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ABSTRACT

Selective laser melting is the branch of additive manufacturing in which parts are made layer by
layer using laser beam as a heat or energy source to melt the powder layers and manufacture the
part according to the CAD model. It has the ability to manufacture highly complex parts which
are very difficult to manufacture using conventional techniques. SLM is very popular technique
to manufacture orthopaedic implants for the medical industry. If the human bone is damaged,
then orthopaedic implants can be installed as a substitute in the human body to ensure quality life
for the person. Implants manufactured using SLM have very high elastic modulus as compared
to human bone which can cause stress shielding and damage the human bone and so elastic
modulus of the implants needs to be lowered. For this purpose, in this research work, we have
designed many implants using gyroid and diamond TPMS structures that have elastic modulus
close to the human bone, are biocompatible and have good mechanical properties. All the
implant designs were inspected and their results were compared and validated with the existing
literature. All the designed implants in this research work meet the requirements of an ideal

orthopaedic implant and can be physically installed in the human body.
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Chapter#1

Introduction

1.1 Research background

Selective laser melting is an additive manufacturing process. It is a powder bed fusion process
which utilizes a high intensity laser source and selectively melts powder in particular regions and
builds the part layer by layer and according to computer aided design (CAD) data.

When the high intensity laser beam is incident on the build platform where part is to be made
layer by layer and where a layer of powder is present, It melts the powder due to the high
intensity of the laser beam and first layer of the part is made. The laser source stops for a little
while, the formed layer is cooled down and the build platform is lowered. Similarly the second
layer of the part is made adopting the same previous procedure and this process continues until
the whole part is fabricated layer by layer.

Once the part is made, the excessive unused powder is removed from the build platform and the
part is removed either manually or by using electrical discharge machining. If it requires some
post processing operations, then they are performed to make the part ready for use. During the
building process in selective laser melting, the build platform is usually filled with nitrogen or
argon gases to provide an inert atmosphere and to protect the part to be built from oxidation. In
some selective laser melting processes, a pre-heating process is performed on the substrate plate
or sometimes it is performed in the whole build chamber.

The materials used in selective laser melting are mostly metals. Most common metals used for
SLM are iron, titanium and nickel. Moreover, aluminium, tungsten, copper and other metals and
alloys are also used in selective laser melting. These materials are cost effective and also have
wide industrial application. These materials are usually chosen according to the requirements of
desired strength, ductility, bio compatibility etc in the final parts.

Selective laser melting also has applications in the medical field. Orthopaedic implants are also
made from SLM process and it has brought a revolution in the field of orthopaedic implants
because the implants made from selective laser melting are bio compatible to the human body
and also their properties can be tailored to the original human bone i-e cortical and trabecular
bone by using suitable materials. So, selective laser melting process is considered as the
backbone of medical industry when it comes to the manufacturing of orthopaedic implants.



The need of an orthopaedic implant has increased exponentially specially in the last two or three
decades. Its market is expanding globally with a very fast pace. The patients are going towards
the medical orthopaedic implants to ensure their quality of life and to perform the daily physical
activities with ease. Selective laser melting has made it very easy for the orthopaedic implant
developers to manufacture bone implants of good quality.

1.2 Aim of the work

FE modelling of porous structures using selective laser melting will be done in this research
work. Different designs of orthopaedic implants will be developed in this work and their results
will be compared and validated with the existing literature.



Chapter #2

Literature Review

In this chapter, a detailed research background will be presented about selective laser melting,
which is a branch of additive manufacturing. A literature review will be given about the
proposed research work, how much work has been done in this field and what work has been
done including the future prospects and recommendations by the researcher’s who have worked
in this field. Problem statement will be identified and then different procedures or ways to
overcome the shortcomings and to fill the research gap will be discussed. All the literature will
be related to the proposed thesis topic.

2.1 What is Additive manufacturing

First of all the main question is what is additive manufacturing. Additive manufacturing is a
process in which parts or components are built in a layer by layer manner using computer aided
design data. This CAD data can be prepared using any relevant software. (lan Gibson et al.,
2010).

From a CAD representation to the final part, there are a number of steps involved. The Additive
manufacturing steps involved in the production of a part are as follows: (lan Gibson et al., 2010)

= First of all, a CAD representation of the part is done. It can be done using any suitable
software.

= This CAD representation is then converted to a STL file format. Nearly all additive
manufacturing machines accept STL file format.

= This STL file is transferred to the AM machine and any required manipulation is done
and size, Position, orientation etc are adjusted.

= Now Machine setup is done and different process parameters like layer thickness, hatch
spacing, scan speed etc. are given to the machine.

= Now comes the build process. It is usually an automated process but is monitored to look
for any errors during the build.

= After the part is build, it is removed from the platform either manually or by using
Electrical discharge machining (EDM).

= The part manufactured by AM machine is usually not ready for use and it requires some
post processing operations to be performed. Several operations such as sand blasting,
polishing, heat treatment etc. are performed before the part is given green signal to be
used practically.



= Finally, the application of the part comes, where part is used physically. For example if
the part made is a cup, then it can be used for the tea.

These are the eight basic steps involved in the manufacturing of a part usually in all the AM
machines.

1 CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process

8 Application

Figure 2-1 Additive manufacturing steps (lan Gibson et al., 2010)

2.2 Selective Laser melting (SLM)

Selective laser melting is a powder bed fusion process. It is a branch of additive manufacturing
process. It uses a high intensity laser beam to melt the powder particles and make parts layer by
layer using computer aided design data. This process is different from selective laser sintering

which involves partial melting of the material instead of full melting in SLM and also selective



Laser sintering usually uses polymers as materials instead of metals. Selective laser melting is
the main topic of this research work, so it will be discussed in detail in this chapter.

Heated roller Steering
Mirror
Laser Beam
Powder supply

Fig 2-2 Selective laser melting (Bikas et al., 2015)

Selective laser melting process was developed by Dr. D. Schwarze, Dr. M fockele, Dr. W.
Meiners, and Dr. G. Andres. For the production of Parts by SLM, process parameters such as
hatch spacing, layer thickness, scan speed, laser power etc. are adjusted to get the optimum
results [1]. The process of selective laser melting is completely automated other than when the
part is removed manually after production with the help of Electric discharge machining.

In the above figure of selective laser melting, the process layout of selective laser melting is
described. Heated roller is used to produce a smooth layer of the powder being laid. Powder
supply piston is used to supply the required powder quantities. A laser beam is used as an energy
or heat source which is directed to the build platform with the help of steering mirror. When the
first layer of the part is made, the build platform is then lowered by a thickness equal to that of a
layer so that next layer could be made onto the previous one and hence the whole part is
fabricated layer by layer. The part is surrounded by the unused powder, which can be separated
at the end of the process [2].

2.2.1 SLM physical phenomena




As the selective laser melting process involves the melting of the powder material, it is very
important to keep in account the absorptivity of the powder material when laser beam is incident
on the powder particles [3]. Thermal fluctuations during the build process should also be
considered which results in:

Balling phenomena
Crack formation
Key hole effect
Melt pool variations
Part failures

Absorptance is actually the ratio of energy flux that is absorbed by the material to the energy flux
incident on the material [3]. Keeping in view the importance of absorptance in selective laser
melting, one more factor that is very vital in SLM is process parameters like scan speed, laser
power, hatch spacing etc.[3]. All of them directly affect the volumetric energy density that is
needed to heat up and melt the powder to manufacture the part. The process parameters involved
in selective laser melting are described in the following figure[3]:

Fig 2-3 SLM process parameters [3]



Absorptivity of different materials is different upon laser irradiation. In case of powder materials,
laser beam is irradiated on thin powder surface, So the absorptivity of that powder material can
be very much different as compared to the absorptivity of same material in bulk form [3].

Tolochko studied about the absorptance of the powder materials when CO. infrared radiation is
irradiated on them [4]. The absorptance of the bulk material is very less as compared to the
absorptance of powder particles of the same material [9]. For example the absorptance of
titanium material in bulk form is 30%, on the other hand, the absorptance of titanium powder is
77% which is a big difference when we compare it with bulk titanium [4].

One of the reasons why absorptance of powder material is greater than that of bulk material is
the multiple reflections of the laser beam in case of powder materials. These multiple reflections
happen through the powder bed and also results in greater penetration depth resulting in higher
absorptivity [5]. In their work, Kruth and Gusarrov performed a comparison between the
absorptance of bulk materials and absorptance of powder bed and collected the experimental
data. This experimental data was then matched with specular reflection model and diffuse
reflection model [6]. This model predicts the absorptance of powder bed on the basis of
absorptance of bulk material as shown in fig 2-4 [6].

