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ABSTRACT

AL ZOUBI, NASER, AL ZOUBI, Doctorate June:[2022],

Doctorate of Philosophy in Materials Science and E

Title: Design Of Fully Porous Functionally Graded Ti-6al-4v Femoral Stem For Stress
Shielding And Implant’s Stability

Supervisor of Dissertation: Prof. Faris Tarlochan.

The main objective of this study is to design titanium alloy femoral stems with
cubic porous structures that will be able to reduce stress-shielding and promote stem
stability. Stress-shielding is one of the factors that contributes toward aseptic loosening,
which eventually leads to the failure of implants. These porous structure designs were
accommodated into the titanium alloy femoral stem as homogeneous and functionally
graded porous structures. First, the cubic cellular structures were simulated under
compressive loading to measure the yield and modulus of elasticity for various porosity
ranges. This allowed the selection of porosity range to design the femoral stems having
stiffness in compressive loading identical to that of an intact femur bone. This was done
to reduce the stress shielding effects. Based on the selected porosity range, fifteen
different arrangements of radial geometrical functionally graded (FG) designs were
developed with average porosities of 30, 50, and 70% respectively. The finite element
models developed with physiological loads presenting three different walking speeds
(1, 3, and 5 km/hrs.), where the average human body weight was assumed. Stresses at
the bone Gruen zones were measured to check the percentage of stress transfer to the
bone for each porous stem design and were compared with the bulk/dense stem.
Micromotion for each design was measured to find the acceptable designs that enable
the bone tissue ingrowth (stability of implant). It was found that stems with 70%

average porosity had similar stiffness to the intact bone. Besides this, the functionally



graded (FG) porous stems tend to transfer higher stress values to the bone compared to
bulk/dense stems for all physiological loads associated with three studied walking
speeds. Micromotion values increased as the porosity and physiological loads / walking
speed increased, creating a constraint on the amount of porosity that can be introduced
in the stem design. Finally, the Fatigue factor of safety of the designed stems was
calculated at the studied walking speeds to find the appropriate designs for hip implants.

Several FG stems designs were shortlisted as recommended candidates for hip implants.
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CHAPTER 1: INTRODUCTION

1.1 Research Background

Osteoarthritis and osteoporosis can affect any joint in the body, but it is more
common in the hip and knee joints which can be secondary to trauma, avascular
necrosis, some metabolic diseases, infection, or alteration of the joint morphology such
as hip dysplasia [1]. Many adults and elderly people with severe osteoporosis end up
with bone fractures, especially hip fractures, due to small falls [2]. There is no curative
treatment for hip joints, and in severe cases, total hip arthroplasty (THA) is the only
choice. Besides this, accidents are another factor for the loss of functionality in the hip
joint due to fractures which are also treated by THA. According to the epidemiological
projections, by 2050 the total number of THA globally will reach 6.26 million [3]. THA
in the USA is expected to increase from 930,575 in 2020 to 1,537,422 in 2050 with an
annual growth rate of 1.7% [4]. The revision of hip replacement surgery after 20 years
varies from 40% for patients less than 50 years old, 30% for ages between 50 and 59
years old, and 15% for ages between 60 and 75 years old [4]. Early hip arthroplasty
revisions with the diagnosis of infection and inflammatory reaction, fracture,
instability, other mechanical complications, and aseptic loosening over the years 2012
to 2019 are 32.5%, 24.3%, 21,7%, 4.8%, and 4.2% respectively [5], [6].

To treat this enormous number of patients, metallic femoral stem biomaterials
like stainless steel, cobalt-chrome alloy, and titanium alloy are conventionally
employed in THA. The stiffness of these materials is 4-12 fold greater than the stiffness
of the bone [7]-[10]. The high stiffness value of the bulk / dense femoral stems in
comparison with femur bone causes numerous complications such as aseptic loosening
and stress shielding which may lead to poor bone ingrowth, stem failure, and

undesirable revision surgery [7]-[11]. The revision rate of THA performed in the



United States is about 6% after 5 years, 12% after 10 years, and 18% between 10 and
20 years of the initial surgery [12]-[14]. The risk of revision surgeries is higher for
young adults (35%), due to an active lifestyle [15], [16].

To treat the THA, initially, the femoral stem was made of stainless steel and its
alloy, especially 316L, was used extensively, However, the usage of stainless steel has
decreased tremendously primarily due to corrosion issues [17]. Stainless steel stems are
replaced by titanium and cobalt chrome alloys, but the recipients of cobalt chrome alloy
stems reported more pain compared with those receiving titanium-based stems [18].
This is because the stiffness of cobalt chrome alloy is almost twice that of titanium
alloy, which promotes stress shielding, a phenomenon that causes loosening of the
femoral stem. Accordingly, in this study, titanium alloy (Ti-6Al-4V) was selected for
the stem material because of its light weight, bio-compatibility, good strength,
corrosion resistance, and flexibility [19], [20]. But the stiffness of bulk / dense Ti-6Al-
4V alloy (114 GPa) is still 6 - 11 times that of cortical bone (10-18 GPa) which may
cause stress shielding. The stress shielding is where the stiffer femoral stem takes more
bodyweight with insufficient load sharing with the femur bone. As a result, the density
of the bone close to the implant starts to decrease [13], [14], [21], [22]. The consequence
of this is aseptic loosening of the stem [23]-[25], which is one of the major factors for
revision surgeries for THA [13], [14].

Due to their inherent limitations, conventional manufacturing of femoral stems
such as casting, and machining is incapable of producing femoral stems with porous
cellular architecture to reduce the stiffness and unique shape for stability. It is also
costly and time-consuming to produce specifically- customized implants for patients
using these traditional manufacturing processes. Introducing cellular porous structures

with different porosities is used to customize the stiffness of the femoral stem for



mimicking the bone properties [7]-[11]. Additive manufacturing (AM) technology
allows the manufacturing of such cellular geometrical structures and provides
flexibility to control the shapes and geometries as needed for each particular patient.
Thus, AM can produce porous stems with the desired stiffness to meet the
biomechanical and clinical criteria for THA [26]-[28] to overcome the aforementioned
problems.

This study introduces a functionally graded porous structure in the radial
direction of the femoral stem. A previous study [29] has investigated longitudinal
functionally graded stems. Hence, to complete the understanding of functionally graded
stems, it is vital to investigate the radial direction. This is important to mimic the
mechanical properties of the femur bone, which is split up into two parts: cortical, and
cancellous (trabecular) bones, and as the mechanical properties of each type are
depending on the mineral density in the mineral matrix, the bone can be considered as
functionally graded in the radial direction. Computational analysis will be utilized here
as it is an accepted means of investigating the performance of implant-related devices
[30]-[33]. These functionally graded structures are designed to have average porosities
of 30%, 50% and 70% in radial layers. A total of fifteen designs were generated and
these designs were subjected to physiological loads mimicking three walking speeds,
namely 1 km/hr., 3 km/hr., and 5 km/hr. The commercially available finite element
software ABAQUS was used to simulate the stems using three different walking speeds.
The stresses in stem layers and proximal bone were calculated to estimate the life of

the stem, micromotion, and stress shielding, respectively.



1.2 Research Problem Statement

Failure of the hip joint is a familiar problem that occurs because of degenerative
diseases such as osteoarthritis and osteoporosis. Osteoarthritis is due to the wear and
tear of arthritis. Obesity can be considered as one of the causes that increases
osteoarthritis among older people. Osteoporosis is the status of the bone when its
density becomes less. It occurs due to a low estrogen level, especially in women, which
can lead to mineral deficiencies (i.e., Calcium), and then the bone density becomes less
with an inactive lifestyle. Also, several types of accidents can cause hip failures, such
as traffic, slip and drop, sports, and other reasons that may cause a strong impact.

Total Hip Arthroplasty (THA) is a surgical procedure in which the injured
femoral head is replaced with a metal femoral stem to reinstate the hip joint
functionality. However, premature femoral stem failure due to stress shielding,
micromotions, and fatigue is the main problem of the available femoral stems that leads
to total hip arthroplasty another time. The stress shielding effect could be avoided if the
elastic modulus of the femoral stem material is close to the femur bone’s elastic
modulus. One of the reasons is the unavailability of manufacturing technology to allow
the manufacturing of functionally graded materials to mimic the human bone’s elastic
modulus.

In this study, a comprehensive investigation for designing lightweight Ti-4Al-
6V alloy femoral stems by introducing porosity of cubic cellular structure that can be
manufactured using additive manufacturing methods such as Direct Metal Laser
Sintering (DMLS). Different fully porous geometrical designs were employed to
generate innovative cellular structures having mechanical properties that are
significantly closer to the femur bone properties using the computation finite element

method. Three-dimensional (3D) finite element models were established to study the



stress shielding, micromotions, and fatigue behaviors of different fully porous
homogeneous and functionally graded (FG) femoral stems presenting various stiffness
arrangements under unique physiological loading conditions associated with selected
walking speeds using commercially available finite element analysis software

(ABAQUS).

1.3 Impact of the Study

Total hip replacement is a common surgery globally. The number of THA may
reach six million globally by 2050. Around 6 — 12% of these patients will need to
undergo revision surgery due to aseptic loosening after 5 — 10 years of the initial
surgery. Aseptic loosening is caused by stress shielding, a phenomenon where the bone
density reduces because the femoral implant takes the body load (stiffer implant). This
phenomenon can be reduced if the femoral stem has stiffness matching that of the femur
bone. One of the ways to achieve this is to introduce porosity in the stem design.
Functionally graded porosity is a viable option to lower stress shielding by reducing the
stem stiffness and density without compromising strength. Besides this, customized
stem geometry can offer the patient the best available solution. The difficulty of

bringing this idea to life is the limitation of traditional manufacturing techniques.

1.4 Objectives of the Study

The main objective of this proposed study is to design, develop, and make ready
to fabricate a lightweight - porous titanium alloy femoral stem from Direct Metal Laser
Sintering (DMLS), with sufficient reduction in stress shielding, micromotion, and
acceptable fatigue factor of safety. This objective is supported by the following scopes:

a) To design fully porous homogeneous and functionally graded femoral stems to

promote stability and a significant reduction in stress shielding.



b) To study the influence of unique physiological loading conditions on the stem’s
micromotion, and stress shielding.

c) To investigate the fatigue behavior of functionally graded and fully dense
Titanium alloy femoral stems at different stress levels associated with different

physiological loading conditions.

1.5 Methodology

The research design and methods were developed systematically by tasks to
address the objectives of this study. There are a total of four (4) tasks in this proposed
study, each explained in detail in the following sub-sections.

a) Design of porous cellular structures to mimic the stiffness of the human
femur bone.

b) Design of the femoral stems with a range of volumetric porosities that
can be grouped under three average porosities, namely, 30%, 50% and
70% with different porosity arrangements in the stem’s radial direction.

c) Performance evaluation of the designed stems under three physiological
loading conditions associated with walking speeds of 1IKm/hr., 3Km/hr.,
and 5Km/hr.

d) Life Cycle Cost Analysis (LCCA) of adopting AM for producing the

proposed stems.

1.6 limitation of the study

a) Bone mechanical properties of the femur are not unique and differ from
one patient to another following the patient’s bone status, geometry, age,

sex, and the mineral availability in the mineral matrix. However, in this



b)

d)

9)

study, the bone (cortical and cancellous) material properties used are
fixed for all cases.

The simplified materials assignment for the stems in the finite element
model is used instead of the actual porous ones, however, the simplified
model is justified and validated, and there should be some deviation in
the results from the accurate ones.

The square pore cellular structure was considered oriented vertically
similar to the designed cubes. It is required during the manufacturing to
have the same orientation within the stem’s structure vs the loading
direction.

This study only focuses on immediate postoperative conditions of the
implanted stems, but the long-term osseointegration and bone
remodelling were not taken into consideration.

The fatigue analysis was done using static loading conditions and fatigue
analysis using dynamic loading conditions was not conducted. This shall
be part of the future work to provide greater accuracy.

The proposed designs were assessed using computation analysis,
manufacturing the proposed designs using additive manufacturing
technology and subjecting the manufactured samples to physical
mechanical testing is desired to compare the results and proper
validation of the designs.

Manufacturing the proposed porous stems using additive manufacturing
methods deems to be sustainable in terms of environmental, social,

carbon footprint, and considerable cost saving.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Osteoarthritis and osteoporosis are degenerative diseases that are quite common
in the world, especially among the elderly. Osteoarthritis, or degenerative joint disease,
IS a process that causes progressive wear and tear on the joint with impaired function
and pain. Osteoarthritis can affect any joint in the body, but it is most common in the
hip and knee. Hip osteoarthritis can occur as a result of trauma, avascular necrosis,
certain metabolic disorders, infection, or changes in joint morphology such as hip
dysplasia. The cause of primary coxarthrosis is unknown, but there are several
predisposing factors such as obesity, family history (genetic background), lifestyle, and
occupation. There is no cure for hip osteoarthritis and hip replacement is the most
suitable option in severe cases. Osteoporosis is a condition in which the bones become
weak and brittle. This is due to the reduction in bone density, which is a normal aging
process. However, for some, this process can be profoundly serious. Many older people

with severe osteoporosis have fractures, especially hip fractures from small falls [2].

However, some teenagers and young adults may suffer from a condition called
hip dysplasia, which is a kind of illness causing a lack of usual development of the hip
joint [34]. One of the consequences of these diseases is loss of functionality and
excruciating pain in the hip joint. In addition, accidents (quite common in young adults)
are another factor in the loss of function of the hip joint due to a fracture. In either case,
in the event of illness and accident, the hip joint must undergo total hip arthroplasty
(THA), a surgical procedure wherein a damaged joint is replaced by artificial

components.



