled with lattice structures.
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Figure 39. Hip implant [177]

In order to have as close as possible results between the finite element model
and the lab compressions to be done, the Young’s modulus of the resin to be
used in the laboratory test was calculated using a compression test with the
Instron 8874 testing machine (Instron, Norwood, MA, USA). Cylindrical
specimens were made using the same resin mixture to be used in the test of the

implant.

The machine is provided with a built-in computation system that could
generate the values of the samples. Figure 40 a and b show the resin specimens
and the compression test setup. The test considered the elastic region of the
sample and was performed on three different samples, and the average value of

Young’s modulus was generated.
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a b

Figure 40. a) Resin samples b) compression test setup

The samples were approximately intended to be 15 mm diameter and 13 mm

height, yet the exact measurements are shown in Table 9.

Table 9. Resin samples dimensions and Young’s modulus results

Model San;ple Sarrzlple Sarr?)lple San41p1e Sanslple San61ple ;Zgi%ui
(MPa)

Diameter (mm) Height (mm)
1 1534 1535 1538 13.77 13.79 13.71 1104
2 15.35 1537 1537 13.78 13.78 13.83 958
3 1542 1536 1542 13.73 13.79 13.73 864

Average 1537 1536 1539 13.76 13.79 13.76 975.33

The average Young’s modulus for the resin is 975.33 MPa, this value will be
dealt with along the upcoming tests and simulations.

In Table 10, the material properties for each part of the experiment are shown.
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Table 10. Material's properties for FEM [179]

Material Young’s modulus MPa  Poisson’s ratio Applied to
, Hip implant’s parts
. Ti6AI4V 106247 0.34 except for the latticed
(Ti64 grade 23)
part
Lattice structure
surrogate part 23022 0.384 Latticed part
(measured)
CoCrMo 220000 0.35 Femoral head
316Steel 190000 0.26 Pressure plate
Resin 975.33 0.31 Base

3D lattice infill type was applied to the middle stem of the implant design
where three different designs were created with 1, 2, and 3 mm shell of
thickness. Figure 41 shows the application of lattice structure into the bulk hip

implant.

J Latticed middle
part of hip stem

S |Bulk|mplant| | 1 mm shell | I 2 mm shell | | 3 mm shell I

Figure 41. Application of lattice structure to the hip implant [179]
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FE analysis was conducted to perform simulation of the latticed hip implant
response under in vivo conditions. The compression testing was set up in
accordance with ISO 7206-04:2010 [176], regulating the proper force
application, the implant angles and the immersion depth into the resin base.
The testing conditions are illustrated in Figure 42. As per the standard, a 2300
N force was applied vertically on the compression plate with a frictionless
connection between the plate and the implant head, allowing unrestricted
sliding along the plate’s lower surface. A displacement constraint was imposed
on the compression plate limiting its movement to the Y-axis only. The fixed
support was set to the resin base, and the vertical deformation was measured

as an indicator of the implant’s deformation.

[z] Remote Displacement
Remote Force

. Fixed support

Figure 42. Compression test of hip implant with relation to ISO 7206-4:2010

For the purpose of reducing both time and computation capacity of the
simulation, a surrogate model was introduced. In this model, the middle stem
part of the implant (the lattice section) was modelled as a bulk geometry while
maintaining the mechanical properties of the lattice structure. The two basic
properties required for the Ansys Mechanical workbench software are Young’s
modulus and Poisson’s ratio. Figure 43 exhibits a cross-sectional view of the
hip designed hip implants, which are considered as surrogate models for the

geometrically latticed design.
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Figure 43. Hip implant's cross-section with surrogate models [179]

The two models, the surrogate model and the geometrically latticed model
were compared to show the optimization of the processing time and

computation capacity.

FE simulations were conducted to evaluate the hip implant’s compressive
behavior using ANSYS Mechanical Workbench 2020 R2 (Ansys, Canonsburg, PA,
USA). The 3D CAD designs were analyzed with taking the in-vivo conditions
into consideration as regulated by the previously mentioned standards. Both
models, geometrically latticed and the surrogate models, were examined

during the analysis.