1 ———ry S ——

o
%0

0.6
0 TPb 1006 pum
*Fe 10.6 um ® Cu
04} ’ H m Fe -
. A Pb
' Cu 10,6 pm =4
0.2 -

Effective absorptance of powder, 4,

Specular reflection
------ Dif fuse reflection

O L 1 A L
0 0.1 0.2 0.3 0.4 0.5

Absorptance of dense matenal, A =1 -p

Fig 2-4Effective absorptance of powder bed vs absorptance of bulk material [6]
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Several research works have been performed to determine the effects of energy distribution
profiles of laser beams on the powder bed. Loh et al. concluded that a uniform beam of laser can
obtain a larger melt width as compared to non uniform laser beam. It is recommended that a
uniform beam of laser should be used in order to get high productivity in selective laser melting
process [7].

In another study, Hopkinson and Mumtaz studied the process of SLM using Inconel 625 material
using a pulsed laser [8]. Pulsed laser has the capacity to adjust the laser pulse for different pulse
frequencies, pulse shapes and also the pulse durations, So it adds an extra dimension of the
process control in selective laser melting [8]. Surface roughness of the top surface was lowered
using a ramp down pulse shape, but on the other hand it was damaging for the side surfaces. In
addition to this, the scanning speed of the system was limited to 400mm/s by using pulsed laser

[8].

Powder size and distribution also affects the SLM build process. Bourell et al. In his work
concluded that smaller 316 stainless powder particles require low energy density and can
produce parts that are relatively dense [9]. Liu et al. In his work concluded that the smaller
powder particles have the capacity to build more dense parts and they require low laser energy
intensity to make parts and the parts built have good surface finish [10]. They have good flow
ability and also can get tightly packed with each other resulting in a part that is more strong and
durable [10].

>

/Powder

Fig 2-5 Powder layer paving [3]



Balling

In this part, the defect of balling will be discussed in light of the literature review. In selective
laser melting, sometimes due to insufficient wetting, spheroidal balls or beads are formed from
the molten metal. This phenomenon is known as balling [11]. Due to balling, bead shaped rough
surfaces are formed which damages the layers and severely damages the whole SLM process and
is detrimental for the part [11].

Li et al. in his work studied the balling phenomena and he concluded that the defect of balling
can be significantly reduced by keeping the oxygen level to 0.01%. Furthermore, by using a
combination of high laser power and low scanning speed or by rescanning the powder layer can
reduce the balling phenomena [12].

Kruth and das et al. also worked on the balling defect and they concluded that an oxide film on
the previous layer affects the bonding with next layers and results in the balling defect [13]. It
also induces thermal stresses and the poor bonding between the layers also results in
delamination. So keeping the oxygen levels to the minimum and the repeated irradiation or
exposure from the laser source can be very useful to break the oxide layer and hence avoiding
the balling defect [13].

Balling effects

\

Fig 2-6 SEM images of Balling defect [14]
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2.2.2 SLLM setup components

Selective laser melting consists up of three parts [15]:

= Laser system
= Powder bed
= Spreading system

Laser system is responsible for heating and melting of powder and consists up of:

= A laser
= Scanner

The powder bed usually consists up of a container which contains the powder from which the
part is to be made and it has adjustable height to lower itself for laying the next layer. Spreading
system consists up of a powder spreading feeder along with a roller which helps to level off the
spread layer in order to get a smooth layer of powder [15].

2.2.3 SLM process parameters

Selective laser melting process consists up of several processing parameters which affect the
quality of part and its mechanical properties. These processing parameters are listed below [15]:

= Laser power

= Scanning speed

= Hatch spacing

= Scan pattern

= Scan angle

= Vector length

=  Wavelength

= Beam spot size

= Laser energy density

Among all these laser parameters, scan speed, laser power and hatch spacing are considered to be
most important process parameters which greatly affect the quality and mechanical properties of
the final fabricated part [15].

Laser Power

A laser should have sufficient laser power to melt down the powder layer and form a melt pool
of desired size. As the laser power affects the overall process of selective laser melting, so it
should be chosen wisely to get the optimum results [15].

10



Scan speed

Scan speed is also considered as one of the most important process parameter in SLM. Scan
speed should be chosen wisely and optimum scan speed should be used for best results. If the
scan speed is very high, then the powder layer gets very less interaction with the laser beam
which results in incomplete melting (lan Gibson et al., 2010), [15].

Similarly, if the scan speed is too low, then the powder layers get more interaction time with the
laser beam and so it can result in over melting of the powder layers which damages the quality of
final part. So, as mentioned earlier, Optimum scan speed should be used for best results [15].

Hatch spacing

In SLM, the distance between melt lines that are adjacent to each other is referred to as hatch
spacing. Hatch spacing, scan speed and laser power work in combination for transferring energy
from the laser beam to the powder bed. All these process parameters should be selected with care
for getting best results[15].

Powder

’ Layer

1 thickness

_,
Laser beam
diameter

Preceding
ers /

Fig 2-7 Laser beam diameter, hatch distance, layer thickness [15]

2.2.4 Materials in SLM
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Materials used in SLM are mainly metals which are listed below [15]:

= |ron

= Titanium

= Titanium Alloys
= Nickel

= 316 Stainless steel
= Cobalt chromium

= cpTi

= NiTi

= Inconel 718
= Tungsten

= Gold

= Aluminium
=  Tantalum

= Silver

=  Alumina

= Silica

2.2.5 Applications of SLM

The use of selective laser melting process is growing very fast across the globe and it is bringing
a new revolution in the field of additive manufacturing due to its ability to produce parts with
very complex internal features with great precision and accuracy. Some of the applications of
SLM are listed below: [16]

= Industrial tooling

= Heat exchangers

=  Turbine blades

= Jet engines

= Furnace fixtures

= Light weight aerospace structures
= Porous scaffolds

= Repair of damaged parts
= Automotive industry

= Jewellery industry

= Dental implants

= Orthopaedic implants

12



2.3 Porous Metal implants

In recent years, the fabrication of porous metal implants or orthopaedic implants using selective
laser melting has been greatly increased. The orthopaedic implants that are very difficult or
nearly impossible to produce using conventional techniques are now possible to fabricate using
selective laser melting while keeping in mind the: [17]

= Biocompatibility

= Mechanical properties
= Biodegradability

= Porosity levels

Complex structures including bio mimicry features can be fabricated using selective laser
melting. This research work is also focused on designing porous metallic implants using
selective laser melting. Bone is considered as the main part of our body. It provides: [17]

= Structural support to our skeleton

= Protects tissues and organs

= Stores vital minerals

= Help in performing physical actions
= Stability

Whenever the human body receives some physical injury, then bones have the self healing
ability and also have the regenerative property so that with time, it heals the injury. But in case of
some severe physical injury, it is very difficult for the human body to recover from the injury
because the bones are severely damaged in this case. Moreover, with the age, bones become
weaker and so the old people may experience many bone defects. Here comes the need of an
orthopaedic implant to fix the damaged part of the bone. [17]

So the need of an orthopaedic implant has increased exponentially specially in the last two or
three decades. It’s market is expanding globally with a very fast pace. The patients are going
towards the medical orthopaedic implants to ensure their quality of life and to perform the daily
physical activities with ease. Total knee replacement also known as TKR is also increasing in
demand. Between 1991-2006, the demand of total knee replacement has been increased across
the globe. [18]

The major demand of total knee replacement is in patients having age between 45-64 years. For
example, in the United States, patients with the same age limit spent over US$9 billion for total
knee replacement in the year 2009. [19] In 2012, the total value of the biomaterials market was
around US$94.1 billion which increased to US$134.3 billion in 2017 globally. [20]
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The increase in the value of the biomaterials market across the globe has enhanced the
development of bone tissue engineering also known as BTE. In the last few decades, the
structural designs and fabrication methods of orthopaedic implants are greatly improved and also
new biomaterials suitable for the implants have been discovered. The bone structure consists up
of hydroxyapatite crystal which is actually a mineral form of calcium apatite and it is present in
an organic matrix of collagen. [21]

95% of this collagen is known as type I, and it provides the structural integrity to the connective
tissues present in the bones, ligaments and also the tendons. The remaining 5% of the bone is
actually a combination of various non collagenous proteins and also containing proteoglycans.
An orthopaedic implant having the desired characteristics will work properly in the human body.
On the other hand, an inferior implant can be very damaging for the human body and it can cause
serious problems. [21]

Polymer cup

Liner

Metallic /ceramic head

Attack of bone tissue by
Ve 4« immune system

Wear debris
(Polymer/metallic)

Imblant

Fig 2-8 Implant in the human body [22]
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There are many regulatory authorities across the globe that provide regulatory guidelines for the
manufacturers and suppliers of medical implants that what specific characteristics an implant
should have to meet the requirements. The implants fulfilling these requirements are given a
green signal to be used on the patients. Generally, An orthopaedic implant should have following
characteristics: [23]

= Non toxic

= Biocompatible

= Porous structure

= Appropriate porosity levels

= Appropriate elastic modulus

= High strength

= Appropriate compression strength

= Biodegradable in case of temporary implants

All these important aspects should be taken into account while designing and manufacturing the
orthopaedic implants. All of these characteristics needed for an effective implant are discussed in
detail in the next section.

