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ABSTRACT

ADDITIVELY MANUFACTURED LATTICES FOR ORTHOPEDIC IMPLANTS
AND PROCESS MONITORING OF LASER-POWDER BED FUSION

USING NEURAL NETWORKS

Name: Papazoglou, Dimitri Pierre
University of Dayton

Advisor: Dr. Amy Doll

The call for orthopedic implants is a growing concern with a vastly enlarging elderly
population and countries with developing healthcare, such as China and India. Lattice
structures created by additive manufacturing offer patient specific orthopedic implants with
viscoelastic properties similar to bone, less material consumption (such as titanium) and
promotion of internal bone growth for better fixation. Patient specific lattices are possible
with the onset of medical imaging technologies, allowing for custom additive
manufacturing implants suited to each individual. Current orthopedic implants are
restricted to numerous standard sizes, where a surgeon will choose between two or more
sizes for implant insertion. An implant with better fitment will reduce complications and
make the surgical process simpler. Two different biomimetic lattice structures with cubic
and diamond strut geometries were printed in Ti-6Al-4V of an open architecture selective
laser melting machine. These lattice structures varied in pore size of 400, 500, 600 and
900um to mini varying densities of trabecular bone in-vivo. Properties needed to promote

osseointegration were reviewed, such as pore size and lattice geometry. A convolutional

il



neural network was employed to detect defects and geometries during the selective laser
melting process. Identifying defects and geometries is called process monitoring.
Combining process monitoring, along with non-destruction evaluation such as computer
tomography scanning and scanning electron microscope techniques, can properly identify

defects for biomedical and aeronautical applications.
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CHAPTER 1

INTRODUCTION

Orthopedic implants are used for a variety of medical applications, such as soft tissue
repair, reconstruction/stabilization of the spine, fracture fixation, bone defects, tumor
reconstruction and more [153]. The aging population are prime candidates for orthopedic
implants due to musculoskeletal diseases and injuries that increase with age. A study on
global orthopedic devices for the market of 2016-2020 revealed that markets will grow due
to an increasing elderly population and the introduction of orthopedic technology into
countries experiencing rapid economic and technical growth such as India, Brazil and
China. Around 70% of the United States population from 55 to 75 years old suffer from
osteoarthritis and rheumatoid arthritis is believed to affect 0.5-1% of worldwide population
every year. The onset of osteoporosis and arthritis is common for ages 60 and higher, these
orthopedic disease and disorders can lead to orthopedic implantation [154]. Obesity is
known to cause soft tissue damage, osteoarthritis for the hip and knee regions, arthritis and
various musculoskeletal health issues [155]. For 2016, 1.9 billion adults over the age of 18
were overweight, where 650 million were obese — these values have almost tripled since

1975 [156].

For over 200 years, various materials have been used for orthopedic implants. One of the
first hip fixation implants was created around the 1800’s. Early research in osteointegration
conducted by Dr. Leventhal and Dr. Bothe in the 1940’s lead to advances in bone and

titanium integration Dr. Branemark in the 1950°s [157,158]. The ability to fixate skeletal



attachment with a metal substrate such as titanium was not possible until the work of
osseointegration was discovered, where further advances such as dental implants, spinal
fusion implants, total joint replacement and hip implants have seen long-term clinical
success, greatly expanding the field of orthopedic implants. Various metals are now used
to promote osseointegration, such as a stainless steel, tantalum, chromium and titanium
[158] and research is still ongoing on the ideal structures that can promote osseointegration

[140-148].

Laser-Powder Bed Fusion (L-PBF) is an Additive Manufacturing (AM) technology where
3D metallic objects are created in a layer-by-layer manner to replicated parts defined by a
3D-model created in Computer-Aided Design (CAD) software. Volumes of research have
been documented on AM-created orthopedic implants [19,20,25,26,52,55-56,59-57]. The
Food and Drug Administration (FDA) has also approved various AM orthopedic implants,
such as cervical spacers [159] and spinal implants [160-163]. This approval from FDA
further cements the future of AM for orthopedic implants. In 2016, the FDA acknowledged
the importance of AM in medicine and orthopedics with a publication highlighting recent
advances of the technology and the FDA’s observations [164]. In 2017, the FDA also
published “Technical Considerations for Additive Manufactured Medical Devices”. In this
document the FDA gives considerations for design and manufacturing of medical devices,
device testing considerations and process validation. Process validation is where device
qualities such as dimensions, mechanical properties and material characteristics are

verified through applications of monitoring of input parameters and processing steps.