6.3 Laboratory compression test

For validation purposes, the designed implants were 3D-printed, the 1 mm
shell latticed design was 3D printed to be tested on compression in the
laboratory. The 3D-printing was executed using EOS M290 (Electro Optical
Systems, Munich, Germany) 3D printer. Figure 44 shows an example of the 3D

printed implants. 3 samples were printed to have the average result.
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Figure 44. 1 mm shell 3D printed implant

Hip implant’s compression test standard ISO 7206-4:2010 [176] was followed
within the procedure. Instron 8874 servo-hydraulic fatigue testing machine
(Instron, Norwood, MA, USA) was used during the test. As per the standard, a
2300 N force was applied with a loading speed of 2mm/min and the implant
was held into the resin base with the required angles, where a vice was used to
keep the implant in the right position until the resin has solidified. Figure 45

shows how the implant is held in place using a moving vice.

Figure 45. Positioning implant into the Resin
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Figure 46 shows the implant under the horizontal compression plate with the

numbering system for each implant.

Figure 46. Hip implant compression setup

6.4 FEM results

Since the compression machine usually records the compression plate vertical
deformation, Figure 47 compares the vertical deformation of the plates of the
two models. The legends colored with black represent the absolute vertical
deformation values, while the colorful legends provide insight into the

implant’s overall deformation behavior.
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Figure 47. Compression plates’ vertical deformation, latticed vs surrogate models

Table 11 shows a comparison, in values, between geometrically latticed model

and surrogate model. The deviation range among the results varies between 2-

5% which is an acceptable

range.

Table 11. Vertical deformation results deviation between latticed and surrogate models

FEM

Model

1 mm lattice

2 mm lattice

3 mm lattice

Vertical deformation mm

Geometrically
latticed model

Surrogate model

0.422
0.399

0.462
0.443

0.513
0.498

Deviation %

5 4
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The results were assessed through conducting a mesh convergence analysis of
the vertical deformation in relation to the mesh size that is shown in Figure 48.
The final mesh size of 0.5 mm was selected, and a tetrahedral mesh type with
patch-independent method were applied to the model. A convergence of 5%

was achieved.
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Figure 48. Mesh convergence

Therefore, the surrogate model can be a good replacement of the geometrically
latticed model while still providing accurate results in numerical simulations.
Table 12 exhibits a comparison of the two models with relation to the
computation time and the RAM consumption in the operating system. The
simulations were performed on a computer with four logical processors, four

Intel® cores, and 16 GB installed physical memory (RAM).

Table 12. Deviations in computation results for latticed model vs surrogate model

1 mm lattice 2 mm lattice 3 mm lattice
Model Normal  Surrogate Normal  Surrogate = Normal  Surrogate
model model model model model model
Time (s) 1580 17 7363 20 9683 24
Maximum
Memory 1878 116 1924 124 2293 140
used (MB)
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Using the surrogate model significantly reduces both computation time and
RAM usage, leading to substantial time and cost savings in the simulation
process. The computation time decreased from several thousand seconds to
just a few seconds, while RAM usage was reduced from thousands to only a few
hundred seconds. The surrogate model can help facilitate the simulations
performed on lattice structures where it can generate the resulting mechanical
behavior almost with the same accuracy done on the normal model. Its ability
to reduce computation time and capacity can greatly reduce the cost of the

simulation process.

6.5 Laboratory compression test results

Table 13 compares the vertical deformation values of the latticed model
calculated via FE analysis, with the values obtained from laboratory
experiments for the 1 mm shell latticed implant. The comparison helps
evaluate the accuracy and reliability of the FEM model by monitoring the match
between the two results. The vertical deformation values for all three samples
of the 1 mm implant are averaged and then compared with the value from the
finite element analysis. A deviation of 5% is noticed.

Table 13. Vertical deformation Latticed model FE results vs Lab results

Geometrically latticed  Deviation

Implant 1 Implant2 Implant3  Average model (FEM) %

Lab results

Vertical Deformation (mm)
0.452 0.424 0.450 0.442 0.422 5

The deviation in results between the lab values and the FE values can be
attributed to the following reasons: the inaccuracy of the exact positioning of
the implant in the resin base, the machine error, the complex measurement
setup due to many components participating in the process, and the 3D

printing error.
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Chapter 7: Porosity prediction via machine

learning

A hip implant model was developed with the help of SpaceClaim software
within the Ansys software 2021 R2 version (Ansys, Canonsburg, PA, USA). The
purpose of the study is to improve osseointegration, enhance durability, and
increase the total strength of the implant. Figure 49, a) a wall of 2 mm
thickness all over the transparent part of the implant has been latticed with
three kinds of unit cells b) 3D-lattice infill, c) double pyramid lattice and face
diagonals, and d) octahedral lattice 2.