With THA (also called total hip replacement - THR), the damaged hip joint
(bone and cartilage) is taken away and replaced with hip implants (prosthesis). In THA,
the hip joint is removed (the femoral head with its neck is excised, and the acetabulum
reamed) and the joint is replaced with an artificial joint or prosthesis. The prosthesis
consists of two main components, the femoral part (stem and head) and the acetabular
part (cup and liner). Figures 2.1 and 2.2 depict the hip implants as well as the various
components that make up the implant. Most of these implants are made of either a
titanium alloy (highest bio-compatibility) or cobalt-chromium. The densities of these
materials are 2-4 times greater than bone density, making these implants relatively
stiffer when inserted into the femur. The traditional fabrication of femoral stems such
as casting and machining due to their inherent limitations has limited the study of new
hip implants with tailorable stiffness and unique shape for stability. It is also expensive
and time consuming to use these traditional manufacturing techniques to produce

specific and tailor-made implants for patients.

In joint replacement operations such as hip replacement, one of the most
important criteria for success is the need for revision surgery. From the data collected
[12], it has been reported that the recovery rates for THA are around 6% after 5 years
and 12% after 10 years of surgery. According to the epidemiologic projections, by 2050
the total number of THA globally will reach 6.26 million [3]. THA in the USA is
expected to increase from 930,575 in 2020 to 1,537,422 in 2050 with annual growth
rate of 1.7% [4]. There will be 20,000 to 40,000 revision surgeries 5 to 10 years after
the first replacement surgery in the USA alone. As the annual number of THA
increases, revision surgeries also increase [4], [13]. This can be corroborated by the

World Health Organization prognosis that osteoarthritis will be the fourth leading cause



of disability by 2020 due to increased life expectancy [35]. Since osteoarthritis is one
of the contributing factors to THA, it will increase the number of hip replacement
surgeries and the number of revision surgeries. Revision surgeries are expensive and

carry a high risk of complications [36], [37].

Plastic Ca Acetabular

Liner s 5% Component g
LN /

PN ) A

Figure 2.1. Hip prosthetic [Source: http://orthoinfo.aaos.org]

Acetabular Cup ?
Polyethylene Insert )

Metal Femoral Head >

Femoral Stem

Figure 2.2 Components of the hip prosthetic [Source:http://www.tri-

stateorthopaedics.com/total-hip-joint.html]

The hip joint and the femur bone carry the weight of a person. Bone growth and
density depend on load carrying capacity. Wolff's Law is a theory created by Julius

10



Wolff (1836-1902), the German anatomist and surgeon; in this theory, bones adapt to
loads. The load stimulates bone remodeling and becomes stronger over time. When
physical activity decreases, the bone becomes weak [22]. People who exercise have
denser bones than those who do not. The hip joint and femur carry a person's weight.
Due to its function as the main load standing structure of the body, the femoral bone is
very dense [38]. Over time, the density of the femoral bone (proximal femur part
specifically) in patients with hip implants decreases due to phenomena known as stress
shielding [14], [24], [25], [29]. In stress shielding, the stiffer femoral stem takes on the
role of supporting the body's weight, with only a small share of the load being on the
femoral bone itself. This causes a poor distribution of mechanical stresses on the
femoral bone. As a result, bone density near the implant begins to decrease [7], [13],
[14]. This results in aseptic loosening of the hip joint [7], [24], [29], which is one of the
main factors in revision surgery for PTH [7]-[11]. This can be easily explained with

the help of figure 2.3.

Thinning of cortical
bone from
stress shielding

Cortical
bone

(a) (b)
Figure 2.3 Radiographs of femur bone depicting stress shielding. (a) 1 month

after surgery (b) 5 years after surgery. (Source: Nishino et al. [19])
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In summary, the design of the femoral stem should include the means to reduce
stress shielding. This can be achieved by adapting the stiffness of the femoral stem [7]-
[11], [39]. With the intention to increase the implant stability, the shape of the femoral
stem and the addition of porosity to the stem surface to promote bone growth
(osseointegration) must be taken seriously [40]. Therefore, the introduction of
functionally gradated porosity into the femoral stem could reduce stress shielding and

improve stability. This therefore, justifies focusing this study on the femoral stem.

2.2 The hip joints

The medical definition of a hip joint is acetabular femoral joint. It is basically a

ball and socket joint as illustrated in Figure 2.4.

Femoral

head (Ball) | Acetabulum (Socket)

Acetabular
labrum

Ligament of head of femur

Figure 2.4 Acetabulo femoral joint

[Source: http://teachmeanatomy.info/lower-limb/joints/the-hip-joint/]

The ball consists of the femoral head, which is naturally spherical. The socket,
on the other hand, is the acetabulum. The ball fits into the socket to allow articulation
around the hip joint. There are many muscles involved in the movement of the hip joint.

In principle, the hip joint has 6 degrees of freedom. The main movement consists of
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rotations along three different axes, with very few translations along these axes. The
forces exerted in the hip joint vary with the level of activity [41]. During normal
walking, the average maximum reaction force of the hip joint is approximately 2.5 times

body weight [41].

2.3 Material properties of the femur bone

The bone’s mechanical properties and quality play an important role in
successful arthroplasty surgical operation and implant stability [42]. The
mechanical property of the bone varies with sex, age, location, and type and
orientation of the loads applied. The bone as a living organ has two types of bone
structures, namely, cortical, and cancellous / trabecular bone. Yvonne Haba et al
[43] studied the relationship between the mechanical properties of the femoral bone
and the mineral density and found that the mechanical properties of the bone are
linearly correlated to the bone mineral densities. This is valuable for the proper
treatment of each specific patient, specifically, to provide a proper selection and
design for the total hip arthroplasty / replacement based on the particular bone
quality [43]-[45].

To avoid fracture under any physiological activities and normal loading
conditions, it is vital to have strong enough bone. The bone mechanical properties
depend on the mineral availability in the mineral matrix. The femur bone is split
into two parts: cortical, and cancellous (trabecular) bones. The bone material
properties are heterogeneous and anisotropic. However, cancellous bone has been
considered homogeneous for the simplicity of the analysis [46]. Cortical bone has

several Young’s moduli and Poisson’s ratio that have been utilized in three
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orthogonal directions as shown in table 3.3 [7], [10], [29], [47] which shows that
the cortical bone demonstrates an anisotropic material behaviour.

Bone structure adapts to the applied mechanical loading and the environment in
which it resides. Hence, the bone architecture and mass are adjusted based on the
applied mechanical stresses [22], [38], [48]. So, remodelling of the bone is a crucial

issue required for femoral stem design and performance analysis.

2.4 Materials of femoral stem and classifications design

The materials of the femoral stem are called orthopedic materials and these
materials must be bio-compatible. The first material used for femoral stems was
stainless steel. The alloy, in particular 316L, has been widely used until recently [17].
However, the use of stainless steel has declined dramatically due to corrosion problems
[17]. Stainless steel stems are gradually being replaced by titanium and cobalt-
chromium alloys. However, cobalt-chromium alloy stems have been reported to cause
twice as much pain in the thigh as titanium-based stems [18]. In fact, the rigidity
(stiffness) of cobalt-chromium is twice that of titanium, which promotes stress
shielding, a phenomenon that causes loosening of the femoral stem. Titanium alloy (Ti-
6Al-4V) is therefore the preferred stem material due to its low weight, bio-

compatibility, strength, corrosion resistance, and flexibility (less stiff)[19], [20].

Femoral stems have two designs, namely Monoblock (one-piece) and modular
(Figure 2.5). With the Monoblock construction, the stem and head are made in one
piece. With the modular design, the stem and stem head are manufactured separately
and connected to each other by a mechanical taper connection. Modular stem designs

are the most preferred among orthopedic surgeons because they allow a degree of
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customization and have successful clinical records [14], [49]. The femoral stems can
be fixed in the femoral bone by two methods, cementless or cemented, as shown in
Figure 2.6. The type of fixation used depends on the patient and the condition of the
femoral bone, but in general, cementless fixation is gaining popularity [50]. The
advantage of cementless fixation is that it promotes bone ingrowth and the long-term

stability of stems with rough, porous surfaces [29].

Figure 2.5 Modular VS.

Monoblock femoral stem designs

[Source: http://www.stanmoreimplants.com/custom-hip-implants.php]

Copyright MMG 1996

Figure 2.6 Cemented vs. cementless femoral stem fixations
[Source: http://www.healthpages.org/surgical-care/hip-joint-replacement-
surgery/]
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2.5 Failure in femoral stem and design of materials

Failure of total hip arthroplasty (THA) due to the femoral stem fracture is a
critical clinical challenge with various complications. In the past, cases of such fractures
have been reported by various research groups examining removed implants for causes
of failure[51]-[53]. These possibilities could be linked to design intricacies,
manufacturing processes, surgery methods, or even the patient's body weight and the
level of activities of an individual [3]. In fact, fatigue has been defined previously as a
mechanism that compromises the survival of THA [54]-[56] and remains a problem
even for relatively new adapted material generations such as Cobalt — Chrome and
Titanium alloys.

Various research groups have produced several research results on possible
failure mechanisms depending on the influence of composition, microstructure,
fractographic patterns, engineering designs, etc. [9], [10].

Although the fracture patterns vary with the designs, surface characteristics
(coated and uncoated), the initial microstructure, and the type of processes used to
construct the femoral stem, as well as the load distributions, the signatures of such
failures are characterized by a medially located open microcrack and surface roughness.
This microcrack can be caused by the effect of high compressive stresses cyclically
generated by additional compression load and mediolateral femoral stem bending and
can indicate a larger number of these medially developed cracks. Such patterns, on the
other hand, are established fatigue process indicators.

In recent years, a popular approach to changing THA has been based on modular
prostheses utilization [55], [57]. In most cases, tapered cones are used for metal-to-

metal connections along the femoral stem. These arrangements make it easier to restore
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the patient’s anatomy by the surgeon through biomechanical repair of leg offset and
length. The filling of the proximal and distal canals can be flexibly adjusted. In addition,
preservation of the soft tissue structures is attained, and problems associated with the
bone loss and the deformations of the femur during the surgical operation can be
controlled [55], [57]. Also, other issues related to differences in the femur length,
instability and offset can be controlled during the surgical operation [58]. Modular
central rod connection had been offered to overcome the issues associated with the
differences in bone conditions between the patients, this allows the proximal and distal
body designs to be independently selected [59]. It can also be seen that in the modular
type of stem, the fit failure begins to occur at contact ends of the distal and proximal
conical stem point, where the cross-sectional reduction is available in the distal stem
end [58]. The coupling is not an ideal one in this area, which promotes micro-
movements that lead to increased wear and roughness. The extent of the unstable crack
expansion of the fracture area indicates that fatigue fracture occurred at high cycles and
low rated loads, as evidenced by the ratchet micromechanics, beach marks and poor
formation quality of the striations which covers a minimum of 75 % of the surface [60].
The fracture is made up of 2-oblique and 1-transverse planes, that is occurred due to
the cracks - propagation direction changes at the time of loading [58], [59].

In general, femoral stem fixation failure is attributed to many reasons, Figure
2.7 shows some of these popular causes; however, the aseptic loosening is considered
as a mean reason. Aseptic loosening can be caused by Stress shielding of periprosthetic

bone, implant wear, and relative micromotion at the bone - femoral stem interface.
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Figure 2.7. Implant failure reasons leading to revision surgery [61]

2.5.1 Stress shielding

Stress shielding is an observable mechanical fact that may lead to poor bone
ingrowth, and stem failure due to the loosening of the femoral stem [9]-[11], [62]-[64].
The stress shielding is where the stiffer femoral stem takes more bodyweight, with
insufficient load sharing with the femur bone. As a result, the density of the bone close
to the implant starts to decrease [13], [14], [22], [35], [62]. The consequence of this is
aseptic loosening of the stem [24], [25], [29], [62], which is one of the major factors for
revision surgeries for THA [13], [14], [62].

Femoral stems made of metallic biomaterials such as stainless-steel, cobalt-
chrome alloy, and titanium alloy are conventionally used in THA. The stiffness of these

materials is 4-12 folds greater than the stiffness of the bone authors [9], [10], [63], [64].
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The high stiffness of the bulk / dense stems in comparison to the femur bone causes
various complications such as aseptic loosening and stress shielding [9]-[11], [24],
[62]-[64]. The revision rate of THA performed in the United States is about 6% after 5
years, 12% after 10 years, and 18% between 10 and 20 years of the initial surgery [12]-
[14]. The risk of revision surgeries is higher for young adults (35%), due to an active
lifestyle [15], [16]. The stiffness of the stem materials is a main factor in ensuring load
and stress transfer to the adjacent bone. A stiffer stem shows more stress shielding as
less load is transferred to the bone. Hence, Titanium alloy (Ti-6Al-4V) can be a suitable
candidate for the stem material because of its light weight, bio-compatibility, good
strength, corrosion resistance, and flexibility [19], [20]. But the stiffness of bulk / dense
Ti-6Al-4V alloy (114 GPa) is still 5 - 10 folds of cortical bone (10-18 GPa) which may
cause stress shielding [62]. Producing a femoral stem with porous cellular architecture
with a unique shape to reduce the stiffness and enhance the stability can be the best
choice to overcome the stress shielding dilemma.

The stress shielding can be assessed by evaluating the performance of the stems
based on stress distribution along the Gruen Zones resulting from the loads transfer

from the implanted stem to the femur bone ( Figure 2.8). [62]
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Figure 2.8. Gruen zones for measuring the stress distribution resulting from the
loads transfer from the implanted stem to the femur bone

Gruen zones is the commonly used for evaluation of the remodeling following
the implantation of femoral stems. These zones were developed by Gruen et al in 1979
to study the modes of failure of the femoral stems using radiographic evaluation method
[65]. Zones 1 and 7 were defined at the distal area of the stem-femur interaction, zones
2-3 and 5-6 respectively the lateral and medial zones, and zone 4 represents the overall

bone region distally from the stem’s tip. [66].