2.3.1 Requirements for orthopaedic implants

Biocompatibility and non toxicity

An orthopaedic implant should be highly biocompatible as well as non toxic so it does not harm
the human body. The materials used for the implants should not have any chemical substances
which could damage the cells in the human body so the metallic materials used for the implant
should be non toxic. [23]

The level of toxin present in any substance is known as toxicity [24][25]. Metals could be toxic

or sometimes cytotoxic. For example metals like cadmium, Mercury and lead are very damaging
for the human body and they can damage the cells and organs inside the human body [26]. There
are also some metals that are essential minerals for the human body which are listed below [27]:

=  Chromium

=  Barium

= Jron

= Cobalt

= Lithium

= Selenium

=  Beryllium
= Strontium
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= Copper

= Boron

=  Tungsten

= Molybdenum
= Jodine

= Nickel

= Zinc

= Cerium

On the other hand, excessive amount of these could prove to be toxic [28]. Some of the
chemical compounds could chemically break down in the in aqueous conditions like
hydrolysis and they may release toxic compounds after the chemical reaction, so they may
prove detrimental to human health [29].

There is a very strong relationship between implant material and the human body containing
tissues and the living cells. This interaction between the human body and the implant
material should be positive resulting in the healing of the wound and the reconstruction of the
living cells. So, the implant material that is biocompatible is also sometimes referred to as
non toxic which has positive effect on the living cells and also the reconstruction of the
tissues [30].

The orthopaedic implant should provide a supportive environment for the tissues and cells
activities and obviously this is possible when the implant is biocompatible. Scaffolds in the
bone tissue engineering (BTE) act as a template or source for osteogenesis and so the
materials used in the scaffolds must be biocompatible with the primary bone cells such as
osteocytes, osteoblasts and osteoclasts. This facilitates the formation of new bone, healing
and remodelling. [31][32][33]

Biomechanical properties

Load bearing implants make use of metallic biomaterials having following mechanical
properties: [34]

= Suitable elastic modulus
= High strength

= Fracture toughness

= Fatigue strength

Titanium and its alloys have all these required mechanical properties so they are widely used in
load bearing implant applications. [34]
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Implants having high strength support the daily physical activities and also they protect patients
from the risks of fracture [35]. If there is a big mismatch between the elastic modulus of the bone
and the elastic modulus of the orthopaedic implant, then it can result in stress shielding. Stress
shielding is a defect in which the physical stresses are taken up by the orthopaedic implant rather
than by the human bone and it can be very detrimental. It is actually a cause of bone atrophy and
this may result in the loosening of the implant which finally results in the premature failure of
the implant. If the difference between the elastic modulus of bone and the elastic modulus of the
orthopaedic implant is small, then stress shielding defect can be avoided. [36]

The human bone is of two types [37]:

= Cortical bone
= Cancellous/Trabecular bone

The outer strong bone is known as cortical bone and it is less porous while the inner porous bone
is known as cancellous or trabecular bone. It is much more porous than the outer cortical bone
[37].

cancellous bone

cortical bone

Fig 2-9 Cortical and Trabecular/cancellous bone [38]
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The modulus of elasticity of the trabecular or cancellous bone is 1.08 ==0.86 GPA [39], although
it varies with the person. On the other hand, the modulus of elasticity of cortical bone ranges
from 7.7-21.8 Gpa which is very much higher when we compare it with cancellous bone [40].
So, the orthopaedic metallic implants should have modulus of elasticity close to these ranges,
otherwise stress shielding could occur.

In reality, the modulus of elasticity of the metallic implants is much higher as compared to that
of natural human bone. For example, the elastic modulus of CP-Ti is 112 Gpa and the elastic
modulus of titanium alloy Ti-6Al-4V is around 110 Gpa which is very much higher than the
elastic modulus of cortical and trabecular bone, So the elastic modulus of these metals should be
lowered to the levels of the human bone for getting an ideal metallic implant that is compatible
with the human body [41].

Densiry, Young's
P Modulus, E

MetaliAlloy (glemt') {GPa)
316L stainless steel

annealed

0% cold work 7.9 200

B80% cold work
Co-Cr-Mo alloys 8.3-9.2 210-240
CP titanium 4.5 110
Ti-6A 14V 4.5 110
Ti-6A1-TNb 4.7 100
Ti-5A1-2.5Fe 4.5 110
Ti-13Nb-13Zr 5.6 80
55 Nitinol 6.45 70
60 Nitinol 6.71 113

Table 2-1 Modulus of elasticity (E) of different biomedical Alloys [42]

The elastic modulus of different biomedical alloys used in orthopaedic implants are much higher
than the modulus of human bone and they can cause stress shielding as well as can give serious
damage to the human body. So, their elastic modulus should be decreased to the levels of human
bone for an ideal implant compatible with the human body.

Biodegradability for the temporary implant materials

Due to the advancements in additive manufacturing technology and the induction of new designs
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For the metallic implants, the requirement of low modulus of elasticity for the implant is almost
met using open cellular structures and requirement of new bone tissues ingrowths using metallic
implant is also met [43].

As the metallic implants are placed inside the human body, The long term consequences of this
should also be kept in mind. For example, in case of temporary implants using biomaterials such
as titanium and it’s alloys, the material do not degrade with time and it remains inside the body
as an hostile object. This can cause many health issues like the infections caused due to bacteria,
irritation in the body and also it can cause inflammatory reactions in the human body and so the
life of patient is affected [43].

Biodegradable materials can be a good choice to counter above problem. These materials slowly
degrade with time and are replaced by the newly formed tissues. Magnesium, iron and zinc based
alloys are examples of these biodegradable materials. But, these could only be used for
temporary implant applications and their use is limited as mostly non biodegradable materials are
used for permanent implants as the mechanical properties of the implant should also be kept in
mind as a primary requirement of the implant and medication can be done to counter any simple
concerns caused by them [44].

2.3.2 Porosity of the implant materials

In a solid structure, the percentage of void space is known as porosity [45]. Porosity can be
calculated as follows:

P=(1- )-100%

psfru cture/ pmaterial

In this equation, Pmaterial IS the density of the bulk alloy whereas, Pstrycture 1S the density of
porous structure and it can be calculated by mass/volume of the structure [46].

Porous structure with appropriate porosity

Bone is also a porous structure and it consists up of cortical bone and cancellous bone. Cortical
bone is the outer hard shell of the bone and is less porous, while cancellous bone is the inner
bone with high levels of porosity. The porosity levels of cancellous bone ranges from 30% to
95%. Pore size of cancellous bone ranges from 200-1000um [47][48][49][50].

In recent years, Interest in the development of porous metallic implants having mechanical
properties close to that of human bone has been greatly increased. Porous implants not only have
modulus of elasticity close to the human bone, but they also support the ingrowths of new bone
tissues inside the pores of the implant and also facilitate body fluid circulation [50].
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Porosity effect on biocompatibility

Metallic implants with high level of porosity are preferred due to their high biocompatibility and
the ability to grow new bone tissues inside the pores facilitating bone regeneration [51][52].
Porosity is considered to be very important in designing metallic implants. Kuboki et al. In his

work concluded that osteogenesis occurs only in porous structures [53].

For the purpose of cell distribution and migration and to facilitate blood vessel formation, the
porous structure of the implant should be open cellular and interconnected. Minimum pore size
should be 100um which helps in the migration and transportation of bone cells for osteogenesis
[54][55]. For the implant to be more biocompatible and to better support the bone tissue

ingrowths, the pore size used in implant should be between 200-1200um.