Process validation is performed to ensure medical devices have consistent quality
throughout various AM technologies, most notably L-PBF.

These are the following monitoring methods the FDA recommends:

e temperature at the beam focus,

e melt pool data,

e build-space environmental conditions (e.g., temperature, pressure, humidity),
e power of the energy delivery system (e.g., laser, electron beam, extruder), and
e status of mechanical elements of the printing system (e.g., recoater, gantry)

In addition to the above monitoring methods, these methods should be validated with the use
of:

e manual or automated visual inspection with defined acceptance criteria,

e non-destructive evaluation (see Section V.E.3 Verification), and

e test coupon evaluation (see Section V.E.4 Test Coupons).

This thesis features a type of process monitoring that involves awareness of build-space
environmental conditions; along with identifying the importance of Non-Destructive

Evaluation (NDE) coupled with process monitoring [197].

To properly design orthopedic implants, an understanding of human bone construction and
its respective mechanical properties was reviewed. The onset of L-PBF has allowed the
creation of complex structures, such as porous/lattice structures. The lattice structure is one
of the key elements of this thesis, as its structure can be adjusted to approximate the
mechanical properties and viscoelasticity of human bone [60]. Using L-PBF, customized

lattice structures can be designed to match the ideal mechanical properties for a specific

3



patient, as well as to promote osseointegration. The osteogenesis process is highly
influenced by surface area, pore size, and pore geometry. Volumes of research have been
published highlighting different lattice designs, pore sizes and materials to promote

osteogenesis [55,60,62,73,89,140-148].

As L-PBF is an emerging technology, defects will occur during production of 3D objects.
NDE provides numerous techniques such as Computer Tomography (CT) scanning and
Scanning Electron Microscope (SEM) to evaluate if parts have internal or surface defects,
respectively [168-169]. In addition to NDE, in situ process monitoring may be performed
on L-PBF parts to ensure defect-free parts. Process monitoring is utilization of machine
learning algorithms to detect defects and geometries to ensure that parts meet a quality
standard [165-167]. This definition of process monitoring aligns with the definition of the
FDA’s process validation. The long-term goal of in-situ process monitoring is to use the
data in a closed-loop feedback control system to change machine parameters on the fly

when defects are detected at an early stage in the build job.

The three main goals of this Master’s thesis are:

1. Review various processes and information related to design of lattice structures
for orthopedic implants, such as AM processes and biocompatible metallic
materials, bone properties and bone mechanical properties, lattice structures and
respective mechanical properties, and the osseointegration process and influence

on lattice design



2. Validate two biomimetic lattice structures with varying strut geometries (diamond
and cubic) and pore sizes (400um, 500um, 600pum, 900um) additively
manufactured in Ti-6Al-4V through post-process NDE via x-ray radiography and
SEM.

3. Implement in-situ process monitoring of global infrared and infrared tomography
via machine learning algorithms to recognize geometries during L-PBF. This use
of these algorithms is to confirm that parts were built properly in comparison to
the CAD design. Utilization of NDE and process monitoring can ensure parts are

built properly for medical implants and other industries.