20



Gruen et al described the modes of failures of the femoral stems which were

divided into 4 modes as illustrated in Figure 2.9 [65].

la Pistoning: stem within cement OD
I
b Pistoning: stem within bone OH
Il Medial midstem pivot 'Qq
—_—
i Calcar pivot \
—
v Bending cantilever (fatigue) %

Figure 2.9. Gruen et al Modes of femoral stem failures [65]

2.5.2 Micromotion at the stem—femur interface

Micromotion is the relative movement between the femoral stem surface and
the host bone in relevant to the applied physiological loads. Micromotion assessment is
vital to evaluate the bone tissue ingrowth; micromotion value of more than 150 um is
considered excessive and causes instability of the implant [9], [11], [62].

The stem—bone stability can be classified as primary, and secondary [67]. Primary

stability refers to the stem—bone stability just after the stem insertion surgery [67], [68]
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that can be affected by many factors such as surgical accuracy, method of fixation,
patients with diabetes, improper femoral stem selection, poor oral hygiene,
inflammation, improper prosthetic restoration, and debris retention [61], [62].
Secondary stability refers to the biological stability after bone tissue ingrowth of the
cementless implant fixation. In order to attain secondary stability, it is vital to establish
a perfect primary stability and to have a stem design that promotes bone tissue ingrowth
which can be achieved by designing a stem with a porous structure [67], [69], [70].
Cancellous bone microstructure quality is also important to achieve secondary stability

[42].

2.5.3 Femoral stem wear debris

Wear resistance of the femoral stem material is vital for a safe implant lifetime.
Wear debris can cause undesired biological consequences on the density of the femoral
bone and implant stability leading to a lessening in the expected femoral stem lifespan
and revision surgery [71].

The wear debris that builds up can also cause harmful consequences such as the
release of harmful enzymes, inflammation, osteolysis, pain, infection, and implant
loosening [67], [71]. The most commonly used material for implants is Ti-6Al-4V, this
is attributed to its excellent bio-compatibility, excellent mechanical properties,

corrosion, and wear resistance.

2.5.4 Fatigue
Fatigue is a material failure which occurs due to cyclic loading exposure normally
below the yield strength limit of the material leading to material lifespan or life cycle

reduction. It can be affected by several factors such as maximum and minimum stress,
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endurance limit, yield strength, surface finish, heat treatment, and material quality.
Sustaining the maximum required fatigue life cycle represents a superior design. This
can be evaluated during the design phase either by physical fatigue testing or via fatigue
analysis using the finite element analysis method.

Fatigue fracture is one of the major problems associated with femoral stem
failures [72], [73]. Femoral stems fracture may occur due to several factors, including,
but not limited to, high loading on the stem due to activity levels or patient age, sex and
weight, stem alignment inside the femur, femoral stem geometry, material mechanical
properties, and fabrication defects [46], [74], [75].

Porous cellular microstructures were reported to have a fatigue strength fraction

of the effective yield strength of 0.30vs approximate [7], [9], [76]-[78]. However, this

strength value is also affected by many factors such as stress ratio ( R ), the percentage
of the volumetric porosity, and the type of porosity unit cell [79], [80]. The cubic unit
cell structure shows superior performance in fatigue in relation to the other unit cell
types such as diamond [79].

Yavari et al. [81] carried out a fatigue study on different porous Ti-4Al-6V
alloy structure types with different volumetric porosities ranging from 63% to 89%.
The samples were manufactured using selective laser additive manufacturing method,
and fatigue was mechanically tested under compression with stress ration of 0.1 and
sinusoidal shape with 15Hz frequency. The results of this study shows none of the cubic
porous structure specimens failed under fatigue testing even at maximum load of 80%
of the relevant porous structure yield strength (0.8cy) applied. These porous cubic
structures reached 108 loading cycles without signs of failure. This is attributed to the
vertical struts performing better than the diagonal and horizontal ones in compression

loading conditions [81], [82].
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The fatigue life of the diamond unit cell porous Ti-4Al-6V alloy structure
fatigue life depends on the volumetric porosity induced to the designed structure, i.e.
as the volumetric porosity increased the fatigue life decreased as reported by Yavari et
al. [81]. Hence, the cubic unit cell structure shows superior performance in fatigue over
the diamond structure. Due to that, the cubic unit cell structure was selected to be used
in the current study.

However, it is necessary to have a balance between the required reduction in
porous structure stiffness and an acceptable fatigue limit. So, it is desired to ensure the
designs are safe under certain physiological loading conditions based on the yield
strength of the porous structure and the Fatigue Factor of Safety limit (Nf > 1.0) [62],
[83]. In many studies, the factor of safety was calculated for femoral stem designs using
Soderberg Approach. This approach is efficient for estimating the fatigue limit for the
moral stem under high cyclic loading conditions [9], [54], [56], [62], [72], [83].

The fatigue life can be calculated using several methods such as Gerber,
Soderberg, and Goodman [83]. The calculations associated with each method are
represented in the following equations which all are associated with the mean stress om,
and the alternating stress ca:

o = O + O )

" 2 2.1)
o, = (O-max. _Gmin.)
2 2.2)

Where omax and omin represent the maximum stresses and the minimum stresses.

Gerber’s approach is defined as follows:
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Goodman’s approach is defined as follows:

)+ () =5 (2.4)

Soderberg’s approach is defined as follows:

()= ¢

Where Se, Su Sys, and N represent the endurance limit, ultimate tensile strength,
yield strength, and factor of safety respectively.

Senalp et al. [83] studied different bulk / dense Ti-4AIl-6V alloy femoral stem
designs with different shapes under static and dynamic loading using finite element
analysis to calculate the fatigue factors of safety based on Gerber, Goodman, and
Soderberg approaches as illustrated in tables 2.1 and 2.2. The main findings in the study
are that there are differences in the factor of safety in reference to each calculation
approach with the lowest values reported in the Soderberg approach. The second
finding is that the calculated factors of safety in dynamic loading conditions are less

than those for static loading conditions for all designs and calculation approaches.
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Table 2.1 Factor of safety based on static analysis for bulk /dense Ti-4Al-6V

alloy stems [83]

Fatigue theories Minimum safety factor

Charnley  Stem-1  Stem-2  Stem-3  Stem-4
Mean stress curve  2.74 294 3.08 3.27 3.24
Goodman 2.23 241 2.54 2.67 2.65
Soderberg 2.18 2.37 2.49 2.62 2.60
Gerber 2.65 2.85 2.98 316 3.14

Table 2.2 Factor of safety based on dynamic analysis for bulk /dense Ti-4Al-

6V alloy stems [83]

Fatigue theories Minimum safety factor

Charnley  Stem-1 Stem-2  Stem-3  Stem-4
Mean stress curve  2.20 2.35 2.46 2.61 2.59
Goodman 1.78 1.92 2.03 2.13 2.10
Soderberg 1.74 1.90 1.99 2.10 2.08
Gerber 2.12 2.28 2.38 2.54 2.51

In the study, static analysis was employed based on the Soderberg approach as

this approach provides the worst-case scenario among the other approaches as detailed

in the Senalp et al. [83] study.

2.6 Finite element analysis

Finite Element Analysis (FEA) is an effective and powerful tool that has been

employed and widely applied in implant performance, and bio-mechanical studies.

Mechanical design is deemed faster and more cost-effective than mechanical

testing. FEA is a robust tool which provides complete mechanical data and

mechanical properties throughout the design structure, thus allowing designers to
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evaluate the design and make necessary modifications before prototyping and
performing physical-mechanical testing. Since the early 1970s, FEM has been
adopted for human bone stress assessment and evaluation, particularly for hip
modeling [46].

Due to the limitations of the mechanical testing of the bio-mechanical structures
by in-vivo or in-vitro such as ethical constraints, time, excessive cost, and elevated
level of testing variability, FEA is considered the ultimate solution for preclinical
analysis. Several studies were carried out for modelling of the hip stems using FEA
to investigate the effectiveness of the design on stress shielding, micromotion, and
stem life cycle under different loading conditions [7]-[11], [24], [29], [84].

Several aspects and parameters need to be considered for modelling the Total

Hip Arthroplasty (THA) that influences the implant performance, as the following.

2.6.1 Material properties

The prefabricated femoral stem design enables the use of various bio-
compatible materials with properties that meet the functional requirements [85],
[86] and increase the expectations to last longer than previously. Studies have
proven that Ti-6Al-4V (Ti-6Al-4V alloy) is a perfect bio-medical material for hip
implants in terms of strength, bio-compatibility, corrosion resistance, light weight,
and flexibility [87]-[89]. The stiffness of the Ti-6Al-4V alloy is 5 -10 times stiffer
than that of the femur bone [88], [90]. For that reason, stems with porous structure
designs have been developed to reduce the stiffness, improve the trabecular bone
tissue ingrowth that facilitates the integration of the implanted stem with the hosting
bone [91], and significantly reduce the stress shielding [90]. The forces exerted on

the implanted stem depend on various human activities such as stair climbing,

27



running, jogging, and walking at various speeds, generating dynamic stresses
leading to fatigue fracture [54]. Many researchers in their studies have focused on
transferring part of the applied stresses on the stem to the femur bone in order to
reduce the stress shielding and micromotion without taking into account the fatigue
failure due to the dynamic stresses. Most of the previous studies have shown to
predict the fatigue limit using FEA for bulk / dense stems under concentrated
compression loads, while few studies have been performed for stems with a porous
structure [51], [52]. No literature was found to calculate the fatigue life for porous
stems using different physiological loads.

Assigning proper material properties for the model simulation is important to
achieve sufficient accuracy in the finite element analysis. The elastic—plastic data
of the bulk / dense Ti-6Al-4V alloy with 115GPa elastic modulus were utilized to
assign the material properties for the different types of the proposed porous
structures [8]-[10], [92]. The use of a cubic porous cellular structure provides
outstanding mechanical performance and relatively isotropic mechanical properties
[71, [62].

To avoid fracture under any physiological loads, it is necessary to have strong
bone. The bone mechanical properties depend on the mineral availability in the
mineral matrix. The femur bone is divided into two parts, namely, cortical, and
cancellous (trabecular) bones. The bone material properties are heterogeneous and
anisotropic. However, cancellous bone has been considered homogeneous for the
simplicity of the analysis [46]. For cortical bone, several Young’s moduli and
Poisson’s ratio have been utilized in three orthogonal directions as shown in table

3.3[7], [10], [29], [4T7].
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2.6.2 Bone - femoral stem interaction

The bone — stem surface to surface interface is required to achieve the required
transfer of the physiological load and to avoid loosening of the implanted stem[24],
[39], [41]. Different interface modelling methods to simulate the surface contact
between two parts that can be applied using the FEA software as node to node,
surface to node, and surface to surface. For more accuracy of the hip implants,

surface to surface contact is utilized [46], [68].

2.6.3 Applying muscular loads

Different loading scenarios were applied in the literature for the hip implants.
Several in vitro analyses of the hip implants were done concentrating on hip contact
force only where the load is applied on the centre of the femoral stem head [47],
[54], [87]. Such load is not appropriate for fixation stability and actual in vivo
condition evaluation of the Total Hip Arthroplasty (THA). Bergmann et al.
measured muscular loads generated due to different human daily activities such as
walking at low, normal, and high speeds, up stairs, down stairs, etc. and a simplified
loading profile was calculated and developed for preclinical of the femoral stem
[41], [93]. The hip contact force acting on the femoral stem head at the origin of the
coordinate system is labeled as PO. Labeled P1 to P3 are the muscles forces attached

to the femur (figure 3.6 — a).
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2.6.4 Size and type of the meshing elements

Meshing is commonly performed to split the model into cells to perform a
simulation analysis or to execute a digital model. Mesh size influences the
computation time and accuracy. For example, small mesh size provides more
accuracy and needs more computational time required for model simulation [94].
The number of nodes required for a small mesh size becomes high and hence
requires a high CPU capacity to accomplish the simulation with less time [95], [96],
particularly for complex models simulations such as hip implants. It is not logical
to spend extra hours running the FEA simulation with a fine mesh if a coarser mesh
can provide the same results, hence, a convergence / sensitivity study is performed

to obtain the required accuracy.

Figure 2.10. Tetrahedron mesh type of femoral stem assembly[62]

There are several mesh element types available. The basic types for the three-
dimensional models are tetrahedron (4 vertices, 6 edges) (Figure 2.10), hexahedron
(8 vertices, 12 edges), pyramid (5 vertices, 8 edges), and triangular prism (6
vertices, 9 edges). Mathur et al. (2012) evaluated the effect of two commonly used

element types on two different proximal femurs. The femurs were meshed with
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tetrahedron and hexahedron 3D mesh types and subjected to 100N force. Load —
displacement curves generated from the FEA show similar results for both mesh
types [97].

However, it was found in the current study that the tetrahedron mesh type required

more run time, but it is easy to generate with fewer running errors.

2.7 Validation of simplified finite element model

To reduce the porous stems design complexity and finite element analysis time,
a simplified model can be employed where the effective porous stem’s mechanical
properties are used for the bulk / dense Ti-6Al-4V alloy stem in the finite element
analysis software (ABAQUS) instead of utilizing the designed porous structures [9],
[10], [24]. Hasan et al. [9] and Sami et al. [10] simulated both models of the actual
porous and the simplified effective stems in ABAQUS and validated the models using
force — displacement output obtained from applying a load of 1200N in ten increments
at the stem’s head (figure 2.11). The obtained force—displacement results show a strong

agreement between both models.
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Figure 2.11 Validation of porous and simplified effective porous stems [9], [10]

2.8 Contribution to the knowledge

Previous studies investigated the functionally graded porous structures in the

longitudinal direction. to complete the understanding of functionally graded porous
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structure stems, but it is vital to investigate the functionally graded porosity in the
radial direction. Hence, the aim of this study is to investigate the performance of
functionally graded porous structures in the radial direction of the femoral stem,
focusing on mechanical performance, fatigue performance, stress shielding, and
micromotions to have the most ideal design that can be recommended for the
surgeon based on the patient’s condition.