Porosity effect on mechanical properties

Porosity is inversely proportional to modulus of elasticity. If the structure is highly porous, then
its modulus of elasticity will be low [56]. Human bones perform different physical activities in
their daily routine and they also experience many mechanical loads in the form of force, stress
etc. So the implant should have good mechanical properties to help support daily activities [57].
Titanium alloys are most popular for metallic implants due to their superior biocompatibility and
mechanical properties but titanium alloys have much higher modulus of elasticity as compared to
human bone which can cause stress shielding. To overcome this, porosity is introduced in the
implant structure to minimize the elastic modulus difference between implant and bone and also

maintaining the required mechanical properties [58][59][60][61][62][63].

SLM and electron beam melting are the most popular AM techniques to fabricate these porous
implants but SLM is preferred over EBM because it results in better quality implants. A
comparison between SLM and EBM is shown in table below:

SLM

EBM

Powder sources

Build chamber environment
Method of powder preheating
Powder preheating temperature (°C)
Maximum available build volume (mm)
Maximum build rate (cm®/h)

Layer Thickness (mm)

Melt pool size (mm)

Surface finish (Ra)

Geometric tolerance (mm)

Minimum feature size

One or more fiber lasers of 200-1000 W
Argon or Nifrogen
Platform heating
100-200

500 x 350 x 300
20-35
0.020-0.100
0.1-0.5

4-11

+0.05-0.1
40-200

Table 2-2 SLM vs EBM comparison [41]
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High power Electron beam of 3000 W
Vacuum/He bleed

Preheat scanning

700-900

350 % 380 (diameter % length)
80

0.050-0.200

0.2-1.2

25-35

+0.2

100



2.4 Triply periodic minimal surface (TPMS) structures

Triply periodic minimal surfaces consist up of periodically infinite structure along three
independent directions also having zero mean curvature of the surface. TPMS structures are
made by repeating the elements with minimum possible area also referred as unit cells. These
unit cells combine with each other to get a complete TPMS structure. TPMS structures are
considered very vital for porous metallic implants due to their high biocompatibility and good
mechanical properties. Implants usually have the problem of high elastic modulus as compared
to the human bone therefore causing stress shielding, but by using TPMS structures to build
porous metallic implants, the elastic modulus of implant comes very close to that of human bone
and so avoiding the stress shielding problem [64][65].

TPMS structures also help in the new bone tissues ingrowths inside the pores of the implant thus
supporting new bone formation and tissues growth. Therefore, in order to get an ideal implant
that is highly biocompatible having good mechanical properties and also having modulus of
elasticity close to that of human bone, TPMS structures are the best design till date to
manufacture an ideal orthopaedic implant. Some of the TPMS structures include gyroid,
diamond, D-prime surface and neovius surface. Gyroid and diamond TPMS structures are
considered to be more popular to build quality implants [66].

Fig 2-10 TPMS unit cell and structure [67]

TPMS architecture can be represented in a strict mathematical equation which makes its design
very convenient. TPMS structures and its design are discussed in detail in the next chapter.
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2.5 Literature summary

An orthopaedic implant should Posses:

= Biocompatibility

= Good mechanical properties

= Non toxic

= Biodegradability in case of temporary implants

All of the previous research works faced the problem of stress shielding. In addition, majority of
the designs did not have appropriate pore sizes for cells and tissues ingrowths and many faced
manufacturability issues.

So, an ideal orthopaedic bone implant was needed to be designed which can:

= QOvercome stress shielding

= Have pore sizes suitable for cells ingrowths.

= Biocompatible,

= Have elastic modulus close to the levels of human bone.

= Porosity levels within the ranges of human bone and is manufacturable.
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Chapter #3

Design and modelling of orthopaedic implants

3.1 Materials and methods

In this research work, gyroid and diamond TPMS structures were designed for bone implants.
TPMS structures have pores that are interconnected with each other just like the human bone.
They also facilitate the cells and tissues in growths through the pores which help in bone
reconstruction and healing. Pore sizes and porosity levels were selected according to the
requirements of human bone. Unit cells were used to design complete lattice structures for bone
implants. Material chosen for all the implant designs was Ti—6Al-4V alloy due to its good
mechanical properties, biocompatibility, fatigue resistance and has lower modulus of elasticity
when we compare it with other metals like stainless steel etc. The design and modeling of these
orthopaedic mplants is discussed in detail in the next sections.

3.2 Triply periodic minimal surface (TPMS) structures

As discussed in the previous chapter, triply periodic minimal surfaces consist up of periodically
infinite structure along three independent directions and also have zero mean curvature of the
surface. These structures are highly porous and their mechanical properties are also in a close
range to that of human bone, so they are considered as the best candidates for fabricating
orthopaedic implants as they have all the characteristics possessed by the human bone. So,
TPMS structures are used as a design for the development of the orthopaedic implants.

TPMS can be defined by implicit functions. Each TPMS architecture can be expressed or
represented in a strict mathematical equation. Some of the TPMS architectures defined by a strict
mathematical equation are listed below:

Gyroid surface: F(x, y, ) = cos(x)-sin(y) + cos(y)-sin(z) + cos(z)
-sin(x) + a

Schwarz diamond: F(x, y, z) = sin(x)sin(y)-sin(zg) + sin(x)-cos(y)
.cos(z) + cos(x)-sin(y)-cos(z) + cos(x)
-cos(y)-sin(z) + a
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Neovius surface: F(x, y, z) = 3-(cos(x) + cos(y) + cos(z)) + 4
-(cos (x)-cos (y)-cos(z)) + a

D — prime surface: F(x, y, z) = 0.5-(sin(x)-sin(y)-sin(z) + cos(x)
-cos(y)-cos(z)) — 0.5-(cos (2x)
-cos (2y)pcos(2y)- cos(2z) + cos(2z)-cos(2x))
+a (8)
Among all of them, gyroid and diamond TPMS are considered as one of the best designs for the

orthopaedic implants because their design is compatible with the human bone and also has the

mechanical properties very close to that of human bone. So they are the best designs in order to
develop an effective and efficient orthopaedic implant.

Fig 3-1 Gyroid unit cell and lattice [68]

In the figure 3-1, gyroid unit cell and gyroid lattice is presented. Unit cells combine with each
other to form a complete lattice structure.
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Fig 3-2 Diamond unit cell and lattice [68]

In figure 3-2, Diamond unit cell and lattice structure is presented. Unit cells combine with each

other to form a complete diamond lattice structure.

Additive manufacturing has the greater capability of designing and fabricating theses complex
porous structures with the help of selective laser melting which is nearly impossible by using
conventional manufacturing techniques. Diamond and gyroid TPMS structures are considered to
be the best designs for orthopaedic implants. Some the orthopaedic implants using different

levels of porosities and materials are presented below in the table:

Structure Porosity (Volume Material

(Scaffolds) fractiorn 2o)

Gyroid 5095 Ti—6A1l—4W

Gyroid S5—10 Ti—6Al—a4W

D armeo Tedd 580—95 Ti—6A1l—AW

i armeo redd 5—-10 Ti—6A1l—a4W

Gyroid — Ti—6Al—4W

Gyroid 52 Ti—6Al—a4%W

Gyroid 8545 Ti—GAl— AW

Gyroid 85 Ti—6Al—a4%W

Gy roid 687 CP—Ti (grade
1)

Gy roid 3.3 CP—Ti (grade
1)

Gy roid 2.4 CP—Ti (grade
1)

Cortical bone 5—10r Human bones

Trabecular bone S0—90

Table 3-1 Different TPMS structures with varying porosities [41]

25

Human bones



From table 3-1, we can see that all of the designs for implants make use of gyroid and diamond
TPMS structures and different levels of porosities are being used in them. In this research work,
we will also focus on the designs of gyroid and diamond TPMS structures to be used as
orthopaedic implants.

The final designed implant using diamond or gyroid TPMS structures consists up of pores that
are interconnected with each other and making it a compact design. The final implant design
looks like as follows:

Fig 3-3 TPMS implant [41]

3.3 Design and modelling of our orthopaedic implant

3.3.1 Unit cell generation

The first step involved in designing and modelling of our TPMS structures will be the generation
of unit cells. We know that the TPMS unit cells can be represented in a strict mathematical
equation.