Figure 49. (a) Bulk Hip implant, (b) 3D-lattice infill, (c) double-pyramid lattice and face
diagonals, (d) octahedral lattice 2

The porosity of the unit cells in the latticed parts of the implants was calculated

for each type using equation 3. The results of the porosity can serve as a

measure to provide an initial evaluation into the implant’s composition and its

biomechanical properties. Porosity range plays a significant role in determining

the optimization process in the hip implant’s design.
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Many scenarios of length and thickness for the lattice structures strut were
applied, and the porosity values were calculated as a result for these scenarios.
They were chosen based on the manufacturing limits and the osseointegration
suitability ranges as stated in our previous work [126]. Table 14 presents the
porosity’s values for each type of unit cell. In order to reach a required value of
the porosity of a certain design of the hip implant, the values of the length and
thickness were manipulated within the effective ranges that can present an
implant with good osseointegration results and, at the same time, considers the
manufacturing limits. All the results were then reorganized and shown as

ranges.

Table 14. Range of porosity’s values and their corresponding values of length and

thickness
Unit cell type Length (mm) Thickness (mm) Porosity (%)
3D lattice infill 1-1.6 0.2-1.5 50-83
Double pyramid lattice and 18-25 0.2-0.6 51-86
face diagonals
Octahedral lattice 2 2-2.7 0.2-0.65 51-87

To help show the arranged input data as a range of strut’s length and

thickness’s values, the visualizing Figure 50 was created.
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Figure 50. Unit cells’ input data

Figure 51 also clarifies the ranges of data in a histogram plot for data.
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Figure 51. Input data histogram: (a) 3D-lattice infill, (b) double-pyramid lattice and
face diagonals, (c) octahedral lattice 2.

For each type under investigation, the data were collected as pairs of length
and thickness of the strut and their corresponding resulting porosity.
Necessary libraries were used in the model, NumPy for numerical operations,
Pandas for data manipulation, Linear Regression from scikit-learn [179] for
linear regression. For calculation of R-square score, r1_score from scikit learn
was imported. To create a 3D plot, Plotly.Graph-obj was also used.
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Data were imported to Pandas in Jupyter Notebook 6.4.5 from a CSV file. Two
features were recognized by the model as “Length” and “Thickness”, whereas
the variable “Porosity” was considered a target variable, and they were stored
in arrays ‘X’ and ‘y, respectively. A linear regression model was formed and

trained using feature array X’ and target variable array ‘y’.

The model was utilized to anticipate the porosity values of the feature space,
which was formed by generating a range of values for Length and Thickness
through NumPy’s linspace function. The process resulted in the creation of
‘length-mesh’ and ‘thickness-mesh’, representing all possible combinations of
Length and Thickness values. Using np.column-stack, the feature space was
created by combining these two meshgrids. Subsequently, the model predicted
porosity values for the feature space, which were then reshaped to match the

shape of meshgrid in ‘porosity-pred’.

The model’s accuracy was assessed with the help of R-squared score by
comparing predicted porosity values for the original ‘X’ against the actual
porosity values ‘y’ and accordingly computing the R-squared score. Results
were presented using 3D plot with Plotly, a Python library used for data
visualization. The model was run for three cases for three sets of learning
points with each set having a different number of learning points. The aim was
to approximately find how many learning points are needed to build an
accurate machine-learning model that can predict reasonable and effective

porosity values.

In each case, a separate machine learning model was created for a third of the
data, then two-thirds, then all learning points. The numbers for each set of

learning points can be seen in Table 15.

Table 15. Numbers of learning points

Unit cell type Case 1 Case 2 Case 3
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3D lattice infill 27 54 81

Double pyramid lattice and
face diagonals

Octahedral lattice 2 18 35 54

18 35 54

The machine learning models were done with good accuracy for all types of
lattice structures. Table 16 exhibits the accuracy values for all types. When
checking the accuracy levels in each case, it is clear that a good accuracy level
can be reached out of 81, 54, 54, learning points for 3D lattice infill, Double

pyramid lattice and face diagonals and Octahedral lattice 2 respectively.