The hypothesis in this study is that such radial functionally graded porous
structure will provide optimum designs that can reduce the stress-shielding,
promote stem stability, and survive under high cyclic loading focusing on the level
of porosity in the stems required to achieve good biomechanical performance.
These functionally graded structures in this study were designed to have average
porosities of 30%, 50% and 70% in radial layers. A total of fifteen designs were
generated and these designs were subjected to physiological loads mimicking three
walking speeds, namely 1 km/hr, 3 km/hr, and 5 km/hr. The commercially available
finite element software ABAQUS was used to simulate the stems using these three
different walking speeds. The stresses within the stem’s porous layers and proximal
bone were measured and assessed to verify and estimate the life of the stems, stress
shielding, and micromotion, respectively. Computational analysis will be utilized
here as it is an accepted means of investigating the performance of implant related

devices [30], [32], [33], [98].

2.9 Additive manufacturing sustainability

Additive manufacturing (also known as 3D printing) is one of the most
innovative technologies nowadays. The possible applications range from the food

industry[99], and bioscience to the manufacturing of jet engines and the
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construction of buildings and bridges [100]. Additive manufacturing technologies
have many different advantages over classical technologies. One of them is the
ability to join operations that were typically done by different processes. This means
that one machine might be enough to produce extraordinarily complex parts and
that the production processes can be sped up and brought closer to the end-user.

In general, additive manufacturing technology provides a high potential for
increasing efficiency, responsiveness, and sustainability of upcoming supply
chains, as it has the potential to lead to a strong increase in local manufacturing of
limited batches of different types of products, or even fully customized
products[101]. The fact that NASA launched, in June 2014, a “zero gravity” 3D
printer into space to print spare parts for the International Space Station (ISS),
shows that this innovative technology is already practically useful. Some
components are already printed for airplanes and engines [101], [102].
Opportunities for application are facilitated by a rapid increase in technological
possibilities. Already at this point in time, industrial 3D printers achieve a high
resolution, support many materials, and costs are decreasing quickly [101].

Additive manufacturing (AM) of metal components is a relatively new and
novel manufacturing technique. The idea comes from 3-D printing (rapid
prototyping). AM allows complex, net-shaped components to be fabricated in
successive layers [103], depositing material only where it is needed. Because the
idea is based on rapid prototyping, design changes are easily incorporated [103].
Since AM works on the principle of addition of material rather than removal
(traditional machining), material cost and scrap can be reduced [103]-[105].
Additive manufacturing can produce parts that are more environmentally friendly,

with an impact reduction of up to 70% for titanium based components [104].
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Besides saving material, cost, and being environmentally friendly, AM is capable
of producing customized products. This helps lower the inventory risk and improves
the working capital management [105]. In summary, AM has the potential to
minimize energy, material, and waste scrap production besides giving the flexibility
for innovative design in the most efficient manner.

The use of additive manufacturing (3D printing) has a significant impact on the
environment by reducing the need for consumables, minimizing tooling, and
enabling large reductions in energy consumption compared to traditional
manufacturing processes besides reducing the transportation required for moving
the parts to different geographical locations [106].

Additive Manufacturing is a very competitive manufacturing process in terms
of production speed and operational cost which has led to a large number of
prototypes that can be produced and evaluated at the product development phase;
this is important for improving the properties of the product either by improving the
quality of the powder, binding material, and binding technique or by improving the
post manufacturing treatment of the product such as infiltration and/or sintering.
Studying the ability for producing functionally graded materials, which are widely
used in orthopaedic implants using a suitable CAD model, in turn, will have a high
impact on reducing lead time and cost of parts procurement. Table 2.3 summarizes
the existing studies of Life Cycle Analysis and issues related to the sustainability of
AM technology. Energy saving, cost analysis, environmental and societal impacts

have been studied for different industrial applications.
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Table 2.3 Qualitative literature on AM sustainability processes and applications

# Author(s) Date Aim Information provided
Energy and The adoption of AM components in aircraft has the
emissions potential to provide significant energy savings,
Huang et saving .
1 al. 2016 potential of The LCI analysis of cradle-to-gate energy
additive mass reductions estimate by material and
manufacturing  component system through AM replacement
Analysis of the most important process steps in
additive manufacturing is presented.
Evaluation of A New business model for additive manufacturing
Cost Structures '.[echnologies.is introdyced gfterwards iqcluding the
of Additive implementation of this business model in a
Schrodera ... Manufacturing software tool.
etal. Processes Case studies for different product types and produc
UsingaNew  quantities are explained and detailed values for
Business process costs are provided.
Model
Sensitivity analysis is done to find the most
important parameters (cost drivers) for those case
studies.
Exploratory Impacts of additive manufacturing on sustainability
3 Fordetal. 2016 study of the in terms of the sourcgs of |pnovat|on, busmess
advantages and maodels, and the configuration of value chains.
challenges
Total Life Sustainability concerns in manufacturing of AM
Cycle products
Sustainability
4 tha;I”""a“e 2016 Analysis of
' Additive
Manufactured
Products Product sustainability Index methodology
Predict the Inventory consideration LCA
environmental
impact of
5 eBtu;Ikharta 2015 additive life cycle impact assessment (LCIA) to

manufacturing
in the product
life cycle.

determine the effect of the quantified inputs
and
outputs on human health and the ecosystem
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2.9.1 Aspects for improving the sustainability of AM femoral stem

Product life cycles which include preproduction, production, use, and post-use
stages should be studied comprehensively to have a complete understanding of the
total product life cycle [107]. Hapuwatte et al.[108] proposed a methodology for
product sustainability improvement. Product quality, quantity, complexity of the
design, and functional/material requirements are the main concerns for product
sustainability improvement during the early design stage. A comprehensive
methodology and review of the product sustainability evaluation which includes
three sub-indices of society, economy, and environment based on weighting
depending on the importance of the sub-cluster data on sustainability was developed
and adopted for comprehensive evaluation of sustainability for each component
under study. Cost sustainability will be comprehensively studied to evaluate the
adoption of additive manufacturing for femoral stem manufacturing.

Improving additively manufactured product quality is required to maintain
sustainability; improving the stem surface finish, achieving the required mechanical
properties, i.e., stress, strain, fatigue, stiffness, ductility, and microstructure by
controlling the printing machine parameters, besides using good powder quality,
and introducing post-process treatments, are important quality aspects to positively

impact sustainability.

2.9.2 Cost of utilizing Ti4Al6V — Additive Manufacturing For medical and industrial

applications

Additive manufacturing presents a sustainable resolution to the issues of waste
during the production cycle. This is because the steps used in the production of the
initial product will not be repeated, but the product will be duplicated as it is.
Therefore, the amount of wastage that may occur at every cycle is avoided [109],
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given that the global market for 3D printing will be approximately $50 billion US
dollars by 2025. This figure is expected to be at least four times the value that was
recorded in 2014. The life cycle cost of utilizing additive manufacturing is expected
to be very low considering the fact that it ensures materials efficiency and the use
of fewer processing procedures [109]. Therefore, 3D printing has gained
prominence due to the economic benefits it is expected to have.

However, there is a difference in the costs of the materials used for additive
manufacturing. Titanium alloys are among the most important advanced materials
which have managed to improve performance in aerospace, medical and industrial
systems. Unfortunately, when compared to competing materials, titanium alloys are
more costly (Table 2.4). The extremely high costs are a result of high extraction

costs and high processing costs [110].

Table 2.4 Cost comparison of Titanium versus steel and aluminum [110]

Material (US $/pound)

Item Steel Aluminium Titanium
Metal 0.10 1.10 5.44

Ingot 0.15 1.15 9.07

Sheet 0.30-0.60 1.00-5.00 15.00-50.00
powder 1.00-3.00 4.94- 8.47 90.90-181.81

2.9.3 Life Cycle Inventory of additive manufacturing

AM is prepared to transform various aspects of manufacturing, distribution, the
supply chain, organizations, and the international economy [111], Inventory is
expected to be impacted such that a company will never have too few stored
products and raw materials. The amount of inventory is expected to be enough to
satisfy the demand of the population. This is because the typical 3D printer has the
capability of producing most product parts or even the main products given that the

materials used in the printer have adequate properties [111]. It also depends on the
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size of the product which becomes easier if it can fit into the printer dimensions. Of
all products produced by this approach, the majority are produced at once, hence
requiring no further assembly.

3D printing reduces the complexity of the supply chain drastically. The many
assembly steps which would have been required during the production of an object
are replaced with a single task. In addition, it allows the production to happen based
on demand for the product rather than prior to the need for the product by
consumers. Therefore, Stock Keeping Units (SKUs) are expected to reduce. Since
it will be easier to store electronic files rather than the product itself, 3D printing
has created an opportunity for the creation of a 3D model file product portfolio
instead of the physical inventory. Physical inventory will mainly be composed of
semi-finished product parts [112]. In the case of producing hip implant, it can be
manufactured at the location near to the hospital using the patient’s specific femur
geometric data using Computer Added Design (CAD) software, and inventory
space required is minimal as only Titanium Alloy powder will be stored besides the
software. Also, no unsold items will be held in reserve as the manufacturing of the

parts will be based on demand only.

2.9.4 Life cycle environmental impact of utilizing additive manufacturing

AM printing technologies evolve constantly. Although it holds a great promise
for the manufacturing world, it is challenged by quite a number of drawbacks, which
is why it is not considered an eco-friendly approach. AM technology uses a lot of
energy, considerably more than conventional drilling and milling machines [113].
According to research, some AM printing processes use up to 50-100 times more

electricity than injection molding machines [114]. Considering every step of the
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supply chain, the additive manufacturing process does not have the lowest carbon
output. However, fewer environmental impacts were noted at the material
production stage since this is where it performed better. One reason for this is that
it tends to use less material and yield fewer waste. However, there are still cases
where AM models need support materials. This increases waste materials since the
user will still need to discard these at the end of the printing stage [115]. Therefore,
AM is only capable of producing low carbon parts at the material production stage
but not the energy production stage.

AM still contributes positively on energy and Greenhouse Gas (GHG)
emissions reductions for some instances due to its capability to produce lighter
parts, single machine required rather than multiple, less waste or scrapped items
based on design and product geometry, and distributed and on-demand
manufacturing. Resource Efficiency also can be positively impacted as AM
processes use the amount of material that is needed as it is based on adding material
rather than removing, opportunities for recycling and repairing AM printed parts is
also possible, reduction of inventory levels (Powder and Software only) and its

associated emissions and reduced need for support materials in manufacturing.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

This chapter introduces the details of the procedure followed for designing
titanium alloy lightweight femoral stems with cubic porous structures that will be able
to reduce stress-shielding, promote stem stability and survive under fatigue loading.
These porous structure designs were introduced into the titanium alloy femoral stem
as homogeneous and functionally graded porous structures.

First, the cubic cellular structures were simulated under compressive loading
to measure the yield and modulus of elasticity for various porosity ranges. Based on
the selected porosity range, fifteen different arrangements of radial geometrical
functionally graded (FG) designs were developed with average porosities of 30, 50,
and 70% respectively. The finite element models developed with physiological loads
presenting three different walking speeds (1, 3, and 5 km/hrs.), where the average
human body weight was assumed. Stresses at the bone Gruen zones were measured to
check the percentage of stress transfer to the bone for each porous stem design and
were compared with the bulk / dense stem.

Stresses at the functionally graded stem layers were measured and compared
with the yield strength of the relevant porous structure to check the possibility of
yielding under the subjected load. The Soderberg approach is utilized to calculate the
safety factor (Nf for each design under each loading condition. Several designs were
shortlisted as potential candidates for orthopedic implants. figure 3.1 illustrates the

interconnected research methodology tasks.
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Figure 3.1. Flow chart of interconnectivity of the tasks; (a) Cubic porous cellular

structure, (b) Stem in epoxy model, and (c) Stem in bone model

3.2 Finite element models
3.2.1 Cubic pores cellular structure

3.2.1.1 Design of cubic cellular porous microstructure

Square pores microstructure three-dimensional (3D) models with various
volumetric porosities ranging from 10% to 90% were designed and simulated under
compression loading using ABAQUS 6.17 as illustrated in Figure 3.2 and presented in
Table 3.1. Different sizes of square pores with minimum selected strut thicknesses of

3.0mm due to the resolution of the EOS M 280 printing machine [90], these pores were
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fitted within 15mm x 15mm x 15mm 3D cubes [73]. The proposed designs were
considered with 12-to-23-unit cells enclosed within each dimensional direction of the
cubic samples as shown in Figure 3.2. The top and bottom sides of the cubes had been
fitted with plates, that were to be utilized for compression loading.

The volumetric porosity for the designed porous cubes was calculated based on
equation 3.1, which was derived based on geometric calculations of the designed porous
cube. The designed cubes volumetric porosities were compared using the mass
properties option in ABAQUS.

Vp = L3 N2(2Nt + 2t) (3.1)

Where:

Vp: Volumetric porosity

L2: cubic pore inner dimension

N: Number of pores in a single cube face

X: Full cube dimension

t: Strut thickness
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Table 3.1. Designed samples of porous cubes with the relevant volumetric porosities
and obtained mechanical properties from the FEA.