Gyroid unit cell

cos (X)*sin(y) + cos(y)*sin (z) + cos (z)*sin(x)
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This equation can be modified as:
cos(x)*sin(y) + cos(y)*sin (z) + cos (z)*sin(x) +a

In this modified equation, ‘a’ is the factor that controls porosity levels. Its value usually ranges
between 0-1. By changing the value of ‘a’, we can easily change the porosity levels of the unit
cells according to our requirement. If we wish not to use this ‘a’ factor in the equation for the
creation of the unit cell, then we can later adjust the porosity levels of structures in mesh magic
software that will be discussed later.

To create a unit cell of gyroid, we will use MATHMOD 9.1 Software which gives us utility to
create the triply periodic minimal surface unit cells by simply inserting the relevant mathematical
equation,

F(x, v,z t)=0 Grid
Gyroid -
Gyroid Add Cut

cos{>)Fsin(y)+cos(y ) sin(z)
+cos{Z)¥Fsin(>)

Domaine "' CN D-\'-.,.l "' Fct -

Fig 3-4 Mathmod software window

Fig 3-4 represents the window of mathmod software which is used to create the gyroid unit cell
with the help of mathematical equation. The gyroid unit cell created using mathmod is given
below:
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Fig 3-5 Gyroid unit cell created by mathmod

Similarly, by changing the factor ‘a’ in the modified equation, the porosity of the unit cell is also
changed and so the shape of the unit cell also changes as below:

Fig 3-6 Gyroid unit cell with modified porosity

So, we can easily alter the porosity levels of the unit cell by changing the factor ‘a’ and if we
wish to do it on a later stage, we can do it by using mesh magic software discussed later.
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Diamond unit cell

We know that diamond unit cell can be represented in a strict mathematical equation given
below:

sin(x)*sin(y)*sin(z)+sin(x)*cos(y)*cos(z)+cos(x)*sin(y)*cos(z)+cos(x)*cos(y)*sin(z)

Similarly if we want to alter the porosity levels at the unit cell creation stage then we can modify
the above equation as follows:

sin(x)*sin(y)*sin(z)+sin(x)*cos(y)*cos(z)+cos(x)*sin(y)*cos(z)+cos(x)*cos(y)*sin(z) + a

Where ‘a’ is the factor that controls the porosity levels as discussed earlier. If we want to control
the size of TPMS structure at unit cell level, then we can multiply a factor ‘2a/L’ with x, y and z
coordinates of gyroid and diamond unit cell equations, where ‘L’ is the size of unit cell. By
inserting the relevant equation of diamond unit cell in the mathmod software, we can get the
diamond unit cell which is represented below:

Fig 3-7 Diamond unit cell created by mathmod

Similarly, the porosity levels of the unit cell can be changed at unit cell design stage or it can be
altered at the TPMS lattice stage as discussed previously. So, with the help of mathmod, gyroid
and diamond unit cells are created.
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3.3.2 Converting unit cell to STL format

Once the unit cells are created, they are saved in obj format. This format is then converted to
STL file format by using spin 3D by NCH software.

Qutput Folder:

Quiput Format: st v | Effects...

Fig 3-8 Spin 3D NCH software STL file conversion window
Now the unit cell is converted into STL file format and we can manipulate it easily.

3.3.3 TPMS lattice creation

Gyroid lattice

Now, the unit cell is converted into STL file format so we can work on it and create a complete
lattice structure by repeating the unit cells in x, y and z directions. For this purpose, we will use
Mesh magic by NCH software. This software has the utility to convert unit cells into complete
lattice structures by offering cell repetitions into x, y and z directions respectively and then
converting it from surface to a complete compact solid lattice structure.

Unit cells are repeated in x, y and z directions equally resulting in a complete 3D lattice
structure. The dimensions for our first implant design are 9*9*9 mm?. Mesh magic gives us the
utility that if our lattice structure dimensions are less or greater than our requirement, then we
can scale down or up our lattice structure to get required dimensions.

Also, mesh magic gives us the utility to change the porosity levels of our lattice structure as well
as we can also change the dimensions of our lattice structure. So, by repeating unit cells in x, y
and z directions, using scaling and porosity levels changing functions of this software, we can
easily get gyroid TPMS lattice structure according to our requirements and it is a compact solid
structure saved in STL file format and is compatible with the additive manufacturing printing
machines.
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Fig 3-9 Gyroid lattice created by using Mesh magic software

Diamond lattice

Similarly, to create diamond lattice structure, first of all the unit cell that was saved in obj file
format using mathmod software is converted to STL file format using spin 3D by NCH software.
Now, this STL file is imported into mesh magic software and by repeating unit cells in x, y and z
directions and by using scaling and porosity changing functions of the mesh magic software,
diamond TPMS lattice is created as a compact solid structure. The same procedure as adopted in
case of gyroid lattice was used in the creation of diamond lattice structures. The file is saved in
STL file format and is compatible with the AM printing machines.

Fig 3-10 Diamond lattice created using Mesh magic software
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Diamond lattice structure also has the same dimensions like gyroid lattice structure which are
9*9*9 mm?.

3.3.4 Measurements for desired metallic implant

Once the gyroid and diamond lattice structures are created, the most important step of the
implant design comes. In this step, the metallic implant is inspected that does it meet the
requirements of an orthopaedic implant. The most important feature of the implant is related with
pore size which is discussed below:

Pore size of implant

Pore size is considered to be the most important aspect of the implant design, As the orthopaedic
implant is installed inside the human body, so it should meet some requirements. Implants are
made highly porous to get closer to the mechanical properties of the human bone and also to
support the cell and tissues growth. So, the implants should have an appropriate pore size which
helps in the cells and tissues growth. The pore size of the implant should range from 200-1250
pm to better support cell and tissue ingrowths.

In this research work, we have designed multiple orthopaedic implants with different
dimensions, pore size and porosities while keeping in mind the requirements of human trabecular
bone. The first implant design using gyroid and diamond lattice structures was previously
discussed. More designs will also be presented in the next section.

Gyroid lattice pore size

Fig 3-11 Gyroid lattice pore size
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In this first design of the gyroid lattice, the pore size is 1.22mm or 1220um and the overall
dimensions of the lattice are 9*9*9 mm?3. So, this design meets the requirements needed for an
orthopaedic implant.

Diamond pore size

Al (116

Fig 3-12 Diamond lattice pore size

In this design of diamond lattice structure, the pore size is 1.16mm or 1160um and the overall
dimensions of the lattice structure are 9*9*9 mm?3.So, this design meets the pore size requirement
of the orthopaedic implant.

Many other implant designs having different dimensions, pore sizes and porosity levels are also
designed in this research work. They are designed by keeping in view the general requirements
of an orthopaedic implant.

Once these lattice structures are designed, they are then imported into ANSYS software and
simulations are done using a new module of ansys known as ANSYS additive module. All of the
steps performed in the ANSY'S workbench and the obtained mechanical properties will be
discussed in the next chapter. An orthopaedic implant should have all the required properties that
are close to the human bone so that it does not act as a hostile element in the human body. Other
designs of the orthopaedic implants designed in this research work are presented below in the
table.
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S.no Type Pore size (um) Porosity (%)
1 Gyroid 1220 60.45
2 Diamond 1160 69.08
3 Gyroid 780 70.49
4 Diamond 740 79.49
5 Gyroid 620 76.03
6 Diamond 570 80.02
7 Gyroid 440 76.75
8 Diamond 400 84.64

Table 3-2 Different designs created for Orthopaedic implants

Table 3-2 presents different implant designs that are developed in this research work. All of the
designs created in this research work meet the requirements of the orthopaedic implants. The
trabecular bone has a porosity range of 50-90% [71], so all the implants in this research work are
designed having porosity levels between 50-90%. The design process followed in all the implant
designs is same as discussed earlier. So, different types of implants are designed in this research
work keeping in mind the general requirements of an orthopaedic implant.

3.3.5 Material used for implants

Material chosen for all the implant designs is Ti-6Al-4V alloy. This material is most popular for
load bearing implants and also has good mechanical properties, biocompatibility, fatigue
resistance and has lower modulus of elasticity when we compare it with other metals like
stainless steel etc. So, this material is suitable for all the implant designs.
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Chapter #4

Results and validation

4.1 Overview

In this chapter, the results of the simulation work are discussed in detail and the validation of the
results with existing literature is done. This chapter covers all the steps involved in the
simulation and finally the results and validation part. Implants are inspected at the end whether
they have or not the required mechanical properties that are close to the human bone. So, the
orthopaedic implant designs suitable for the human bone are recommended.