CHAPTER 2

ADDITIVE MANUFACTURING FOR ORTHOPEDIC IMPLANTS

Additive manufacturing is the creation of three-dimensional (3D) objects via incremental
layer-by-layer manufacturing. Since the conception of AM in the late 80’s, the field was
deemed ideal for rapid prototyping due to the ability to quickly fabricate a scale model of
a custom part using 3D CAD drawings. AM does have some downfalls, such as
unsatisfactory cost, decreased lifecycle and/or mechanical performance, and longer
production times when compared to conventional manufacturing methods [1]. Recent
advances in the field of Laser-Powder Bed Fusion (L-PBF) have led to the ability to create
metallic complex shapes and custom parts. This work is focused on manufacturing of
biomedical implants via additive manufacturing, with a specialization in orthopedic
implants with porous/lattice structures. AM for biomedical implants can be broken down
into two categories: Powder Bed and Powder-Fed systems. Both of these categories are in
relation to metal and metallic-alloy powders. Selective Laser Melting (SLM), Direct Metal
Laser Sintered (DMLS), Selective Laser Sintering (SLS) and Electron Beam Melting
[EBM] all fall under the powder bed category. Powder-fed systems consist of Laser Metal
Deposition (LMD) and Laser Engineer Net Shaping (LENS) [2]. The only technologies
that use raw metallic biomaterials are SLM, SLS, EBM and LENS. There are other non-L-
PBF technologies that are used for biomedical devices. Stereolithography has applications
in tissue scaffolds and implantable devices [3]. Fused Deposition Modeling (FDM) is a
popular alternative for craniofacial reconstruction, orthopedic spacers and hip implants,

although research has shifted to use of L-PBF [4,5].



2.1 Biocompatible Materials in Additive Manufacturing

There are many reasons why metal is ideal for biomedical implants. Metal used in layer-
by-layer manufacturing can produce geometries not possible by conventional
manufacturing means. The creation of lightweight and viscoelastic components is possible
with metal via L-PBF, and the scalability of metal is useful in creation of lattice structures
and hollow materials. These metals must be biocompatible with the human body. The
standard of quality for these implants must be stringent; no lose powders can be present on
or inside the implant, and various machine parameters such as laser power, scanning
strategies, cooling rate and gas flow must be properly strategized to produce parts without
defects, which is an ongoing effort of AM industry for L-PBF. The quality of the metallic
powder quality, itself, influences part quality. A wider range of powder particle sizes can
generate smoother surface finishes, whereas a narrower range of particle sizes can affect
ultimate tensile strength and other material properties [17]. Fine particles melt better than
coarse particles, resulting in improved scan surface quality, higher part densities and higher

mechanical strength [18].

2.1.1 Ti-64l-4V

A common material used in both standard orthopedic implants and L-PBF is Ti-6Al-4V.
This titanium alloy is popular due to its high strength-to-weight ratio, biocompatibility,
corrosion resistance and good fatigue resistance properties. The Young’s modulus (a
measure of material stiffness) of the alloy can be controlled via change of porosity and
chemical composition, which is vital in reducing stress shielding in orthopedic implants.

Biocompatibility of Ti-64 is due to the low electrical conductivity of the metal - this low



conductivity leads to electrochemical oxidation, causing formation of a thin passive oxide
layer. The oxide layer is not affected by corrosion [6]. Titanium and its oxides have low
reactivity with macromolecules and low ion-formation tendency, aiding in
biocompatibility with the human body [7]. The passive oxide layer has pH values
consistent with the human body, due to titanium’s oxide isoelectric point of 5-6 in vivo [8].
AM-produced Ti-6Al-4V is shown to have adequate or better mechanical properties than
conventional manufacturing for this alloy, such as higher tensile strength than cast or
wrought Ti-6Al1-4V [16]. Research on porous Ti-6Al-4V structures has demonstrated
mechanical properties comparable to human bone. However, these properties can vary
based on porosity levels [19]. Standards for Ti-6Al-4V in use for AM have been
established as ASTM F2924 [9] and ASTM F3001 [10]. These standards are important as
they certify this material for use in industry, which is important for medical implant

adoption, research and FDA acceptance.

2.1.2 Cobalt-based Alloy

Used widely in general orthopedic implants, cobalt-based alloys have high wear resistance
and good corrosion resistance [ 16]. Commonly used for dentistry applications [22], cobalt
alloys have shown compatibility for orthopedic implants [20], used in hip bearings [21]
and hip implants [23]. Biocompatible alloys are Ni-free cobalt chromium tungsten
(CoCrW) [27], cobalt chromium (CoCr), and cobalt chromium molybdenum (CoCrMo)
[16,26,28]. Research has shown that osseointegration of CoCr is possible via EBM [24].
Porous CoCrMo has ideal stiffness and strength properties in comparison to femoral