Number

of pores / Unit
cells enclosed

Sifet r(L:; v_vithin _each size I(DES Volu_metric E Ys Ut
dimensional Porosity (%) (GPa) (MPa) (MPa)
direction the

cubic
(mm) (N) (mm)
0.3 10 1.36 90% 35 31.14 33.27
0.3 12 1 85% 7.6 50.17 58.47
0.3 14 0.8 80% 11.68 77.52 90.99
0.32 15 0.72 76% 16.18 105.95 113.50
0.32 17 0.6 70% 19.76 123.28 165.13
0.34 18 0.49 62% 24.09 152.26 177.27
0.34 18 0.47 60% 27.78 168.77 216.30
0.36 20 0.38 50% 35.12 208.31 269.29
0.38 21 0.3 40% 46.33 272.75 355.63
0.4 23 0.23 30% 52.23 307.13 402.87
0.42 24 0.18 20% 60.38 353.5 468.43
0.44 26 0.11 10% 68.52 399.66 533.69
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Figure 3.2. Porous structure designs along with finite element model to study the

mechanical properties of (a) different volumetric porosities, (b) study flowchart

3.2.1.2 Compression assessments of the cubic cellular porous structures

using FEA (ABAQUS) software

The designed cubic cellular porous structures were assessed using finite element
software (ABAQUS) under compression loads. The top side of the cube’s fitted plate

had been assigned with a displacement boundary condition, and encastre boundary
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condition was used to tie up the bottom plate. The designed structures had been assigned
with bulk / dense Ti-4Al-6V material properties. C3D10 quadratic tetrahedral meshing
elements had been used to mesh the assembly using a mesh size of 0.2 mm based on a
sensitivity study determined from stiffness convergence of dense cube as shown in
Figure 3.3 [73]. It is obvious from the figure that there were no significant changes in
the modulus of elasticity at mesh sizes of 0.4, 0.3, and 0.2 with a change of -0.081%
between mesh sizes of 0.2 and 0.3mm. hence, the FEA model depicts the structure’s
behavior, with less solving time.

Axial displacement on the upper plate was applied to achieve the yield points
at least with 0.05 increment size and with twenty increments to generate a more accurate

value of the yield points and modulus of elasticity.

Sensitivity Study

124.5

DT;
9 124.1
% 124.0 123.8
E= 123.7
o 123.6
.Lﬂ
‘;‘3 1235
= 123.0
0.5 0.4 0.3 0.2

Mesh Size (mm)

Figure 3.3. Sensitivity study to indicate the mesh size to which the Modulus of

Elasticity converges using a solid cube.
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3.2.1.3 Mechanical properties obtained for each porous structure design

Stress and strain values were calculated from the finite element analysis results
at each increment, strain values were calculated from the displacements values and
reaction force values were used to calculate the stress. The calculated results were used
to plot the stress-strain diagram for each of the designed porous cubic structures in order
to obtain the required mechanical properties that are essential for further femoral stem
design and analysis. The mechanical properties of each design are illustrated in table

3.1.

3.2.2 Design of functionally graded and homogeneous porous femoral stems

The mechanical properties of cubic structures (Figure 3.2) were used to design
twelve different functionally graded stems, as shown in Table 3.2 and Figure 3.4. The
layer’s cross-sectional areas are 15.9mm?, 17.3mm?, and 23.6mm? for the core, layer 1,
and layer 2, respectively. The average porosities of the designed stems in radial
direction were calculated based on equation 3.2. These designs were grouped into three
different sets of 30%, 50%, and 70%, with each set having the same overall average
volumetric porosity through the stem’s layers in the radial direction. These porosities
were selected based on the USA food and drug administration (FDA, 2016), where the
approved range of the femoral stem porosities should be between 30-70% that enhance
the bone tissue ingrowth [116].

Three more designs, namely designs D5, D10, and D15 were considered to
represent the homogeneous volumetric porosities of 30%, 50%, and 70% respectively.

A total of fifteen designs were modeled as shown in Figure 3.4.
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@,),,~ (A7),

F = (VP)h + (ﬁp)h

(3.2)

Where;
A: Stem’s radial Layer cross-sectional Area

V,: Stems radial Layer Volumetric Porosity
(AV,) g - Average functionally graded Porosity along with the stem’s layers

AV, )y, - Average homogeneous Porosity along with the stem’s layers
p/h

(V,)n - Stem Homogenous porosity.
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Table 3.2. Porous functionally graded (FG) and homogeneous (H) designs introduced

to stem redial layers.

30% Overall VVolumetric Porosity

Stem's FG-Design 1 FG-Design 2 FG-Design FG-Design H-Design 5
Layers (D1) (D2) 3 (D3) 4 (D4) (D5)
Layer 1
40% 20% 59% 10%
(L1-Core) ° ° ° °
Layer 2
(Imm) 30% 30% 30% 30%
30%
(L2)
Layer 3
(Imm) 23% 37% 10% 43%
(L3)
50% Overall VVolumetric Porosity
H-Desi
Stem's FG-Design 6 FG-Design 7 FG-Design FG-Design leg‘lgn
Layers D6 D7 8 (D8 9 (D9
v (D6) ©7) (D8) (D9) ©10)
Layer 1
60% 37% 80% 10%
(L1-Core) ° ? ? °
Layer 2
(Imm) 55% 50% 77% 60% 50%
(L2)
Layer 3
(Imm) 40% 59% 10% 70%
(L3)
70% Overall VVolumetric Porosity
H-Desi
Stem's FG-Design FG-Design FG-Design FG-Design le;lgn
L 11 (D11 12 (D12 13 (D13 14 (D14
ayers (D11) (D12) (D13) (D14) (D15
Layer 1 80% 55% 90% 49%
(L1-Core) ° ’ ° °
Layer 2
(Imm) 70% 70% 80% 70%
70%
(L2)
Layer 3
(Imm) 63% 80% 50% 85%
(L3)

49



Layer 3
(L3)

(@)

Stem's

Layer 1
(L1-Core)

Layer 2
(L2)

Layer 3
13)

(b)

FG-Desigrl (D1)

FG-Design 6 (D6)

30% Overall Volumetric Porosity

FG-Desigr2 (D2)

50% Overall Volumetric Porosity

FG-Design 7 (D7)

FG-Desigrg (D3)

FG-Design 8 (D8)

FG-Desigm (D4)

£G-Design 9 (D9)

H-Desigrs (D5)

H-Design 10 (D10)



70% Overall Volumetric Porosity

i::: FG-Design 11 (D11) FG-Design 12 (D12) FG-Design 13 (D13) FG-Design 14 (D14) H-Design 15 (D15)

Layer 1
[L1-Core) e

Layer 2
L2) o
0% 5% 0%, -
0%
Layer 3
iL3)
(0] B S L

(©)

Figure 3.4. Design groups of porous functionally graded (FG) and homogeneous
designs introduced to stem’s redial layers: (a) average porosity of 30%, (b) average

porosity of 50%, (c) average porosity of 70%.

3.2.2.1 Modelling and analysis of the designed stems

3.2.2.1.1 Stem in epoxy model

All designs were initially integrated into 3D finite element models in ABAQUS
6.17 as shown in Figure 3.5 to study the stiffness performance of the designed stems
concerning the intact femur bone. The setup shown in Figure 3.5 is per 1SO standard
(1ISO 7206-4). The stem was positioned inside cylindrical shape epoxy with a specific
orientation of 9° in the lateral plane, and 10° in the ventral plane, the dimension between
the stem’s head and the epoxy surface is 80mm.

Then the stem was tied together with the epoxy, while the epoxy was
constrained to move or revolve in any direction. The assembly was meshed with fine

meshes and tetrahedral elements were employed. A 2250 N force [41] was applied on
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the stem’s head using a 0.1 increment size in 10 increments. The material properties of
the bulk Ti and designed porous structures (Table 3.2) were assigned to the stems based
on the simplified FE model to reduce design time and computation [9], [24], [117]. The
proximal part of the stem was assigned with bulk / dense Ti-4Al-6V material properties.
The epoxy material was assigned with isotropic property with Young’s modulus of 3.7
GPa and Poisson’s ratio of 0.3.

Force — displacement diagrams to be plotted for each stem and the results to be

compared with the intact bone and bulk / dense Ti-4Al-6V alloy stem.

Load

Ventral plane Lateral plane

BulkTi ~_

Porous
region

Refined
mesh

Orientation 102| ©
|

=

Orientation 9¢ F

' |

Fixed in all Tube filled
directions with Epoxy

Figure 3.5. Finite element analysis of porous Ti-6Al-4V alloy and bulk / dense

stems according to the ISO 7206-4 standard

3.2.2.1.2 Porous stem — femur bone model
To study the effect of the designed porous stems on stress reduction and

micromotion, it is vital to use a finite element model that incorporates the stem and
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femur bone along with proper physiological loads. This finite element model has been
adopted in previous studies conducted by authors [7]-[11]. 3D models of homogeneous
and functionally graded stems (D1 — D15) were assembled with femur by using surface
to surface contact with a coefficient of friction of 0.4, and the assembly was
incorporated inside a cylindrical shape epoxy. The bone was tied with the epoxy and
constrained to move or revolve in any direction [8]. The 3D model of the femur was
constructed using computed tomography (CT) scanned images of a patient femur as
explained in previous studies [8], [84]. Cortical and trabecular bone were considered
homogeneous and linear elastic isotropic materials respectively with material properties
as listed in Table 3.3 [26], [84], [118]. The bone was subjected to three physiological
loads namely Po, P1, and P> where Py is the hip contact force, P1 and P, are muscular
forces attached to the femur. These forces were calculated based on the loading
reflected by the studied physiological loading conditions which are unique and not used
before [119]. The assembly is shown in Figure 3.6a. Table 3.4 displays these forces in
their components (Fx, Fy, Fz). The directions of these component forces were obtained
from previous studies [41], [119]. The simulation was done for three different walking
speeds 1km/hr., 3 km/hr., and 5 km/hr. The peak hip contact forces used in percent of
body weight (%BW) were 293%, 352%, and 471% for walking speeds of 1km/hr., 3
km/hr., and 5km/hr. respectively [93], [120]. For this study, a human body weight of
900 N was assumed. The assembly was meshed using C3D10 quadratic tetrahedral
elements using a mesh of 3 mm size, which was used based on a previous sensitivity
study [10]. Bone Gruen zones locations [66] were identified as illustrated in Figure 3.6
- b. These zones will be used for identifying the stress transfer to the bone from the

designed stems at the predefined loading conditions.
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Table 3.3. Femur material properties utilized for the finite element model [23], [56]

Poisson’s ratio

Bone material Young’s Shear Modulus
Modulus (GPa)
(GPa)
Spongy Bone
0.4 - 0.3
(trabecular bone)
Cortical bone Ex =115 Gy = 3.6 vxy = 0.51
E,y=11.5 Gy;=3.3 vyz =0.31
EZZ= 17 Gyz= 3.3 Vyz = 0.31
Ventral plane Lateral plane Body weight load
Ve (’\'
1 Muscle load
Orientation 10* Orientation 9° P1
Muscle load

330mm

(a)

Epoxy
(Tube filled with Resin)

P2

Ql
ng

Fixed in all
directions
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(b)

Trabecular
Bone

Medullar
Cavity

Figure 3.6. Finite element analysis of stemmed femur; (a) complete finite

element model with applied physiological loads, (b) bone Gruen Zones [66].

Table 3.4. Bodyweight and muscular loads for different walking speeds (Calculated

with reference to Bergmann et. al; 1993, Heller et. al 2005) [93], [120]

Force %P, 1 km/hr 3 km/hr 5 km/hr
(Body weight used BW (P, = 293% BW) (P, =352% BW) (P,=471% BW)
=900 N) Fy F, F, F, F, F, F, F, F,
Po 100 -599 -363 -2542 -719 -437 -3054 -962 -584. -4086
P]_ 44 643 8.0 959 772 57.3 1152 1034 76.7 1542
Plftensorfasc'la latae, proximal
8 79.9 129 146 95.9 154 175 128 206 235.4

part
P, . .

1-tensor fascia latae, distal part 2 55 78 210 6.7 93 253 89 12,5 338
PZ 40 -10.0 205 -1030 -12.0 246 -1237 -16.0 329.9 -1656

3.2.3 Fatigue assessment and analysis of the designed porous stems

A fatigue study was performed on the designed stems implanted inside bone by

performing finite element analysis based on physiological loading conditions obtained
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from the three walking speeds as presented in Table 3.4. VVon Mises stress on the stem
/ stem layers was measured using ABAQUS FEA software as illustrated in Figure 3.7.
The factor of safety was calculated using the Soderberg approach [83] as shown
in Equations 3.1 — 3.4:
The minimum stresses and the maximum stresses were measured at the loads
associated with stress ratios equal to 0.1 (R=0.1):

(Crmax. + Omin)

max.

o, =
2 (3.1)
o, = (O-max _O-min.)
2 (3.2)

Where; (om) and (ca) denote mean and alternating stresses created in the porous
stems and (omin.) and (omax.) refer to minimum stresses at 0.1 of the applied
physiological load and maximum stresses associated with the full load generated from

each walking speed.

(O'aJ {Gm] 1
2 4] | =—
S, Sys N (3.3)

e Ty (3.4)
Where, Se, Sys, and Ns represent, the porous material endurance limit calculated
using equation (3.5) [121], relevant porous material yield strength, and factor of safety,
respectively.

Se = Ky XKp XK X Kg X Kg X Kp X' Sy, (3.5
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K, : Surface quality factor.
K, Size factor.
K_: Reliability factor.
K,: Temperature factor.
K, Stress concentration factor.
Ky Miscellaneous factor.
For Ti6AI4V [53]: S, =0.54 x S,
Sy: The Ultimate tensile stress of the porous material, (the S,, for the outer
stem’s porous layer for each design was used where it is associated with the maximum
stresses obtained from each walking speed), the reduction percentage in S,, and the

calculated endurance limit S, are shown in Table 3.5 below:

D1 D2 D3 D4 D5

IKm/hr 3Km/hr S5Km/hr 1Km/hr 3Km/hr SKm/hr 1Km/hr 3Km/hr SKm/hr 1Km/hr 3Km/hr SKm/hr 1Km/hr 3Km/hr SKm/hr

S, Mises

(Avg: 75%)
+2.241e+02
+2.056e+02
+1.872e+02
+1.687e+02
+1.502e+02
+1.318e+02
+1.133e+02
+9.482e+01
+7.635e+01
+5.788e+01
+3.941e+01

+2.095e+01

’ ’ ’ No Results ’ ’ , No Results ’ , ,

+2.477e+00
Figure 3.7. von Mises stress achieved from the FEA for the fifteen designed stems

+2.477e+00

planted inside the femur and subjected to the three physiological loads (1Km/hr,

3Km/hr, and 5Km/hr.
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Table 3.5. The percentage of reduction in S,, due to the introduced porosities

and the associated calculated endurance limit S,values.