4.2 Simulations in ANSYS workbench

4.2.1 Importing the part

First of all, the lattice structure that was designed earlier is imported in ANSY'S workbench. A
new module of ANSYS known as ANSYS additive module is used in this research work. This
module is newly launched by ANSYS and it has the utility to model the whole process of
selecting laser melting.

This process gives us the results during the whole build process layer by layer so we can easily
monitor if there are any problems during any layer in the build process and we can rectify it by
removing that problem. This is a huge breakthrough in the field of additive manufacturing which
helps us to monitor the whole selective laser melting process during the build stage. If there are
any problems during the process, then we can remove those shortcomings and can also alter our
design to get the optimum results thus saving cost and money.

The most important thing is that no research work has been done till date using this new module
of ansys known as ANSY'S additive module. In our research work, this module will be used for
the first time ever to model the whole selective laser melting process.

Gyroid TPMS

First of all, the gyroid lattice structure that was designed earlier and is explained in the previous
chapter is imported into ANSY workbench additive module. The import file has STL file format
that is compatible with the ANSYS workbench additive print module. The imported file of
gyroid lattice is shown below.
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Fig 4-1 Gyroid lattice import in ANSYS

Diamond TPMS

Similarly diamond lattice structure is also imported in ANSYS additive print module. The file
format of the lattice structure is STL file format that is compatible with the NSY'S additive print
module. The imported diamond lattice is shown below:

0.000 5.000 10.000 (mim)
L I |
2.500 7.500

Fig 4-2 Diamond lattice import in ANSYS
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4.2.2 Material selection in ANSYS

Once the gyroid and diamond lattices are imported in ANSYS additive module, the next step is
to select an appropriate material from the material library of ANSYS. As explained earlier that
Ti—6AIl-4V alloy is used in all our implant designs due to its good mechanical properties,
biocompatibility and lower modulus of elasticity as compared to other metals, so we will chose
Ti—6AIl-4V alloy from the material library of ANSYS.

Gyroid lattice material selection

Ti—6Al-4V alloy material is assigned to the gyroid lattice structure and is presented below:

4 Ti-BAl-4V LI A A _?_;aghplli 3ata representative of

Properties of Outline * 0 %
A B C D|E|™

1 Property Yalue Unit l@l E'i:ﬂ]

2 7 Material Field variables 5 Table

3 |B A Density =] Tabular

4 Scale 1 [

5 Offset 0 kg m~-3 [

Fig 4-3 Gyroid lattice material assignment

Diamond lattice material selection

Similarly Ti-6Al-4V alloy material is assigned to diamond lattice structure from the material
library as explained previously.

4.2.3Base generation

In majority of the additive manufacturing processes, a base or substrate is needed on which the
part is manufactured. The base is removed at the end of the build process and part is separated.
Selective laser melting also needs a base on which the part is made layer by layer. As the
ANSYS additive module gives us the utility to completely design selective laser melting process,
so base on which the part is to be made can be created in this module of ANSYS. This base is
usually rectangular in shape and is flat.

37



Base creation for gyroid lattice

Now the rectangular base is created at the bottom of the part which is shown below:

Fig 4-4 Base creation for gyroid lattice

Base creation for diamond lattice

Same base is created for diamond lattice structure as created before for the gyroid lattice
structure.

4.2.4 Support structure generation

Majority of the selective laser melting processes require supports during the build process.
ANSYS additive print module makes it very easy to generate support structures for the triply
periodic minimal surface lattice structures. This module automatically generates supports for the
lattice structures and so we don’t need to separately design these supports and then add them to
our lattice structures.

Support generation for gyroid lattice

Once the base of the gyroid lattice structure is created, its time to generate support structures for
our gyroid lattice structure. ANSYS additive print module gives us the utility to automatically
generate support structures for our gyroid lattice structure. So, support structures are
automatically generated for gyroid lattice which is shown below:
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Fig 4-5 Supports generated for gyroid lattice

Support generation for diamond lattice

Similarly the support structures are automatically generated in case of diamond lattice structure.
ANSYS additive print automatically detects and generates support structures for us so it makes
very easy to generate support structures for our implant design. The supports generated for
diamond lattice structure are shown below:

ANSYS

2019 R1

: - £ .
0.000 10.000 {(mm) e X
L —

5.000

Fig 4-6 Supports generated for diamond lattice
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4.2.5 Build settings for SLM process

The most important step in the selective laser melting process is the selection of optimum
processing parameters so that we can get best results. These process parameters include layer
thickness, scan speed and hatch spacing etc. These parameters directly affect the quality of the
final parts. For example, if the scan speed is very low, then layers are exposed for more time and
so the defect of over melting can occur. If the scan speed is very high, then the layers are
exposed for less time and they get less amount of heat from the laser beam and so the layers are
not properly melted which results in an inferior implant.

So, the optimum processing parameters should be used for best results. In this research work, we
have used optimum process parameters for an ideal implant. Same processing parameters are
used in the existing literature/research paper whose results will be compared and validated with
our work in the next sections.

Build settings for Gyroid lattice

Build settings or processing parameters used for the gyroid lattice structure are shown below:

Details of "Build Settings”
- Machine Settings
Additive Process Powder Bed Fusion

Deposition Thickness | 3.e-002 mm

Hatch Spacing G.e-002 mm
Scan Speed 1250, mmys

Dwell Time 10, s

Fig 4-7 Build settings/processing parameters for gyroid lattice

Same processing parameters are used as used in the existing literature whom results we will
compare and validate later with our work.

e Deposition thickness = 30um
e Scan speed = 1250mm/s
e Hatch spacing = 60um

Build settings for diamond lattice
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Same build settings/process parameters are used for diamond lattice structure as were used
previously in case of gyroid lattice structure.

4.2.6 Mesh generation

After performing the previous steps, mesh is generated for both the lattice structures i-e gyroid
and diamond triply periodic minimal surface structures.

Gyroid lattice structure mesh generation

Mesh is generated for gyroid lattice structure as shown below:

ANSYS

2019 R1

A

10.000 {mrm)

Fig 4-8 Gyroid lattice structure mesh generation
You can see in the above figure that:

e Red colour shows the part to be build
e Sky blue colour shows the generated support structures
e Blue colour shows the base

When the selective laser melting process is complete, the build part is separated and any needed
post processing is done if required.
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Diamond lattice structure mesh generation

Similarly mesh is generated for diamond lattice structure as was generated previously in case of
gyroid lattice structure. Mesh generated is shown below:

28/07/202017:19
[A] Generated Support

. AM Process - Build
- AM Process - Base

0.000 10.000 {rmm) s
[ —

5.000

Fig 4-9 Diamond lattice structure mesh generation
An orthopaedic implant is inspected on the base of two mechanical properties:

e Modulus of elasticity
e Compression strength

An ideal implant should have a certain value ranges of modulus of elasticity and compression
strength that are suitable for the human bone and it will be discussed in the next section. So, we
will inspect our implant designs on the basis of these two mechanical properties which will be
calculated and compared in the next section. We will also look for the manufacturability of our
implant designs and will remove any problems during the build process if encountered.

4.2.7 Running the SLM process

After performing all the previous steps, we will now run the simulations of SLM process to get
the final results. One thing must be noted that other ANSYS modules just import the part,

perform static structural or thermal analysis and get the results but they do no offer us to model
the complete build process and to monitor it. ANSYS additive print module gives us the utility
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to model the whole selective laser melting process. It gives us the complete modelling control
from importing the part to getting final results. It gives us results layer by layer and we can
monitor the whole SLM process during the build process until the part is completed. If there are
some problems occurred during the build, then it gives us full control to rectify these errors.

It gives us the insights of whole build process layer by layer and generates results with time after
each layer is deposited till than the part is completed. It gives us the feel like if we are really
manufacturing our part on the SLM machine and so this module is extremely useful for us and it
is the first time ever this module of ANSYS is being used to model SLM process and no research
work till date has been done which utilizes this new module.

The main concerns for the fabrication of orthopaedic implants were their manufacturability. It is
reported in many research works, that the designed implant faces many manufacturability issues
and some failures of its pores connections. This was a big headache for the designers of the
orthopaedic implants because it was wasting a lot of money and time.

With the help of ANSYS additive print module, this problem is solved because using this
software we can easily check the manufacturability of our implant and if some failures or
problems are encountered during the manufacturability of the implants, then we can change our
design or change the process parameters to rectify the problem without wasting our time and
money. This is a new revolution in the field of orthopaedic implants and it has solved many
problems.