cortical and cancellous bone for orthoepic implant use [25]. Co-29Cr-6Mo of porous



structures are fit for knee replacements manufactured by EBM and comparable to Ti-6Al-
4V for bone stiffness in terms of densities. Co-based alloys are commonly used in total
joint replacement, dental implants, removable partial dentures, femoral stems, bone
implant applications, load-bearing implants and bearing-surface implants [30]. Industry
standards for Cobalt-based alloys include ASTM F3213, which provides guidelines for Co-
28Cr-6Mo manufactured via L-PBF, along with ASTM F75 of Co-28Cr-6Mo for the

design of surgical implants [194-195].

2.1.3  316L Stainless Steel

Stainless Steel 316L is common in orthopedic implants due to its suitable mechanical
properties relative to human bone, corrosion resistance and low material cost. 316L was
used for Total Hip Arthroplasty (THA) on the femoral stem and head during the 1970’s.
After 9-20 years of implantation, it was revealed that corrosion occurred on surface of the
stem or head, leading to periprosthetic metallosis and rapid failure. Due to these series of
corrosion failures, 316L is now only recommended for temporary use, such as screws,
plates and hip nails instead of long-term use [30]. Coatings such as Hydroxyapatite (HAP)
[31] and bioactive glass ceramic films [32] can improve corrosion resistance, making 3161
biocompatible for long term service. 316L can also corrode in vivo in highly stressed
oxygen-depleted environments [29]. In terms of AM compatibility, research has shown
316L being processed via SLM, SLS and EBM [16,33]. Mechanical properties such as
elastic modulus and compressive yield strength can be matched to cancellous bone [34],

and SLS-produced porous structures can match human cortical bone for elastic modulus



and compression strength [35]. Standards for 316L can abide by ASTM F138 for stainless

steel bar and wire used in surgical implants [196].

2.1.4 Nickel-titanium (Nitinol)

Nitinol is a biocompatible metal with good mechanical properties for medical implants.
What makes nitinol unique is the shape memory effect nitinol possess. There are two
reasons why this is beneficial: encouragement of bone fixation; and allowance for
minimization of invasive surgery. Shape memory is activated by temperature. Figure 1 is
an example of a wire changing from modified form to original via high temperature liquid.
Porous nitinol has also been proven to be suited for bone growth due to its biocompatibility.
An in vitro study showed hMSC cells were able to grow on nitinol [36,39]. Mechanical
properties of nitinol can vary depending on the compositions and alloys used. The stress-
strain behavior of nitinol can replicate that of human bone. Nitinol shows no cytotic,
neurotoxic, genotoxic or allergic activity when compared to 316 SLM stainless steel [38].
Nickel content in nitinol may cause harm to the body with the release of nickel ions,
however alloying and surface treatment can reduce this, assuring good biocompatibility
[37]. Nitinol has been produced via SLM [39], LENS [13,14,15] and EBM [16]. Current
uses for nitinol include vascular stents, vena cava filter, intracranial aneurysm clips,
catheter guide wires and orthopedic staples, all of which are currently FDA approved [30].
Research for nitinol is concurrent and applications for orthopedic implants are currently

being researched. [30,38,37,39,36].
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Figure 1. Nitinol shape memory from non-original form to original due to high
temperature liquid [40]

2.2 Laser-Powder Bed Fusion Technologies

Laser-Powder Bed Fusion is an additive manufacturing technology that can produce
metal and metallic 3D objects. There are two types of LPBF technologies: powder bed
systems and powder-fed systems. For powder bed, the following technologies exist:
Selective Laser Melting (SLM), Direct Metal Laser Sintered (DMLS), Selective Laser
Sintering (SLS) and Electron Beam Melting [EBM]. Powder-fed systems are Laser Metal

Deposition (LMD) and Laser Engineer Net Shaping (LENS) [2].