Table 16. Accuracy values for lattice types

Unit cell tvpe Casel Case 2 Case 3
yP Accuracy (%) Accuracy (%) Accuracy (%)
3D lattice infill 98 96 96
Double pyramld lattice and 08 98 99
face diagonals
Octahedral lattice 2 98 99 99

Figure 52 shows the model results where actual porosity values are shown as
scattered blue points, and the predicted porosity values for the feature space

are shown as color-graded surface plots.
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Figure 52. ML models

The models’ accuracy for all models was also shown in Figure 53 using

regression lines to visualize how accurate the models were.
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Figure 53. Prediction True vs Predicted

The higher accuracy the model shows, the more efficient and productive the
process will be for predicting porosity and saving time and effort by avoiding
trial-and-error process to reach the desired optimum porosity for a specific hip
implant design. Double pyramid lattice type and octahedral lattice type
presented more accurate results, and that is due to their inner structure being
easier to predict and more mathematically conforming than the 3D lattice infill

type. However, the accuracy level was over 96% for all three types, which is

considered acceptable.
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Chapter 8: Hip implant stem database
8.1 Introduction

The MATLAB regression learner app is an interactive tool provided by MATLAB
to enable users to train, validate and compare the regression models without
the need to write the actual code themselves. It is classified as part of the
Statistics and Machine learning toolbox in the MATLAB application. Data can be
imported into the app, and then the feature selection can be performed,
multiple regression models can then be trained. The performance evaluation
can be executed with metrics like RMSE, R-squared, and MSE. Subsequently,

predictive models can be developed quickly and visually.

Several regression algorithms are used in the Regression learner app where a
comparison in results can be shown quickly after calculation. The algorithms
can be categorized into: Linear models such as Linear Regression Interactions
Linear and Robust Linear, SVMs like Linear SVM Quadratic SVM and Cubic SVM,
Decision trees like Fine tree Medium Tree and Coarse Tree, Ensemble models
like Boosted Trees and bagged Trees, Gaussian Process Regression (GPR) like
exponential GPR Squared Exponential GPR and Rational Quadratic GPR, Neural
Networks like Narrow NN Medium NN and Wide NN [180].

The Regression learner app is, therefore, an ideal tool for our research in order
to easily prototype and evaluate a wide range of regression models and make a
comparison to choose the best machine learning method for accurate

prediction results.

Since the main goal was to develop a predicting model that could give the
outputs that defined the mechanical behavior of the latticed hip implants, only
one size of hip implant was used, where in the future studies, the model could

be generalized to include more than one size of latticed implant.
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8.2 Hip Implants data preparation from FEM

Following our work described in Chapter 6, after designing the latticed hip
implants with three variations: 1,2 and 3 mm of latticed structures as shown in
Figure 41, the implants were tested numerically using the ANSYS software R2
version 2020 (Ansys, Canonsburg, PA, USA). In order to simulate the exact
loads exerted in vivo on the hip implant, Bergmann [181] loading instructions

were followed throughout the simulation.

In our case, the stumbling case was taken into consideration where the highest
loads take place on the hip implant. In Figure 54, the hip implant

accommodation inside the femur is shown.

-y

Figure 54. Hip implant accommodation in the femur

The hip implant’s loading condition based on Bergmann’s standard are shown

in Figure 55.
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Figure 55. a) Forces and b) resulting moments, acting on the hip implant [182]

Force values were also calculated based on the same standard where
Bergmann stated the values as a graph relative to the person’s weight. Table 17

shows the calculated forces acting on the hip implant.