After performing all the previous steps, we will now run our simulations and will get the results
if no problem with manufacturability is occurred.

4.3 Calculations, results and validation

4.3.1 Manufacturability of the implants

In this section, manufacturability of the implants was inspected. Simulations of all the designed
implants were run and no issue of manufacturability was encountered in any of the implant
design. This indicates that our implant designs can be manufactured without any problems. So,

e All the implant designs meet the requirement of manufacturability.

4.3.2 Temperature distribution during the build process

As this module of ANSY'S gives us the insights to the whole build process, we can easily
monitor and get the temperature distribution during the whole build process. This is very useful
because if there is excessive over melting at some stage of the build process or under melting,
then we can easily monitor and look for the reason of this at a specific time of the build process
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And we can rectify the problem by altering the build settings.

Temperature distribution for gyroid lattice structure

Temperature distribution of our first gyroid lattice implant design explained previously is as
follows:

Animation > . 1] Ol 20 Frames ~ 2 Sec[Auto) -~ | Igg | =
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0. 250, 500, 750, 1000, 1250, 1500, 1759.9

Fig 4-10 Gyroid lattice structure temperature distribution during build process

Temperature distribution for diamond lattice structure

Temperature distribution of our first diamond implant design explained previously is as follows:
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Fig 4-11 Diamond lattice structure temperature distribution during build process
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4.3.3 Final manufactured part

We did not had the availability of the required SLM machine setup to physically manufacture
our implant, but we can still get all the results during and after the build process of implant
manufacturing using ANSYS additive print as if we were physically manufacturing our implant.

4.4.4 Elastic modulus calculations

This is the most important step for inspecting the quality of the orthopaedic implant. Human
bone has very low modulus of elasticity as explained in the previous chapters. On the other hand,
the modulus of elasticity of metals and alloys used for the implants are much higher as compared
to the human bone. For example the modulus of elasticity of titanium alloy used in this research
work is 110GPA which is much higher than that of the human bone. So, we designed gyroid and
diamond TPMS lattice structures to lower the modulus of elasticity of the implant and to avoid
the defect of stress shielding.

Now we will calculate the modulus of elasticity of our designed implant structures and will
check whether they are suitable for the human bone or not. Gibson and Ashby provide relations
between relative elastic modulus of solid and porous structures with the relative density of solid
and porous structures. Their general form for TPMS structures is stated below:

E/Es= Cy(p/ ps)™

Where, ‘Es‘is the modulus of elasticity of solid material and ‘E’ is the modulus of elasticity of
porous structure. ‘ps’ is the density of solid material whereas ‘p’ is the density of porous
structure. Value of ‘Cy’ Coefficient ranges between 0.1-4.0. Value of ‘m’ is approximately equal
to ‘2.

For gyroid and diamond TPMS structures, this equation is modified as follows:

Gyroid Relation

E/Es = 0.19(p/ ps)t™

Diamond relation

E/Es=0.17(p/ ps)*®*

Where ‘Es‘is the modulus of elasticity of solid material and ‘E’ is the modulus of elasticity of
porous structure. ‘ps’ is the density of solid material whereas ‘p’ is the density of porous
structure.
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By using the above relations we can easily calculate the modulus of elasticity of our implant
designs. Modulus of elasticity for solid material ‘Es’is 110GPA and we also know that the
density of the solid material ‘ps’ is 4.405¢-6 Kg mm= . We just need to know the density of the
porous structure and we can easily get the modulus of elasticity of our porous implant structure.

We know that:
Density = mass/volume

We just need to know the final volume of porous implant and the mass of the porous implant and
we will get the density of the porous implant.

ANSYS additive print module makes it very easy for us as it gives us the final volume and mass
of the porous metallic implant and we can easily calculate the density of the porous implant.

Modulus of elasticity of Gyroid structure

To calculate the modulus of elasticity of gyroid structure, we first need to know the density of
the porous gyroid implant structure. We have already done the complete simulations of selective
laser melting process and by using ANSY'S additive print module, we can easily get the final
volume and mass of the gyroid lattice structure. So, the density of our first porous implant design
is as follows:

p= (7.4632¢-004)/(428.44)

p=1.741947531e-6 kg mm-3

Now we will put the value of porous implant density in the main relation of the gyroid lattice.
E/Es = 0.19(p/ ps)t™*

E/ 110 = 0.19((1.741947531E-6)/(4.405E-6)) "

E/ 110 =0.03888445883

E =4.277GPA

So, the modulus of elasticity of our first porous gyroid implant design is 4.277GPA which is
completely compatible with the human trabecular bone. It has reduced from 110GPA to
4.277GPA. Human trabecular bone has modulus of elasticity equal to 1.08 ==0.86 GPA. It can
go to a maximum of 8GPA. Our first implant design has modulus of elasticity ideal for
trabecular bone hence it meets the requirements of trabecular bone and so this implant can be
physically used in the human body because it is fully compatible with the human body and also
has the appropriate pore size for cells and tissues ingrowths.
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TPMS designs have proved to be the best designs for the orthopaedic implants due to which the
modulus of elasticity has fallen from 110 to 4.277GPA and the implant is fully compatible with
the human body and the all time big concern of stress shielding is also avoided.

Modulus of elasticity of diamond structure

By following the similar procedure as adopted in the case of gyroid lattice structures, we can get
the density of porous structure as follows:

p= (6.3503e-004)/(466.4)

p=1.361556604¢-6 kg mm

Putting the density of the porous structure in the main relation of the diamond lattice structure:
E/Es-=0.17(p/ ps)*®*

E/110 = 0.17((1.361556604e-6)/(4.405¢-6))-6*

E/110 = 0.02478541381

E = 2.726GPA

The modulus of elasticity of the diamond porous implant structure is 2.726GPA. It has reduced
from 110GPA to 2.726GPA. It has elastic modulus ideal for the human trabecular bone and also
has the appropriate pore size needed for cells and tissues ingrowths. It is fully compatible with
the human body and it can be physically installed in the body as bone implant.

4.4.5 Other gyroid and diamond implant designs

All the implants designed in this research work follow the same steps as explained previously.
The results of all the implant designs are shown below in the table:

S. | Type Pore size Porosity % | Elastic modulus | Density

no (um) ‘E’ GPA Kg mm

1 Gyroid 1220 60.45 4.277 1.741947531e-6
2 | Diamond 1160 69.08 2.726 1.361556604¢-6
3 | Gyroid 780 70.49 2.591 1.29938882¢-6
4 | Diamond 740 79.49 1.391 9.033992702e-7
5 | Gyroid 620 76.03 1.816 1.055734106e-6
6 | Diamond 570 80.02 1.332 8.799064436e-7
7 | Gyroid 440 76.75 1.723 1.02377778e-6
8 | Diamond 400 84.64 0.865 6.764444444e-7

Table 4-1 Different orthopaedic implant designs and results
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All the implants designed in this research work meet the requirements of human trabecular bone
and also they have no issues related with the manufacturability. They also have the appropriate

pore sizes for cells and tissues ingrowths. So, all the implants designed in this research work can
be physically used in the human body because they meet all the requirements for bone implants.

4.4.6 Calculation of compression strength

Using Gibson and Ashby relations, we can easily calculate compression strengths of our
designed implants.

Compression strength for gyroid structure

Compression strength of gyroid lattice can be calculated using following relation:
E=24.05 (Gmax )0'90

Where ‘E’ is the modulus of elasticity of the porous implant in MPA, omax IS the compression
strength in MPA

We can easily calculate compression strength for all implant designs.

Compression strength for diamond structure

Compression strength of diamond lattice can be calculated using following relation.
E= 30.92(Gmax)0'88

Where ‘E’ is the modulus of elasticity of the porous implant in MPA, omax is the compression
strength in MPA

We can easily calculate compression strength for all implant designs.

The table below shows the compression strengths of different implant designs:

S.no Type Elastic modulus Compression strength
(MPA) (MPA)

1 Gyroid 4277 316.247

2 Gyroid 2591 181.204

3 Gyroid 1816 122.086

4 Gyroid 1723 115.159

5 Diamond 2726 162.387

6 Diamond 1391 75.597

7 Diamond 1332 71.964

8 Diamond 865 44.062

Table 4-2 Compression strengths of different implant designs
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The compression strengths of all the implant designs also meet the requirements of the human
bone so ideal orthopaedic implants with different designs are created in this research work and
can be physically installed in the human body and these implants are fully compatible with the
human body.