2.2.1 Laser Engineered Net Shaping (LENS)

Developed by Sandia National Laboratories, Laser Engineered Net Shaping produces
metal parts using metal powder with an inert gas injected into a molten pool that is created
via a focused high-powered laser beam. The substrate (build plate) is fixed, where the laser
system is moving, creating the 3D object; as with most L-PBF, LENS operates in an

enclosed environment with controlled oxygen content to reduce oxidation. Figure 2
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illustrates the LENS process. The density of the parts is over 99%, comparable to SLM.
It is possible to modify already existing parts with LENS technology. Machine parameters
that affect part quality include scanning speed of laser, laser powder, feed rate of materials
and melting point of feedstock [12]. LENS may use biocompatible metals such as Ti-based
alloys, Co-based alloys, Nitinol and Tantalum [11]. Various biomedical implant research
has been performed using LENS, for example, load bearing implants [13], Ti-6Al-4V
coatings for load bearing implants [14], and microstructure/corrosion properties of NiTi

alloy for bone implants [15,16].

Z motion
Processing
direction
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Powder stream
Shield gas
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area Fabricated near-net

shape part

Figure 2. Laser Engineered Net Shaping (LENS) process [12]

2.2.2  Laser Metal Deposition (LMD)

Laser Metal Deposition produces 3D objects via one or multiple nozzles wherein powder
and a laser meet, creating a melt pool onto a substrate. Metal powder is injected using a
gas stream to the melt pool, and the absorbed metal powder is deposited onto the surface.

Figure 3 provides a diagram of the LMD process. LMD can not only produce parts, but
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repair surfaces, similar to welding. The laser and powder nozzle move in the Z-axis,
whereas the work table can move in the X-axis and Y-axis in conjunction with the
nozzle/laser to produce the required geometries. Multiple layers are built in consecutive
order to produce a 3D part. The ability to move the work table aids in the process of high
dimensional accuracy [41]. Uses for LMD for creation of biomedical implants are limited,
in comparison to SLM. The ability to print complex parts is limited, but LMD can produce
larger parts than SLM. Research is concurrent on titanium composites and improving
process parameters for use of producing biomedical implants [41,42]. LMD is also used
for surface modification. Gum metal coating was applied to Ti-6Al-4V to improve surface
properties in [43], and ceramic thin films were applied to metallic implants to improve

biological behavior for hard tissue restoration in [44].

Powder nozzle
Laser beam

f Powder
Fusion zone *\ Molten pool
o Base material
AT \%/

Figure 3. Laser Metal Deposition process [183]

Shielding gas

Deposited material

2.2.3  Selective Laser Sintering (SLS)
Selective Laser Sintering begins with a layer of powder on top of a build plate. One or

multiple lasers sinter the powder to a specific geometry. The particles at this step will fuse
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together but won’t completely melt. Built upon the initial layer, more powder is spread via
a roller/recoater, and the laser will melt continuous layers to produce an object one cross-
section at a time, leading to a 3D object. The powder may consist of metal composite
[45,46], thermoplastic polymer [48], or ceramics. Direct selective laser sintering (DSLS)
refers to sintering metal powders [16]. SLS is popular for porous applications due to low
compaction forces of the sintering process, creating porous structures and ability to produce
complex shapes. It is possible to produce metallic porous structures that can match human
cancellous and cortical bones mechanical properties for Ti-Mo alloys [45]. In addition to
titanium, 316L Stainless Steel can also be made porous to match cancellous bone [46].
Process parameters such as laser power, scan speed, hatch distance, laser energy density,
scan pattern, powder quality/size/composition, shielding gas flow and pre/post processing,
all affect part quality in terms of surface finish, mechanical properties and porosity [46,47].
Components after printing may go through a post-process heat treatment for better
mechanical properties, different post-processing temperatures can affect mechanical
properties [50]. Applications exist from dental implant of atrophied posterior mandible [49]

to bio-metal bone scaffolds [50].
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Figure 4. Selective Laser Sintering process [51]
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2.2.4 Selective Laser Melting (SLM)