Table 17. Force values

. F F F E
Weight X-axis Y-axis Z-axis Total

N T T ) R )
60 1764 588 4704 5058.5

90 2646 882 7056 7589.3
120 3528 1176 9408 10104.3

These values of forces were applied for each variation of the hip implant with
the three shell volumes. Figure 56 shows the simulative compression test
conditions and the application of the 60 kg case of forces in the numerical
study with reference to Bergmann’s loading instructions. Since the femur is the
fixed support as a constraint in the simulation, it was replaced with a cylinder

to make the selection and calculation process easier.
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Figure 56. Forces acting on hip implant in stumbling case

Young’s modulus values were calculated for 6 cases of Lengths and thicknesses,
and then these values were applied to the 1- and 3-mm shelled thickness
variations of hip implants for three weight cases of 60, 90 and 120 kg. The
design parameters for the input data are taken according to the following
ranges:
L(mm) € (0.4,0.6,0.8), T(mm) € (0.2,0.4,0.6),
S (mm) € (1,2,3),W(kg) € (60,90,120),
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where L is the unit cell length, T is the unit cell thickness, S is the latticed shell
thickness and W is the weight of the patient. L and T diemnsions were chosen
based on medical guidelines so that the cell size helps osseointegration. The
choice of shell thickness is based on the dimensions of the implant stem.

Once gathered, a total of 81 cases, the data were organized in a table and then
imported into MATLAB version R2024b (MathWorks, Massachusetts, USA) and
the Regression learner application analysis was applied on the data

considering the L, T, S and W as inputs and the w4y, Omarand U as outputs.

A separate regression learner model was developed for each resulting output
due to the complexity of developing a single model to generate all the results.
80% of the data was used as a training set and 20% was used as a testing set.
Cross validation scheme of 10 folds was applied to the data to avoid overfitting.
In order to evaluate the accuracy of the prediction models, RMSE and R-
squared values were checked for each model. Table 18 shows the FE calculated
outputs for the mentioned ranges of lengths and thicknesses and according to

the weights.

Table 18. FE calculated outputs values of the learning and testing points

Input output output output
L T S W umax omax U

(mm) (mm) (mm) (kg) (mm) (MPa) (Nmm)
0.4 0.2 1 60 1.067 418.488 7.269
0.6 0.2 1 60 1.151 418.490 7.269
0.8 0.2 1 60 1.245 418.492 7.269
0.4 0.4 1 60 0.936 418.484 7.269
0.6 0.4 1 60 1.000 418.486 7.269
0.8 0.4 1 60 1.116 418.489 7.269
0.4 0.6 1 60 0.891 418.483 7.269
0.6 0.6 1 60 0.979 418.485 7.269
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8.3 Regression learner results

The regression learner application trained all kinds of models and showed the
RMSE and MSE results for the validation and test set results. The four best
results in terms of RMSE and R-squared value for total displacement Umax is
shown in Table 19. Wide neural network performed the best in both training
and testing based on the RMSE value, which proves good generalization. The

model also scored high R-squared value which explains the variance in the

data.

Table 19. Evaluation of the Total displacement prediction model

Model RMSE R-squared
Training Test Training Test
Net‘\f\;"iﬁeﬁ\}’;rk 0.26 031 0.96 0.96
Nfﬁzzllﬂit‘gﬁgk 0.30 0.34 0.95 0.93
g;‘far;lei‘;t";fﬁ; 0.40 0.42 0.91 0.90
Gaussian Process Regression 051 0.62 085 0.76

(Matern 5/2 GPR)

While in Table 20 the best models for stress von Mises prediction are shown.
Gaussian process regression with squared exponential type showed the lowest
error values, and a good R-squared value, proving the best reliability.

Table 20. Evaluation of the Stress von Mises prediction model

Model RMSE R-squared
Training Test Training Test
sl s 153 0m oo
Cousstan ProcessRegression 1464 1595 09 0%
Neural Network 1835 3407 0.99 095

(Trilayered NN)
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Tree

(Fine tree) 20.69 47.77 0.99 0.90

Table 21 shows the best four models for total strain energy, where trilayered
neural networks yielded a low RMSE value and a high R-squared value in both

models, training and testing, which outperformed the rest of the models.