4.4.7 Yield strength relations

Gibson and Ashby also provide relations between relative density and relative yield strength.

Gyroid Relations

The relation between relative density and relative yield strength modified for gyroid lattice
structure is shown below:

o/os = 1.31(p/ ps)'e

Where ‘os’ is the yield strength of fully dense solid and its value is 1.24GPA. Value of ‘c’can be
calculated easily as we know the relative density for each design.

Diamond relation

The relation between relative density and relative yield strength modified for diamond lattice
structure is shown below:

o/os= 1.39(p/ ps)t*

Where ‘s’ is the yield strength of fully dense solid and its value is 1.24GPA. Value of ‘c’can be
calculated easily as we know the relative density for each design.

The graphical results of yield strength relations are shown in the next section.

4.5 Validation of the results with existing literature

All the implant design results were compared and validated with the existing literature. The
following table shows the comparison of our implant design results with the existing
literature/research paper:

Gyroid literature and diamond literature shows the results of the existing literature/research paper
whose results we will compare and validate with our work whereas, gyroid and diamond type
shows the results of our implant designs that are developed in this research work.
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S.no | Type Pore size Porosity % Elastic modulus Compression
pHm (GPA) strength (MPA)

1 Gyroid literature 560-1600 80-95 0.13-1.25 8.12-83.9

2 Diamond literature 480-1450 80-95 0.12-1.25 6.79-73.43

3 Gyroid 440-1220 60.45-76.75 1.732-4.277 115.15-316.24

4 Diamond 400-1160 69.08-84.64 0.865-2.726 44.06-162.38

5 Trabecular bone - 50-90 1.08 £0.86GPA -

Table 4-3 Comparison and Validation of our implant designs with existing
literature

The implants designed and manufactured in the existing literature/research paper have a porosity
range of 80-95% whereas in our research work, the porosity ranges are between 50-90% that is
the required porosity range for trabecular bone. Moreover, the pore size and design in our
research work is also slightly different from the existing literature. The reason for changing the
implant designs were to obtain implants that are ideal for the human body and so the porosity
range was selected between the range of trabecular bone and also the pore sizes that will result in
maximum cells and tissues ingrowths were selected in our design. Due to these design
differences, our results are slightly different when we compare it with existing literature but the
results follow the same trends as followed by the existing literature/research work. Compression
strengths also change by a huge amount when a slight change in implant design is done.

All of our implant designs meet the requirements of the human bone and their results also follow
the same trends as followed in the existing literature/research paper and so our results are also
validated with the existing literature with slight variations in the results due to the design change
of the implants as discussed previously.

So, in the end, all of the implants designed in this research work are biocompatible, have no
manufacturability issues, have suitable mechanical properties required for human bone and in
short they meet all the necessary requirements for the ideal implants and can be physically
installed in the human body as they are fully compatible with the human body.

4.6 Graphical representations

In this section, graphical representations of the results will be presented.

4.6.1 Elastic modulus vs. porosity

According to the existing literature, we know that porosity has inverse relationship with the
modulus of elasticity. If a structure is less porous, its modulus of elasticity will be greater. On the
other hand, if a structure is highly porous, its modulus of elasticity will be very low. The
graphical representation below shows the relationship between porosity and elastic modulus
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based on our results of the designed implants in this research work.

Gyroid lattice structure
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Fig 4-12 Gyroid structure Elastic modulus vs. porosity graph

From our results, we can see that porosity and elastic modulus have inverse relationship and by
increasing porosity levels, Elastic modulus is decreasing. So, our results follow the same trends
as followed by existing literature, so our work is validated.

Diamond lattice structure
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Fig 4-13 Diamond structure Elastic modulus vs. porosity graph
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From our results, we can see that porosity and elastic modulus have inverse relationship and by
increasing porosity levels, Elastic modulus is decreasing. So, our results follow the same trends
as followed by existing literature, so our work is validated.

4.6.2 Elastic modulus vs. pore size

According to the existing literature, pore size and elastic modulus are directly proportional. If the
structure has larger pores, it has less porosity and so its modulus of elasticity will be greater.
Similarly, if a structure has small size pores, then the structure is more porous and so the
modulus of elasticity will be less.

Gyroid lattice structure
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Fig 4-14 Gyroid structure elastic modulus vs. pore size

In the above graph, we can see that value of elastic modulus increases with the increase in pore
size and it follows the same rends as followed by existing literature, and so our work is validated.

Diamond lattice structure

Elastic modulus vs. pore size graph in case of diamond lattice structure is presented in the next
page.
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Fig 4-15 Diamond structure elastic modulus vs. pore size

In the above graph, we can see that value of elastic modulus increases with the increase in pore
size and it follows the same rends as followed by existing literature, and so our work is validated.

4.6.3 Relative density vs. Relative modulus

Gyroid lattice structure
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Fig 4-16 Gyroid Relative density vs. Relative modulus graph
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Diamond lattice structure
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Fig 4-17 Diamond Relative density vs. Relative modulus graph
4.6.4 Compression strength vs. Elastic modulus
Gyroid porous structure
Gyroid TPMS
__ 5000
S 4000 /
E 3000
= \
S 1000
o
S 0
0 50 100 150 200 250 300 350

Compression Strength (Mpa)

Fig 4-18 Gyroid compression strength vs. Elastic modulus graph

Diamond porous structure

The relationship between compression strength and elastic modulus in case of diamond porous
lattice structure is presented in the graph below:
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Fig 4-19 Diamond compression strength vs. Elastic modulus graph

4.6.5 Relative density vs. Relative strength
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Fig 4-20 Gyroid Relative density vs. Relative strength graph

Diamond TPMS

The relationship between relative density and relative strength in case of diamond TPMS lattice
structure is presented below in the graph.
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Fig 4-21 Diamond Relative density vs. Relative strength graph

All of our results follow the same trends as followed in the existing literature and our work is
validated.

4.7 Combined graphs for comparisons and validations of results

The combined graph showing the relationship between relative density and relative modulus and
comparison and validation of our results with the results of existing literature/research paper is
shown below:
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Fig 4-22 Validation of our results with existing literature/research paper
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From the above results, it is concluded that our implant design results follow the same trends as
followed by the existing literature/research paper and so our research work is validated with the
existing literature/research paper. There are very slight variations in the final results and it is
because our designs were little different from the designs of the existing literature/research

paper.

Relative density vs. relative strength combined graph
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Fig 4-23 Relative density vs. Relative strength combined graph results
validations

From the above results, it is concluded that our implant design results follow the same trends as
followed by the existing literature/research paper and so our research work is validated with the
existing literature/research paper. There are very slight variations in the final results and it is
because our designs were little different from the designs of the existing literature/research

paper.

Conclusions and future recommendations are presented in the next chapter.
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Chapter #5

Conclusions and future Recommendations

Orthopaedic implants are considered to be very vital in the medical industry. They have proved
to be very useful in the human body. However, these implants were causing many problems once
they were installed in the human body. The biggest concern for the implant manufacturers was
stress shielding which was very damaging for the human body. This was caused due to a large
mismatch between the modulus of elasticity of the implant and the modulus of elasticity of the
human bone. The materials used for the manufacturing of orthopaedic implants had a very high
modulus of elasticity as compared to the human bone, so there was a need to lower that modulus
of elasticity to the levels close to the human bone and so they become suitable for the human
body.

In this research work, we focussed on this problem and introduced gyroid and diamond TPMS
structures, designed different models of the implants and removed the problem of stress
shielding. For the first time ever, we used a new module of ANSY'S known as ANSY'S additive
module which can model the whole selective laser melting process and can also check the
manufacturability of the implants. No research work was done till date, which made use of
ANSYS additive print module. So, for the first time ever, we used this module to model whole
selective laser melting process.

Different implant designs were created in this research work and all of them meet the
requirements of an ideal implant and so can be physically installed in the human body without
facing any problems as these implants are fully compatible with the human body. No problems
related with the manufacturability were encountered. In the end, all the results were compared
and validated with the existing literature/research paper. The bone implant designs modelled in
this research work can be physically manufactured as an future recommendation.

In future, new TPMS structures can be discovered and designed for the medical orthopaedic
implants. Majority of the implants make use of titanium alloy due to its good biocompatibility
and good mechanical properties, In future, new alloys can be discovered which have the desired
properties needed for an orthopaedic implant. Research works are recommended in this field for
future recommendations.
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