Like SLS, selective laser melting fully melts the powder instead of sintering, creating parts
with approximately 99.9% relative density. The process of SLM begins in a controlled and
closed chamber, filled with argon or dinitrogen gas, including over pressure conditions.
The purpose of this inert chamber is to prevent oxygen contamination during the melting
process [78]. SLM is also called Direct Metal Laser Sintering (DMLS). Due to this
melting, only pure and alloyed metal powder may be used. Figure 5 provides a diagram of
the SLM process. SLM is one of the most, if not the most popular type of L-PBF. This is
due to the numerous advances of the technology in terms of speed, lower cost, innovation,
and implantation of various alloys to use. Process parameters of SLS are the same for
SLM. Various patents from the 1970’s and 1980°s discusses working fundamentals, but
the first true commercial system resulted in the year 2000 [59]. Numerous applications
exist for SLM in biomedical implant use including orthopedic implants [19,20,52], dental

implants [22,26,28], in vitro research [25,26,54,55.57], and scaffolding [39,56,58].
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Figure 5. Selective Laser Melting process, closeup view [79]

2.2.5 Electron Beam Melting (EBM)

EBM has a similar process to SLS and SLM; however, instead of a laser beam, electron
beam energy is used to melt powder. An electron beam is initiated via a tungsten filament
that is superheated in an electron beam gun, creating electrons that can melt powder. To
control the beam diameter, a magnetic field is used, following a second magnetic field that
directs the electrons to desired location on the printing platform [77]. To control
temperature gradient during EBM process, preheating is performed by scanning the beam
across the entire layer. After preheating, the cross-section is melted via two stages,
contouring and hatching. Contouring melts the perimeter of the part cross section with

constant beam power and velocity, this improves surface finish of the part. Hatching is a
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back and forth raster pattern, unlike contouring, beam power and velocity are not constant,
but vary based on various thermal conditions analyzed by the system [68]. EBM operate
in vacuum to reduce energy dissipation before the beam melts the powder [69]. Figure 6
provides an image of the EBM process. Process parameters of EBM are similar to SLM,
wherein laser energy is now beam energy, and scanning speed can also be set by two
independent parameters: point distance and exposure time [69]. In terms of popularity and
use, EBM and SLM are the two most common and popular L-PBF technologies. The
differences between these two techniques are discussed in [16]. EBM can produce parts
with lower residual stress and increased surface roughness due to the higher power of the
electron beam [16]. Most of the previous materials mention in Section 2.1 can be created
via EBM, along with Inconel 718 and marginal steel. Applications of EBM for biomedical
implants include orthopedic implants [60,63,65,67], in-vitro research [24,62], in vivo

research [61], and cranial implant [64].
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Figure 6. Electron Beam Melting process [80]

23 Electron Beam Melting and Selection Laser Melting Comparison

EBM and SLM are the two most popular and promising L-PBF technologies in the current
market for biomedical applications. Research is ongoing to improve dimensional accuracy,
higher resolution, faster build time, reducing excess material waste, and various economic
factors. EBM finished products have an ideal surface finish for orthopedic implants;

surface roughness aids in the osseointegration process, which increases bone apposition.
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This surface roughness is controlled by various process parameters and can also be harmful
to mechanical properties of the part, reducing tensile strength and ductility, and causing
premature part failure. A highly rough surface may increase the chance of bacteria growth
for areas of low blood flow [70,71,72,73,74,60,76]. SLM has a slower build rate compared
to EBM; this is due to the higher power outputs of the electron beam. EBM production
rate is 80 cm®h™! compared to SLM 20-40 cm*-h! [16,75,60]. The choice of powder
selection for EBM is 45-105um compared to SLM 20-45um. EBM’s larger range of sizes
allows for affordability of various powders, such as titanium [60]. However, EBM parts
typically require overnight cooling due to higher temperatures on the powder bed [78].
Both EBM and SLM parts require post-processing, but EBM is more likely to need it when
compared to the smoother surfaced SLM parts [77]. Usage of process parameters and
utilizing them for materials is considered more difficult for EBM. SLM offers a wide range
of material powders, such as Aluminum, Titanium, Iron, Nickel, Cobalt, Copper and their
respective alloys, where EBM can produce Ti grade 2, Ti-6Al-4V, Inconel 718, Stainless
Steel 316L and CoCrMo. EBM can produce brittle materials, where SLM has high cooling

rates, which can cause solidification cracks. [78].