Table 21. Evaluation of the Total strain energy prediction model

Model RMSE R-squared
Training Test Training Test
lgfg{;;gi;w&l)‘ 0.34 1.06 0.99 0.97
gFrienee tree) 0.42 0.88 0.96 0.98
I(\]Vf,‘i‘gzlﬁﬁ)twork 0.42 0.99 0.95 0.94
Neural Network 0.71 0.74 0.93 0.95

(Bilayered NN)

As can be seen from the above tables, various models of neural networks
performed well for each set of data. Figure 57 shows the True vs Predicted

response of the training and testing models for all three outputs.
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Figure 57. True vs Predicted response graph a) Maximum displacement training, b)
Maximum displacement testing, c) von Mises stress training d) von Mises stress testing
e) Total strain energy training f) Total strain energy testing
The models are performing fairly well, however, there is noticeable deviation
for higher true values, especially in stress and total energy cases, which
suggests that models struggle a bit with the extreme cases. Overall, the models
have decent predictive accuracy with moderate variance and a slight bias for

larger values.
For verification purposes, finite element analysis was performed for a patient
weighing 80 kg where the forces and moments were calculated accordingly.

The shell thickness was chosen to be 2 mm, length was 0.4 mm, and thickness
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was 0.2 mm All three output values, deformation, stress and total energy were

calculated via FE. Figure 58 shows the FE calculated results.

G: 2 mm Shell 80 Kg
Total Deformation
Type: Total Deformation

G: 2 mm Shell 80 Kg
Equivalent Stress
Type: Equivalent (von-Mises) Stress.
Unit: MPa

Time: 1

6/13/2025 9:15 AM

Unit: mm
Time: 1
6/13/2025 9:06 AM

] z::;z Max ] 690.03 Max
X | 61336

2317 = 53669
20274 460.02

17378 38335

14482 | 306.68
1.1585 23001
0.86889 153.34
057926 = 76.67

I 0.28963 0 Min
0 Min

E
z

s =

G: 2 mm Shell 80 Kg
Strain Energy

Type: Strain Energy
Unit: mJ

Time: 1
6/13/2025 917 AM
O 10.638 Max
94556
| 82736
70917

59097
L‘ 47278
| 35458

{23639
I 11819
0 Min

i
Figure 58. FE calculated values case 2mm shell, 80-kg patient Length 0.4, Thickness 0.2

The results were compared with the values calculated via the trained models.
Table 22 shows the deviation between the two results. The model generalized
well with accuracy over 90% where it generated results deviating up to 9%
from the FEM analyzed ones.

Table 22. FEM calculated cases vs Trained model calculated case

Regression FEM
model
L T S w Umax Umax Deviation
(mm) (mm) (mm) (kg) (mm) (mm) %
0.4 0.2 2 80 3.094 2.896 6
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L T S W Omax Omax Deviation

(mm) (mm) (mm) (kg) (MPa) (MPa) %
0.4 0.2 2 80 633.270 690.030 9
L T S w U U Deviation
(mm) (mm) (mm) (kg) (Nmm) (Nmm) %
0.4 0.2 2 80 11.651 10.638 9

The generated models were then exported into MATLAB and used to create a
database for almost all possible cases of latticed implants variables. The
calculations took the following ranges into consideration:

L(mm) € (0.4,0.45,0.5,...,0.8), T (mm) € (0.2,0.25,0.3,....,0.6),

S (mm) € (1,1.5,2,2.5,3),W (kg) € (60,70,80,...,120),

This database can be a reference for the surgeon to choose the suitable case for
each specific patient. Models can now predict the behavior of the latticed
implant against real life conditions without having to go through the simulation
or the lab testing. Table 23 shows the first and last fourteen values of the

database for reference. The database is composed of 2835 cases of latticed hip

implants.
Table 23. Hip implant stem database

L (mm) T (mm) S(mm) W(kg) Umax Omax U

0.4-0.8 0.2-0.6 1-3 60-120 (mm) (MPa) (N.mm)
0.4 0.2 1 60 1.067 418.828 7.269
0.4 0.2 1 70 1.919 549.275 10.951
0.4 0.2 1 80 2.576 663.058 18.215
0.4 0.2 1 90 2.836 752.574 24.388
0.4 0.2 1 100 2.775 812.570 25.862
0.4 0.2 1 110 2.482 840.652 27.090
0.4 0.2 1 120 2.134 837.419 29.113
0.4 0.2 1.5 60 1.505 418.465 7.250
0.4 0.2 1.5 70 2.878 542.881 9.014
0.4 0.2 1.5 80 3.945 653.648 15.591
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Chapter 9: Conclusion and Future Work

Over the last decades, hip implant designers have always sought the
optimization of the hip implant design by applying many techniques. The main
aim has always been the quality improvement of the hip implant replacement
process. This dissertation has built a designing chart flow, where the final
result can be a well suitable patient-specific hip implant designed with the
exact needs of the patient and optimized in way that increases the
osseointegration of the hip with the adjacent bone, optimizes the weight and
volume of the implant, and, at the same time, keeps the limits of

manufacturability in consideration.