Endurance Limit for The Designed Porous Structures

Volumetric Porosity S, (MPa) Reduction factor S. (MPa)
90% 33.27 17.97
85% 58.47 31.58
80% 90.99 49.13
77% 107.46 58.03
76% 113.50 61.29
76% 124.80 67.39
70% 165.13 89.17
63% 243.15 131.30
62% 177.27 95.72
60% 216.30 116.80
59% 219.77 054 118.68
55% 239.53 129.34
50% 269.29 145.42
49% 283.16 152.91
43% 323.20 174.53
40% 355.63 192.04
37% 359.83 194.31
30% 402.87 217.55
23% 450.32 243.17
20% 468.43 252.95
10% 533.69 288.20

Bulk Ti 1018.67 550.08

3.2.4 Fatigue life assessment

Stress based approach is used for evaluation of the fatigue life of the designed
femoral stems using the Basquin formula [72], [122], [123]. Von Mises stresses
obtained from the static analysis were used for fatigue life estimation based on the

Soderbergh concept [72] as shown in Equations 3.6 — 3.9:

Of) = TZ_,D (3.6)
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Where;

o, = Alternating Stress,

or, = Effective alternating Stress,
o, = Mean Stress

o, = Ultimate Tensile Stress,

o, = Effective alternating Stress,

N = Number of cycles to failure,

(3.7)

(3.8)

(3.9)

The daily physiological activities evaluation for the patient is vital for the

surgeon for proper decision and selection before total hip arthroplasty (THA). Kinkel

et al. (2009) [124] evaluated the patient’s level of activities based on age, gender, and

other factors as presented in table 3.6. The daily patient’s average walking cycle is

around 6000 steps, which represents 2.19 million cycles/year [124]. This data

provides an idea about the durability of the stems in terms of fatigue life.
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Table 3.6. Patient demographics and measured walking cycles according to patient

factors [124]

Number of patients Walking Standard deviation Walking

Demographic (n=103) cycles/day (cycles/day) cycles/year
Age
<50 years 22 6598 1825 2,408,170
50-59 years 41 6722 1896 2,453,485
60-69 years 23 5900 2447 2,153,341
70-79 years 19 4669 1808 1,704,300
Gender
Male 45 6881 2061 2511719
Female 60 5592 1998 2040898

3.3 Sustainability and cost study

Utilizing additive manufacturing to produce the designed stems tends to
minimize losses that would occur in the form of wastage of time and materials during
the production process. In addition, it provides innovation and workforce opportunity
that leads to reduced expenditure on employees. This is because a single employee
would be capable of developing a number of parts alone, compared to what would have
been achieved without this technology. It is worth stating that the expected savings in
materials due to the reduction of the femoral stem’s weight as a result of introducing
porosity ranges from 30% to around 50 % [62].

A comparison between utilizing additive manufacturing (mainly, Direct Metal
Laser Sintering (DMLYS)) related parameters versus the traditional manufacturing of

femoral stem is illustrated in table 3.7.
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Table 3.7 Cost comparison of manufacturing the Titanium Alloy Femoral Stem

using AM (DMLS) versus traditional manufacturing (US $)

Parameter Value Unit Reference
™ AM
Hip implant cost 2308 $/Unit [112]
Build time 12 hrs/ unit [112]
Transportation 35.4 +0.02a to be ignored [112]
cost
Inventory holding 25% 2.50% of inventory [112]
cost value or
revenue
US demand (Hip 332000 Unit/Year [112]
Implant)
lead time 60 14 Days [112]
Technician cost 18.6 $/Hr [125]
Maximum energy 135 MJ/Kg Technical
consumption Description
EOSINT
M 280
[126]
Femoral stem 1.41t02.3 1.04 to Kg [127]
weight 1.74*
Electricity cost 0.028 $/MJ [125]
Operation cost 41.56 $/Hr [125]
Powder price 210 $/Kg [110]
(Average)

* 50% volume reduction based on optimum porosity introduced to the femoral stem

[62]

An average bulk/density Ti-4Al-6V alloy stem’s weight of 1.85 Kg will be considered
for the life cycle cost analysis (LCCA). Hence, the average weight of the porous stem
is 0.92 Kg referring to stems with volumetric porosity of 50%. The porous portion of
the stem represents 74.2 % hence, the porous stem’s total weight was calculated as
follows:
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Porous stem weight = Weight of the porous portion + Weight of the dense portion

Hence, Porous stem weight (50% porosity) = 0.68 + 0.478 = 1.16 Kg.

Life cycle cost analysis (LCCA) is calculated using the following formulas [108], [109]:
Nominal rate with inflation adjustment:

1+D

Dreai = T+ 1 (3.6)

Where, Dreal, D, and i donate, real discount rate, nominal discount rate, inflation rate,

respectively.

= S,
So = XS0 gop (3.7)

Where, S,,S;and t, denote Present value, future value, and number of years,

respectively.

So 1
o1 3.8
St (14Dyear)t ( )

So . .
Where, S—O is the discount rate
t

The nominal discount rate and the inflation rate are assumed to have values of

7.5% and 3.5% respectively [128].
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It has been reported that the rate of revision surgeries is 6.5 % after 5 years and
12.9 % after 10 years of the primary surgery [12], [129]. Proposed porous stems are
expected to last for more than 20 years without revision surgeries, however, for
comparison purposes, the same percentages will be considered for both stems.

All costs associated with inventory, transportation, lead-time to produce, and
other related costs which are normally associated with traditional manufacturing were

not taken into consideration in this study.
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CHAPTER 4 : RESULTS AND DISCUSSION

This chapter explains the research justification, data presentation, findings,
and analyses. The mechanical performance assessment and fatigue analysis of the
designed porous cubes with cubic cellular structure and the fifteen designed fully
porous homogeneous and functionally graded stems are described and discussed.

The main results achieved from the finite element models (ABAQUYS)
simulation of the stems implanted inside the femur are systematically detailed and
presented. Load transfer from the implanted stems to the intact bone was investigated
to estimate the stress shielding. The magnitude of the displacements that occurred
between the implanted stems and the intact bone surfaces were measured to evaluate
the micromotion. A fatigue study based on the measured yield strength and the
Soderberg approach to calculate the factor of safety for each design are presented and
detailed.

Bulk / dense Ti-4Al-6V alloy stem was utilized as a comparison point of reference
concerning the porous femoral stems.

Figure 4.1 illustrates the results and discussion of interconnective tasks.
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Figure 4.1. Flow Chart of Interconnectivity of the Results and Discussions Tasks

4.1 Validation of the porous structure model

For validation of the work out, the finite element model of the cubic porous
structure utilized in this study (Section 3.1.2.1) was validated with Kiven et al. study
[130] in which cobalt-chromium-molybdenum (CoCrMo) material was used. Kiven et
al. model was reconstructed in ABAQUS software and the same boundary conditions
used in the model were applied for the purpose of this validation, the material properties
of CoCrMo were reflected in the model as the only change made to the existing one.
Cobalt-chrome alloy was selected in order to compare with existing work in literature.
Displacement — reaction force results of the finite element model for selected
volumetric porosities of 20%, 40%, 60%, 80%, and 95% were obtained and used to
generate the stress—strain diagrams. Then, the effective elastic modulus values for the
porous structures were determined from these stress—strain graphs. The stiffness
obtained from the finite element model utilized in this study generates a strong

agreement with the finite element analysis published work (Kevin et. al 2013) [130] as
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shown in Figure 4.2.

120.00

100.00
—@— FEA

—@— Kevin et al.
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Effective Elastic Modulus (GPa)

60.00
40.00
20.00
y =-80.03In(x) + 1.6365
R?=0.9977
0.00
25.00% 50.00% 75.00% 100.00%

Porosity %

Figure 4.2. Validation of porous structures against FEA results of Kevin et al [130]

The response of the stress-strain of the bulk/dense Ti-6Al-4V alloy with similar
cube dimensions of 15 x 15 x 15 mm was also verified for validation when exposed to
displacement boundary condition to attain yield point as a minimum. The effective
Young’s Modulus of the bulk/dense Ti-6Al-4V alloy block was measured from the
obtained stress — strain diagram and found to be 123.6 GPa which strongly agrees with
the result reported by Hedayat et al. [56], in which the reported Young’s modulus was

found to be 122.3 GPa.
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4.2. Mechanical properties of porous cubic structures

The validated computational model of the cubic porous structure was used to
investigate the stress-strain behavior of the structure with different volumetric
porosities used in this study. The stress-strain responses obtained for the designed
structures with different volumetric porosities are shown in Figure 4.3. The calculated
effective Young’s modulus and the effective Yield strength of volumetric porosities in
the range of 30% to 85% were 52.23 GPa to 7.6 GPa and 307.13 N/mm?to 50.17
N/mm?, respectively. It was observed that the yield strength and Young’s modulus are
linearly increased with decreasing the structure volumetric porosity, as illustrated in
Figure 4.4, which agrees with the findings of the previous study [64].

The Young’s modulus and Yield strength of the porous structures having
volumetric porosities ranging from 85 % to 70 % were 7.6 GPa to 19.8 GPa and 50.17
N/mm? to 123.28 N/mm?, respectively, which match with the properties of the cortical
bone material (Young’s modulus 8 — 20 GPa and Yield strength 85 — 109 N/mm?) [9],
[131], [132]. However, based on the USA Food and Drug Administration regulations
(FDA, 2016), the approved range of the femoral stem porosities should be between 30—
70% to enhance the bone tissue ingrowth [116].

The proposed porosity range was extended to 10% - 90% to design the femoral
stems with functionally graded porous structure in the radial direction. The obtained
stress-strain mechanical results from the finite element analysis were used to design the
stems (the effective Young’s modulus and the effective yield strength). Several
functionally graded porous designs in the radial direction were developed to achieve
the consistent average volumetric porosities of 30%, 50%, and 70%, as listed in Table

3.2 and illustrated in Figure 3.4.
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Figure 4.4. Effective Young’s modulus and effective yield strength with

varying porosity obtained from the finite element simulation

4.3 Biomechanical performance of stems
4.3.1 Stem in epoxy model

The total displacement was measured at the femoral stem head for all porous
stem designs and bulk/dense Ti-4Al-6V alloy stem at each loading increment/step.
Force—displacement diagrams were plotted for the bulk / dense Ti-4Al-6V alloy and the
porous stem structures of the stem in the epoxy model as illustrated in Figure 3.5 and
the results were compared with the intact bone [130] force-displacement response as
illustrated in Figure 4.5. It is evident from the force-displacement curves that the
stiffness of the porous stems were increased as the volumetric porosity decreased. It is
also obvious that the stems designed with 70% volumetric porosity (functionally graded
and homogeneous porous structures) were found to offer the best match with the force-
displacement diagram of the intact bone. Designs D12 and D14 presented the stiffness
of 361N/mm and 417N/mm, respectively, and these values are comparable with the
intact bone stiffness (375N/mm). There was considerable reduction in the stiffness of
around 80 % to 83 % with relevance to the bulk / dense Ti-6Al-4V alloy stem
(2149N/mm). However, yielding for all stems with average volumetric porosity of 70%
at an applied force of more than 1500N is observed, which agrees with previous studies’
findings [7], [87]. This yielding status is attributed to the stresses applied at 2250N

which exceed the yield stresses of the equivalent porous material.