24 Hot Isostatic Pressing (HIP)

During the production of parts created via EBM and SLM, the occurrence of defects, in
this case porosity, have a significant effect on life-cycle of parts. These pores form from
gas trapped in molted metal while the melt pool solidifies. Lack of fusion between two
layers forms pores, along with lack of melting during laser scanning and the ability to fully

melt all areas [127]. To overcome these characteristic defects, HIP is commonly used to
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close internal pores in metal parts, along with reducing surface finish. A part is placed in a
high temperature and pressurized environment with an inert gas. Pores close due to high
diffusion rates from high temperatures with applied pressure and reduced yield stress.
Internal pores as large as 20 um and below can be closed with HIP. Internal pores are
initiation sites for cracking, thus reducing porosity results in better high-cycle fatigue.
Research has shown that surface connected porosity will be unchanged from HIP, hence
HIP is ideal for removal of gas pores, internal porosity, and lack of fusion defects [126].
Parts processed by HIP have improved ductility, but reduced strength when compared to
non-HIP parts. These effects on mechanical properties must be considered when HIP is

applied to implant parts. [127].
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CHAPTER 3

MECHANICAL PROPERTIES AND MATERIALS TESTING

AM produced metallic implants are ideal for replacement of bone in biomedical implants
for numerous reasons, such as mechanical properties, biocompatibility, manufacturing
means and more. As previously mentioned in chapter 1, various metals and alloys can be
placed into the human body without ill-advised side effects, such as corrosion, release of
harmful ions and bone resorption (stress shielding). Biocompatible materials can also
promote osteointegration, which aid in bone fixation and greater mechanical performance,
this is further discussed in chapter 4. These metallic implants can provide identical
mechanical properties in place for bone, as this chapter will analyze the mechanical

properties of bone and Ti-6Al-4V.

3.1 Bone Properties

To insure proper performance of an orthopedic implant, the mechanical properties and
viscoelasticity of the implant must match the bone it replaces and the bones that it interacts
with the implant. Bone is a hierarchal structure, wherein each structure are unique
mechanical, chemical and biological functions. This structure can be broken into levels,
such as macroscale, microscale, sub-microscale, nanoscale and sub-nanoscale, as seen in

Fig. 7.
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3.1.1 Macroscale

The macroscale is composed of two type of bone, the cortical (compact) and cancellous
(trabecular) bone. Bones in the human body will have a combination of these two bone
types, such as the femur with a cortical shell and a cancellous interior [91]. Cortical
porosity is 3-5%, almost solid; cancellous bone porosity is 50-90%. [87,60]. Cortical bone
mechanical properties are influenced by three properties, porosity, mineralization level and
organization of solid matrix. Cortical bone of femur, tibia, and humerus will vary for
mechanical properties, but density will remain the same. Elastic moduli in a longitudinal
direction did not have a variation between different cortical bone types. However, there is
a greater modulus variability along length of whole bone than around its circumference,
which is an anisotropic property. Cancellous bone contains no difference in mechanical
properties of proximal tibia, humerus and lumbar spine. The strength and stiffness of these
bone were lower than patella, distal and proximal femur. Mechanical properties of the
cancellous vary largely around the periphery, along the length and showcasing inter-subject

differences [91].

3.1.2  Microstructure

Microstructure of bone is made up of mineralized collage fibers that form into lamella.
Sheets of lamella of mineralized collagen fibers are wrapped in concentric layers around a
central canal, forming the osten/Haversian. The osten is a cylinder parallel to the long axis
of bone. Cortical bone are mineralized collagen fibers, this is called woven bone. In some
cases, lamella and woven bone tissue will form a plywood-type stack of thick layers around

circumference of bone, called lamellar bone. Lastly, the cancellous is made of the
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interconnecting framework of trabeculae, this framework is composed of various cellular

structures such as plate-plate, rod-rod, and rod-plate [91].