The main theme of this research has benefited from the lattice structure
properties in order to generate a lattice-optimized hip implant that has the
biomedical properties required by patients, and with the help of machine
learning modules, the properties of the lattice structures can be manipulated,
and the target design’s properties can be anticipated and hence adjusted in the

patient’s favor.

One of the obstacles that face biomedical designers when using lattice
structures to optimize a structure, like the hip implant, is the complexity of the
inner structure of these lattices. This creates the problem of having to wait for
long hours of analysis time even with the use of heavy-duty computers.
Consequently, building a machine learning model that can predict the resulting
properties of lattice-optimized implants can save both the time and cost of such
an optimization. In this research, a machine learning model was developed to
expect the porosity of the resulting design based on the length and thickness of
the lattice structures. This can help a lot yet building a complete model that can
take many input properties and anticipate all the biomedical properties that

can help designers judge the quality of the resulting implant.
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Another breakthrough was the building a regression model to help generate
the indicators that define the mechanical behavior of the latticed implant which
makes the selection process of the latticed hip implant an easier process for the

surgeons based on the patient’s needs.

Another aim in the near future is to try to build an immediate connection
between designing variables and the ANSYS software, where the APDL Ansys
Parametric Design Language can be connected with the design’s variables and

can be changed in real-time to show and preview the resulting design.
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Theses:

This section shows the dissertation's relevant contributions, and the

publications associated with the work done during the PhD stages.

Thesis 1:

Development of lattice structures to support bone ingrowth and reduce

stress shielding for hip implant stem design

Test specimens with the same porosity, designed using four different lattice
structures (3D lattice infill, Double pyramid lattice with cross, Double pyramid
lattice and face diagonals, Octahedral lattice) and developed for hip implant
placement were printed using additive technology and Ti6Al4V raw material
according to ISO 13314 standard. The cell sizes of the specimens were chosen
to promote bone ingrowth for better fixation. Compression tests showed that
the stiffness of the bulk material can be reduced by 90% using the investigated
lattice structures. With this method, I developed lattice structures whose
stiffness closely approximates the stiffness of the femur, thereby reducing the

occurrence of stress shielding.

This thesis is based on the following publications: (P1), (P5), (P7)

Thesis 2:

Development of a surrogate finite element model for lattice-structured

hip implant stem

Due to the complex geometry, finite element analysis of a hip implant stem
designed with a lattice structure is extremely time-consuming. A surrogate
finite element model has been developed for the hip implant stem to replace
the lattice structures. This shortens the finite element pre-processing and

reduces the computational cost by several orders of magnitude while
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maintaining the calculation accuracy in accordance with engineering practice.
The developed surrogate model enables serial calculations for optimization
tasks to be performed in a manageable amount of time, thus accelerating the

hip implant design process.

This thesis is based on the following publication: (P4)

Thesis 3:
Porosity prediction of lattice structures using linear regression algorithm

Due to the complex design, geometric modeling of lattice structures is
extremely time-consuming. The porosity of structures made of lattices depends
primarily on the choice of the dimensions of the lattice length and lattice
thickness. A linear regression algorithm was used to estimate the porosity of 3
different lattice structures (3D lattice infill, Double pyramid lattice and face
diagonals, Octahedral lattice) as a function of lattice length and lattice
thickness. The applied machine learning model is able to estimate the porosity
of the lattice structure with 95% accuracy without time-consuming geometric

modeling.

This thesis is based on the following publication: (P6)

Thesis 4:

Development of a database for hip implant stem designed with lattice

structure

The study developed a comprehensive database for latticed implant stems, that
includes the applied materials properties, additive manufacturing properties,
cell-specific parameters, cell structure, and patient’s weight. The developed
database enables the simulation of the implant environment to help facilitate

predicting the mechanical behavior of the hip implant. Consequently, the
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proposed system offers surgeons the ability to select patient-specific implant

solutions, yet within certain limitations

This thesis is based on the following publication: (P3)
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