69



S, Misas

SNEG, (fraction = +1.0)

IAum: TEAL)

\RIY: 79N
+3.540e+02
+3.245e402

+2.9508+02
' 26550402
423600402
+2.085e402
+1.770e+02
+1.475e402
+1.1808402
+8.850e+01
+5.900e+01
+2.950e+01
+0.000e+00

Bulk Stem 30% 50% 70%

(@)

2500
2000
—~ 1500
4
3
o
1000
4
{
| ——D1 D2
500 D3 D4
—=—D5 —a—Bulk Ti 5tem
—a—|ntact Bone
0

0 1 2 3 4 5 6 7
Displacement (mm)

70



(b)

2500
2000
— 1500
£
§
o
“ 1000
——D6 ——D7
500 ——D2 ——D9
——D10 ——Bulk Ti Stem
—a—|ntact Bone
0¥ : : :
0 1 2 3 i | 5 6
Displacement (mm)
(©)
2500
//'
2000
— 1500
<
3
S
“ 1000
——D15 —-—D14
500 —=-D13 D11
—-D12 —a—Bulk Ti 5tem
—e—|ntact Bone
0 f I I
0 1 2 3 4 5 b

Displacement (mm)

(d)



Figure 4.5 Force displacement diagram for stem designs; (a) 30%, (b) 50%, and
(c) 70% volumetric porosities respectively, along with Intact bone and Bulk / dense Ti-

6Al-4V alloy stem

In addition to the above, and in reference to the results obtained from the force
— displacement calculations and figure 4.5, the average percentages of stiffness
reductions of the femoral stems as a result of introducing porosities of an average of
30%, 50%, and 70 % to the femoral stems in comparison with the bulk / dense femoral
stem are 43%, 58%, and 83%, respectively. This finding strongly agrees with the results
obtained in the literature [88], [133], [134]. Hence, the proposed designs achieved the
target of reducing the stiffness of the femoral stems significantly in order to be as close
as possible to the intact femoral bone properties, leading to an expected significant
reduction of the stress shielding in comparison with the bulk /dense Ti-4Al-6V alloy
stem. Table 4.1 summarizes the stiffness obtained from the force—displacement
diagrams with the percent reduction in stiffness with reference to the bulk /dense Ti-

4Al-6V alloy stem.
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Table 4.1 Percentage of stiffness reduction achieved from introducing porosities
to the femoral stem in comparison with bulk / dense Ti-4Al-6V alloy stem [10], [64],

[66], [117], [121], [130]

Stem Design Stiffness (N/mm) Average Stiffness (N/mm) % Reduction in stiffness

DI 1254.18
D2 1191.11
D3 1284.98 1223.58 43%
D4 1169.44
D35 1218.19
D6 964.01
D7 857.14
D8 1013.06 901.68 580
D9 784.52
D10 889.68
DIl 507.10
D12 416.67
D13 447.67 439.70 80%
D14 360.75
D15 466.32

Bulk stem 2149.00

4.3.2 Stem in femoral bone model

4.3.2.1 Validation of the finite element model
Finite element models of stem implanted in the bone were validated with the

model of Jette et al. [87] using ABAQUS finite element analysis software. A bulk /
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dense Ti-4Al-6V alloy stem was implanted inside the bone, as illustrated in Figure 4.6,
and subjected to a concentrated load of 3000 N at the stem’s head, with the load applied
in ten increments. The displacement was tracked at a selected point on the bone head.
Force—Displacement data were plotted and compared with Jette et al. experimental
results [87]; a strong agreement was noticed between the two models, as shown in
Figure 4.6. It can be concluded from this validation result that the difference in implant
geometry between Jette et al. and the model has less impact on the results. The slight
difference in the curves can be attributed to the difference in the exact position of the

selected point on the bone head.
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directions
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Figure 4.6. Stem—Bone assembly validation.

4.3.2.2 Stress transfer to the bone
The distributions of von Mises stress in the femur bone implanted with bulk /

dense and porous Ti-4Al-6V alloy stems with homogeneous volumetric porosities of
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30%, 50%, and 70% which occurred due to applying the three physiological loads
resulting from the walking speed at 1km/hr., 3km/hr., and 5km/hr., are shown in figure
4.7. It is obvious from the figure that the femur implanted with a bulk/dense Ti-4Al-6V
alloy stem displays a lower amount of stress transferred at all loading conditions. In
addition, the amount of stresses transferred from the stem to the bone increased as the
volumetric porosity increased. This can be attributed to the stem’s stiffness reduction
by introducing a porous structure that provides extra load stress transfer to the femur.
This finding is in agreement with other published works [10], [130], [133]-[135]. The
stresses transfer percentages of the functionally graded and homogeneous porous stems
in comparison to the Bulk / dense Ti-4Al-6V stem are illustrated in table 4.1. Further

discussion on the stress transfer results will be elaborated in section 4.4.
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Figure 4.7 The distribution of von Mises stress in the femur as a result of

physiological loading conditions associated with the three walking speeds

4.3.2.3 Stresses in porous stem’s section

The stresses within each stem’s porous layer were computed through the finite
element analysis (FEA) results for the fifteen functionally graded and homogeneous
stem designs and for each of the three walking speeds (1 km/hr, 3 km/hr, and 5 km/hr)
as illustrated in Figure 4.8. Stresses in the porous stems were found to be less than bulk
/ dense stem one, which indicates that, part of the applied loads/stresses are distributed
between the femur bone and the stem as explained in section 4.4 in detail. This is
attributed to the difference in the stiffness value associated with each stem’s design in
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comparison with the bulk / dense stem stiffness (114 GPa). Hence, the stress level on
the stem is affected by two factors, firstly, the applied loads associated with the different
walking speeds and secondly, the stiffness of the designed stems. Though the stress
distributions along the functionally graded stem’s layers were varied with the maximum
values reported at the outer stem’s layer for all designs and all walking speeds, this is
attributed to the variance in Young’s modulus of each porous layer and the stem’s outer

layer is in direct surface to surface contact with the femur bone canal.
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Figure 4.8. Stresses within each porous layer computed through the FEA results
for the fifteen homogeneous and FG designs and each of the three walking speeds: (a)
30% volumetric porosity, (b) 50% volumetric porosity, and (c) 70% volumetric

porosity
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4.3.2.4 Yielding study at different physiological loads

The yield strength was studied for each stem’s porous layer associated with the
relevant cellular structure volumetric porosity and compared with the stress values
computed via the finite element analysis of the stem — bone models. The obtained
results show that all designs are not yielding at a walking speed of 1 Km/hr except
designs D9 and D12 which hold a stress value at the stem’s outer layer equal to the
yield strength value related to 70% and 80% porosity, respectively, and design D14
which has a porosity value at the stem’s outer layer of 85% and that gave no results in
ABAQUS finite element analysis (no convergence reached). At 3 Km/hr walking speed
only designs D1, D3 and D8 were observed to be not yielding and safe. All designs
were found to be yielding at a walking speed of 5 Km/hr as the stresses encountered are
higher than the yield strength associated with the relevant porous structure of each
design. Stem failure (SF) is calculated based on the stress ratio between the relevant
stem layer yield strength (Y,;) and the maximum stress value of that layer (o;,,)as per

equation 4.1.

SF = &

(4.1)

OLm

The design will not fail / yield if SF value > 1.0, the results are illustrated in

Figure 4.9.
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Figure 4.9 Stress ratio between the relevant stem layer yield strength (Y,;) and the
maximum stress value of that layer (o;,,); a: at 1 km/hr walking speed, b: at 3 km/hr

walking speed and c: at 5 km/hr walking speed

It is evident from figure 4.9 that as the volumetric porosity increased the SF
value decreased, which is attributed to the reduction of the stiffness and yield strength
with the increasing the volumetric porosity percentage.

A previous experimental study by Yavari et al. [81] shows the superiority of the
cubic porous structures over the other structures such as diamond shape structures.
None of their cubic structure tested samples failed under cyclic loading at a maximum
load of 80% of the relevant porous structure yield strength (0.8cvys) [81]. This finding
is comparable with the computational analysis findings up to certain loading conditions

as illustrated in figure 4.9.
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4.4 Assessment of stress shielding and micromotions
4.4.1 Assessment of stress shielding

The stress shielding assessment was done to evaluate the femoral stems
performance based on stress distribution along the Gruen Zones resulting from
transferring the loads / stresses from the implanted stem to the femur bone. The region
of interface between the femur bone and the implanted stem is split into seven zones
(Gruen zones) as shown in figure 3.6 -b [65], [66]. The highest von Mises stress values
for the cortical bone (1-7 Gruen zones) and trabecular bone (1, 2, 6, and 7 Gruen zones)
which have direct contact with the stem were specified and recorded. In general, to
reduce stress shielding, an implant should transfer some of the stresses to the bone
Gruen zones. The von Mises stresses obtained for the fifteen homogeneous and
functionally graded (FG) designed stems and bulk / dense Ti-6Al-4V alloy stem
implanted in the femur for the three different walking speeds (1 km/hr, 3 km/hr, and
5km/hr) are shown in (Figure 4.10). From these plots, it is seen that porous Ti-6Al-4V
alloy stems show better performance than bulk / dense Ti-6Al-4V alloy stem in terms
of reducing stress shielding (higher stress values reported in the bone due to stress
transfer from femoral stems to the femur bone). There was almost no obvious difference
between the FG designs for each used average porosity (30%, 50%, and 70%)
regardless of the walking speed for both areas of the cortical and trabecular bone. The
maximum stress values are reported at stems distal zones of the femur and the values
are decreased gradually as moving to the proximal zones, which is in agreement with
the other published works [24], [136]. However, the most critical zone 7 which is near
the femur calcar area shows higher stress values compared to zone 6. This is required
as zone 7 is the critical area where the implant failures due to the stress shielding
occurred at this zone [65], [117]. It is worth mentioning that, comparing the stress

values in the femur with other studies is difficult because of the differences in porous
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structures geometries, loading conditions, boundary conditions, and assigned material
properties in femur bone and femoral stems.

The stress transfer to the bone and percent of the stress shielding reduction is
obvious, as shown in Figure 4.10 and illustrated in Table 4.2. It is evident that the
highest percentages of stresses transfer in comparison with the bulk / dense Ti-4Al-6V
alloy stem have occurred at the proximal area of the femur at Gruen zones G7, G1, G6,
and G2, and the lowest values have occurred at the distal zones (G4, G3, and G5). The
minimum values were reported at Gruen zone 4 (G4), and the maximum values
occurred at Gruen zone 7 (G7) with approximate percentages of 36 %, 48 %, and 63 %
for volumetric porosities of 30%, 50%, and 70%, respectively. It has been noted that
the stress transfer percentage values at Gruen zone 7 (G7) are not significantly affected
by increasing or decreasing the walking speed.

The stress shielding was evaluated based on the percent of stress transfer to the
femur bone from the designed FG stems compared with the bulk / dense stem. The
transfer of the stresses at the trabecular bone from the designed FG and homogeneous
porous stems is higher (20% to 65%) than that from the bulk / dense stem, indicating

sufficient reduction in stress shielding.
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Figure 4.10 Stresses at Gruen Zones of the functionally graded porous stems
and the Bulk / dense Ti-6Al-4V alloy stem for proposed designs for different walking

speeds: (a) 1 km/ hr., (b) 3 km/ hr., (@) 5 km/ hr.

It can be concluded from Figure 4.10 and Table 4.2 that the stress transfer from
the stem to the bone at Gruen zone 7 increases as the porosity increases, which is
associated with lower stiffness at a higher volumetric porosity percentage, and these
findings agree with the previous studies [10], [87], [117]. It is also obvious that the
highest stress transfer to the bone at proximal area is depicted at Gruen zone 7 for all
porous stem designs, which is required to avoid the hip stem failures due to the stress
shielding [29], [137] as this zone is susceptible to bone resorption [138]. The distal part
of the stems has more stress values than the proximal part with a minimum value of the
stress transfer to the bone for all porous stem designs found in Gruen zone 4, which
agrees with the results stated in the literature [24], [26], [29], [137], [139]. The
inadequate stress transfer to the bone for all porous stem designs in zones 3, 4, and 5 is
attributed to the proximal load transfer to the bone, and torsional stress induced by the
applied load in these areas [29], [117].

The stress values at Gruen zones G3, G4 and G5 are almost identical for all
volumetric porosities stems at each same walking speed, and the values are increased
as the walking speed increases. Hence, it can be concluded that, there is no significant
effect of introducing porous structure at any value at the distal area of the stems as most
of the loads are being transferred to the proximal area of the femur.

In summary, the proposed designs achieved the target to reduce the stress
shielding of the femoral stems significantly with reference to the bulk / dense Ti-4Al-

6V alloy stem. However, as the volumetric porosity of the femoral stem increased, the
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stiffness decreased which can be risky and can lead to implant failure under certain

loading conditions due to excessive micromotion and fatigue failure.

Table 4.2 Stress transfer percentages of the homogeneous and functionally
graded porous stems when compared to the Bulk / dense Ti-6Al-4V alloy (reduction in

stress shielding)

1km/hr Walking Speed

Design G1 G2 G3 G4 GS5 Go6 G7

30% Porosity 27.1% 9.4% 2.5% 1.2% 7.4% 10.4% 35.9%
50% Porosity 35.8% 12.2% 4.5% 1.8% 9.6% 16.1% 48.1%

70% Porosity 46.1% 20.3% 6.6%  2.8% 12.3% 22.3% 62.6%

3km/hr Walking Speed

Design G1 G2 G3 G4 GS Go G7

30% Porosity 21.8% 9.5% 2.2% 1.5% 7.8% 10.2% 36.1%
50% Porosity 31.8% 12.3% 4.3% 2.2% 10.1% 16.0% 48.4%

70% Porosity 41.4% 19.8% 6.6% 3.5% 12.7% 22.1% 63.1%

Skm/hr Walking Speed

Design G1 G2 G3 G4 GS G6 G7

30% Porosity 20.3% 10.5% 22% 2.2% -70.9% 9.9% 36.6%
50% Porosity 30.5% 12.9% 41%  3.3% -66.1% 15.9% 49.2%

70% Porosity 40.0% 19.2% 6.8%  5.2% -60.8% 22.4% 64.9%

4.4.2 Assessment of micromotion

Micromotion at the stem—femur interface was studied for the proposed designs,
which are vital to evaluating stem stability by enhancing bone tissue ingrowth.
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Debonding at the bone-stem interface can lead to premature implant failure. A
micromotion value of more than 150 um is considered excessive and causes instability
of the implant [9], [11], [140]. The average micromotion of the proposed designs is
illustrated in Figure 4.11. Stem designs with an average porosity of 70% showed the
maximum micromotion values of more than 150 pum at 3 km/hr and 5 km/hr walking
speed beside the design with 50% porosity at 5 km/hr, which is attributed to low
stiffness values of the higher porosity stems, and the loading conditions associated with
the walking speed. These designs are susceptible to aseptic loosening and the instability
of the implants which may lead to premature failure of the stem. Adding a thin bulk /
dense Ti-4Al-6V alloy as an outer skin to the designed stems may reduce the
micromotion value and the porosity can be replaced by porous coating to enhance the
bone tissue ingrowth which will be part of a future study.

The lowest stem — femur micromotions of the porous stem structures were
observed for the 30 % volumetric porosity stems and the overall lowest stem — femur
micromotions are observed for the highest stiffness of the bulk / dense Ti-4Al-6V alloy
stem for all loading conditions associated with all applied walking speeds. These
findings agree with the previous studies [26], [117].

Even though many potential stem candidates that provide enhanced resistance
to micromotion have been identified, there are some limitations associated with bone
quality, body weight, age, gender and further loading conditions and daily activities

scenarios, which will be part of a future study.
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4.5 Fatigue factor of safety (Soderberg approach)

Fatigue factor of safety is one of the important factors used for the evaluation
of the femoral stem’s durability [54]. Taking into consideration the other factors that
need to be included in the porous femoral stem design such as stress shielding, and
micromotion for enhancing the implant’s stability through improving bone tissue
ingrowth in order to avoid premature implant failures. Stresses encountered within the
stem during the daily activities shall be computed and compared with the yield strength
of the used porous structure [79], [141]. Most of the previous studies predicted the
fatigue limit using FEA for solid stems and under concentrated compression load, but
very few studies were found performed for porous stem [51], [83], and no literature was
discovered on computing the fatigue life for porous stems using different physiological
loads. Hence, in this study, the factor of safety was calculated for each design using
Soderberg Approach. This approach is efficiently capable to estimate the fatigue limit
of the femoral stem under high cyclic loading condition [83] and this approach provides
the worst-case scenario among the other approaches, namely, Goodman and Gerber
[83].

The maximum and the minimum stresses were identified based on increments
1 and 10 of the FEA (ABAQUS) results, i.e., cyclic stress ratios R=0.1 for calculating
the minimum and maximum stresses as shown in equations 3.1 — 3.4. The factors of
safety (Ny) were calculated and the results for all designs in relation to the three walking
speeds are shown in Figure 4.12. The designs that have a factor of safety > 1 are
considered safe under cyclic fatigue loading. None of the fifteen designs was found to
be safe under a walking speed of 5 Km/hr. Only design 8 (D8) is safe to be used up to
a walking speed of 3 km/hr and the von Mises stress is less than the associated yield

strength at 1 km/hr and 3 km/hr. Designs D1, D2, D3, D5, D6, D8, D10, D11, and D15
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are safe under a walking speed of 1 km/hr. All of these designs also had von Mises
stresses less than their associated yield strength at 1 km/hr walking speed. Most the
THA patients normally have a maximum normal walking speed of 1.54 km/hr,
however, the speed level is expected to be less than that for the elderly patients [142],
[143]. Hence, the target to have sustainable porous stems at high cyclic loading is
attained at certain loading conditions which are suitable mostly for elderly patients.
The proposed femoral stem designs can be improved to enhance the fatigue
factor of safety by adding an outer dense shell to the porous stem structure with different

thicknesses [9] which will be part of a future study.
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Figure 4.12 Soderberg Factors of safety obtained for the designed stems under the three

loading conditions. (0.0 values shown for D12 and D14 denotes that no results are

obtained as the FEA simulation does not converge due to the high volumetric porosity

at the outer layer of the stem).
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4.6 Fatigue life estimation

The applied forces to the stem create dynamic stresses which lead to fatigue
failure of the stem after a certain period. The estimated fatigue life which is represented
by the number of cycles to failure was calculated for all femoral stem designs having a
factor of safety > 1.0 at the relevant loading conditions based on the equations presented
in section 3.2.4 as shown in table 4.3. The results illustrated in figure 4.9 provide an
idea pertaining to the critical area of the stem associated with the maximum von Misses
stress which is the outer layer of the stem in comparison with the other layers. The
maximum von Misses stress and the minimum ultimate tensile strength associated with
stems porous layers were used for fatigue calculations. This is important to provide the

optimal designs in terms of durability and safety life span.

Table 4.3 Fatigue life / number of cycles to failure corresponding to an

acceptable factor of safety designs

Design Walking speed Fatigue life (Nc)
D1 1Km/hr 9.07E+09
D2 1Km/hr 1.02E+08
D3 1Km/hr 2.10E+11
D5 1Km/hr 1.15E+09
D6 1Km/hr 2.67E+10

1Km/hr 1.77E+12
D8

3Km/hr 7.14E+08
D10 1Km/hr 2.33E+08
D11 1Km/hr 2.66E+09
D15 1Km/hr 1.48E+08
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Since the stem material is Ti-4Al-6V and the applied load is relatively small,
the fatigue life for the proposed stems shown in table 4.3 is long. But practically, the
hip is replaced due to stress shielding and other biological related matters. With these
innovative designs we succeeded in reducing the stress shielding and delaying the bone

wracking which will reduce the implant loosening.

4.7 Sustainability and cost study

The manufacturing of femoral stems using an additive manufacturing
technology offers an innovative sustainable development strategy in terms of reducing
lead time, manpower costs, inventory risks (only software and powder are stored),
transportation costs, tools, consumables, energy consumption, carbon footprint, and
manufacturing waste as it provides a tool to manufacture a customized product which
meets the patient’s specific bone geometry. It provides Just-In-Time (JIT) at an efficient
manufacturing speed and a low price with precise accuracy at the customer’s location;
and it has the ability to join different operations that were typically done through
different processes. Therefore, it has a significant impact on ecological, institutional,
economic, and financial sustainability.

Additive manufacturing with the use of titanium alloy is predicted to be a
sustainable approach for manufacturing in the future. This is after several
improvements have been made to the process to improve its outcomes. It is evident that
additive manufacturing leads to lower costs compared to traditional approaches,
however, the cost for specific materials varies significantly from one to the other. This
is due to the reduced waste produced and time taken to produce the materials. In
addition, the inventory is more manageable as it shifts to a digital inventory. This is

where the product is stored in the form of blueprint files rather than physical final
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products. Its contributions to the social aspects of life are also noticeable as additive
manufacturing has improved medical procedures as well as productive activities in the

manufacturing sector.

4.7.1 Cost analysis

The cost associated with each manufacturing process were calculated and
analyzed, and it is evident from the results that the superiority of introducing the porous
structures to the design of the stem that can be manufactured using the additive
manufacturing method over the traditional manufacturing techniques of the bulk /dense
Ti-4Al-6V alloy femoral stems. Table 4.4 shows the cost input comparison data
between both stems with relevant manufacturing methods. The costs presented are
present values of both porous AM stem and bulk / dense TM stem, these costs represent
the femoral stem cost for a single patient excluding all other costs such as the cost of
surgery operations. The percentage of saving for the porous stem manufactured using
AM method and the bulk /dense stem manufactured using TM methods is around 58%
for primary surgery and this percentage decreases with time for revision surgeries at
each lifecycle and is expected to reach 8 % after 20 years. This can be considered as a
significant reduction in cost for the first 15 years of the lifecycle besides the other
mechanical properties enhanced relevant to the bone’s properties.

It is obvious from figure 4.13 that there are significant savings considering the
revision surgeries are done typically after every 5 years. However, the proposed
designed porous stem is expected to last for more than 20 years without replacement,
depending on the patient's age, sex, bone status, and active or inactive lifestyle, while

for the bulk / dense stem around 80 % can survive up to 20 years [12], [129].
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Table 4.4 The cost input between Porous AM stem and bulk / dense TM stem

AM stem TM Stem
Year Primary Revision Primary Revision
0 970 2308
5 970 2308
10 970 2308
15 970 2308
20 970 2308
—+—Saving (US$) AM stem SO  —&—TM stem SO
9000
8000
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&
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Figure 4.13 Effect of implementing AM method for fabrication of porous stems

on cost saving with relevant to bulk /dense stem traditionally manufactured counterpart
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The overall saving in the USA alone is significant when utilizing porous stems
manufactured via additive manufacturing method as illustrated in figure 4.14
considering the total population that undergoing total hip arthroplasty (THA) in the
USA is 930,575 according to year 2020 records, and this number is expected to increase

to 1,537,422 in 2050 with an annual growth rate of 1.7% [4].

USA saving (MS)
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4000 3797
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Future years

Figure 4.14 The USA’s expected saving of Million dollars over the lifecycle

considering AM porous stems with relevant to bulk / dense TM stem

The initial saving is expected to reach 1245 Million dollars if the proposed stem
manufactured using additive manufacturing method as per year 2020 demand, and the
savings are expected to reach 147.4 Million dollars for revision surgeries after 5 years,

and 400.8 Million dollars if the revisions were done after 10 years of the primary
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operation considering that the rate of revision surgeries is 6.5 % after 5 years and 12.9

% after 10 years of the primary surgery, respectively [12], [129].

4.8 Summary

Finite element analysis method was used successfully to design and
study the Ti-4Al-6V alloy porous cubic structures, porous femoral stems,
femoral stems performance under physiological load related to walking speeds
at 1km/hr, 3km/hr and Skm/hr, stress shielding, micromotion and fatigue
analysis aiming to design a lightweight Ti-4Al-6V alloy femoral stem that can
survive under certain daily activities with a long lifespan. Table 4.5 illustrates a
summary of all investigations and studied tasks conducted with the acceptance
and rejection of the stem design to achieve the study objectives.

Significant savings are expected globally when utilizing the proposed
porous stems which are safe in terms of stress shielding, micromotions, and
having acceptable fatigue performance when manufactured using additive
manufacturing method, i.e., Direct Metal Laser Sintering (DMLS), with
reference to the traditional bulk / dense stem which is currently manufactured

using the traditional methods.
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Table 4.5 Summary of acceptance and rejection of the femoral stem design

based on the studied tasks

Design

Loading
condition
(Walking speed)

Micromotion

Stress Shielding

SF= Y_sl/o_Lm

Fatigue Factor of
Safety - Soderberg
approach

conclusion

D1

1km/hr

<

3Km/Hr

5Km/Hr
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

The cubic porous cellular structure three- dimensions (3D) finite element
models were built with porosity values of 10 — 90% to construct fifteen different
femoral stem designs using different arrangements of volumetric porosities within the
stem’s layers in radial direction. The hypothesis in this study is that such radial
functionally graded porous structure will provide optimum designs that can reduce the
stress-shielding, promote stem stability, and survive under high cyclic loading focusing
on the level of porosity in the stems required to achieve good biomechanical
performance.

The stems were subjected to physiological loads corresponding to three walking
speeds (1 km/hr, 3 km/hr, and 5 km/hr). The von Mises stresses at femur Gruen zones
and stem layers, and the stem micromotions and fatigue performance of each designed

stem were calculated.

5.1 Conclusions

Three-dimensional finite element models of cubic porous cellular structures
were built with porosity values of 30—70% representing fifteen different designs using
different arrangements of volumetric porosities within the stems’ layers. The stems
were subjected to physiological loads corresponding to three walking speeds (1 km/h,
3 km/h, and 5 km/h). The von Mises stresses at femur Gruen zones and stem layers and
the stems’ micromotions were calculated. Fatigue factors of safety were computed for
each design under the three loading conditions using Soderberg approach. The optimal
design was used for calculating the LCCA. The conclusions obtained from this study

can be summarized as follows:
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A significant reduction in stress shielding is successfully achieved which leads
to promote the stem’s stability and reduce the chance of aseptic loosening and
early revision surgery.

Functionally graded porous stems tend to transfer higher stress values to the
bone compared to bulk / dense stem for all physiological loads associated with
three studied walking speeds.

The micromotions values are increased as the porosity and physiological loads
/ walking speed increase. Hence, the patient is to be advised to walk at a low
speed to prevent stem’s micromotion that affects the bone tissue ingrowth
leading to failure of the implant.

Designs associated with stems average volumetric porosity of 50% at 5 km/hr.
walking speed and 70% at all walking speeds are considered failed in terms of
micromotion.

The stems with 70% average porosity were found to have the best match with
the intact bone mechanical properties for the stem inside the epoxy model.
Porous structure’s mechanical properties varied as the volumetric porosities
changed and this is affecting the stems performance and fatigue endurance
under daily human physical activities.

FG stems of Designs D1 and D3 with 30% average porosity and Design D8 with
50% average porosity generate enough stress transfer to the bone without
yielding and moderate micromotions between the stem and the bone interface
surfaces.

Changing the porosities arrangement within the stem’s layers affects the stems

durability and the fatigue performance.
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Designs D1, D2, D3, D5, D6, D8, D10, D11 and D15 were found to be safe at
a walking speed 1 Km/hr. in terms of micromotion, stress shielding, von Mises
stress values compared with the associated yield strength and factor of safety
based on Soderberg approach.

Design D8 is the best candidate that was found not to fail up to a walking speed
of 3 Km/hr. in terms of micromotion, stress shielding, and fatigue performance.
The performance of the proposed designs can be enhanced by adding outer
dense shell to the porous stem structures with different thicknesses which will
be part of a future study.

Significant savings are expected globally when utilizing the proposed porous
stems when manufactured using additive manufacturing method, i.e., Direct
Metal Laser Sintering (DMLS), with reference to the traditional bulk / dense

stem counterpart which is currently manufactured using the traditional methods.

5.2 Research implications

Fully dense Ti-4Al-6V alloy stems have an elastic modulus of 115 GPa, such

traditionally made femoral stems show stress shielding phenomenon that is not desired

for stems stability and stems loosening after a short time of implantation.

This study has proposed a cubic cellular porous structure that can be introduced

to the femoral stem in several geometrical functionally graded and homogeneous

arrangements of volumetric porosities in stem’s radial direction, which was done

mainly to reduce the stress shielding effects without compromising on the other risks,

namely, micromotions and fatigue performance.

Many porous functionally graded and homogeneous designs can be suggested

for the surgeons which are lightweight by 30%, 50% or 70% and less stiffness by 55%
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to 82% than the bulk /dense Ti-4Al-6V alloy stem. These proposed designs are able to
reduce the stress shielding as shown in table 4.1, promote stability and safe under cyclic

loading.

5.3 Future work

a) The proposed designs with functionally graded, homogeneous, and bulk
/ dense stems are to be manufactured using additive manufacturing
technology and to subject these designs for physical mechanical testing.

b) Adding a thin bulk / dense Ti-4Al-6V alloy as an outer skin to the
designed stems for further improvement investigations.

c) Additional loading conditions such as jogging, walking upstairs and

downstairs are to be studied.
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