3.1.3  Sub-microstructure, Nanostructure and Sub-nanostructure

The bone lamella arrangement and orientation that make up the sub-microstructure is not
well known. Although ideas of orientation and structure is discussed [60]. The
nanostructure is made of collagen fibers that are surrounded and ingested with mineral.
The sub-nanostructure consists of three materials, collagens, non-collagenous and crystals

[91].
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Figure 7. Hierarchal structure of bone [87,60]

3.1.4 Bone Mechanical Properties
Based upon a large data set of bone mechanical properties [60], specifics of mechanical
properties will be discussed. Ultimate strength and elastic modulus differ for cortical and

cancellous bone, as cortical is less porous than cancellous bone. Cortical bone of different
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types, such as femur and tibial have different mechanical properties. It is in this difference
that it is recommend using different grades of Ti-6Al-4V to meet various properties of
bone. It is also observed that most fractural failures of cortical bone occur from tensile
stress and strain of torsional and bending type, the failure site of the bone is where tension
occurs, because tensile strength is significantly lower than compressive strength. Ultimate
tensile and compressive strains of human bone decrease as age increases, differences
between genders exist, but are not distinct. Cortical fibular and femoral bone tensile
strength decrease with an increase of age, but tibia does not change for age in terms of
tensile, but ultimate strain is affected. Cancellous tibia ultimate compressive strength and
stain will decrease with increasing age. Elastic modulus does not change with age.
Increasing bone density, the strain, elastic modulus and ultimate strength will rise. Lumbar
spines are anisotropic, densities are similar for vertical and horizontal directions, but the
elastic modulus and ultimate compressive strength for vertical direction are higher than
horizontal direction; ultimate compressive strain is the opposite. The mechanical properties
of bone will vary with age, bone quality, health, anatomical site and gender [87-89,60,91].
Cancellous bone is anisotropic and non-homogenous, where cortical bone is linearly
elastic, transversely isotropic and relatively homogeneous. Cortical bone is two decades
stiffer than cancellous bone, meaning cortical can sustain more stress but less strain before
failure. For example, cancellous bone can withhold 75% strain before failure in vivo, where
cortical bone will fracture at strain of 2%. The cancellous bone can store more energy
compared to compact bone due the pores filled with fluids. The bone of a child can absorb
45% more energy before failure compared to adults, but children bones are weaker with

children’s stiffness being 68% more than adult bones [103].
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Bone is viscoelastic, meaning the behavior is viscous, in terms of time and history
dependent, and elastic. Characteristics of viscoelasticity are stress-relaxation, creep, strain-
rate sensitivity and hysteresis. Stress-relaxation is when tissue is stretched at a fixed length,
as time progresses the stress in the tissue will continually decline. Creep is when constant
force/stress is applied on a tissue - constant tensile force causes tissue to elongate through
time. Strain-rate sensitivity will vary with age of tissue. Lastly, loading and unloading
curves from force-deformation test of bone don’t always follow the same path. This
difference in calculated area under the loading and unloading curves is termed hysteresis —

the energy lost due to internal friction of material [103].

25



Table 1: Tensile Properties of Cortical Bone [60,92] Note: * based-on Ref [93]

Cross head
TYS UTS Elastic Ultimate Density Source of bone
Bone Age speed Ref.
(MPa) (MPa) Modulus strain (%) (g-em™) (moist)
(mm/min)
Fibula 33 N/A 100 19.2 2.1 1.91 Embalmed body 1.1 [60,93]
59 N/A 80 15.2 1.19 1.73 Embalmed body 1.1 [60,93]
Humerus 15-89 N/A 149 15.6 1.2 1.77 N/A 0.5 [60,94,95]
20-39 N/A 125 17.5 1.43 N/A Moist N/A [103]
15-89
N/A 151 16.1 1.9 1.72 N/A 0.5 [60,94,95]
female
Tibia 41.5 male N/A 106 18.9 1.76 1.96 Embalmed body 1.1 [60,93]
71 male N/A 84 16.2 1.56 1.83 Embalmed body 1.1 [60,93]
20-29 126 161 18.9 4 1.83* Frozen N/A [60,96]
30-39 129 154 27 3.9 1.83* Frozen N/A [60,96]
40-49 140 170 28.8 2.9 1.83* Frozen N/A [60,96]
50-59 133 164 23.1 3.1 1.83% Frozen N/A [60,96]
60-69 124 147 19.9 2.7 1.83% Frozen N/A [60,96]
70-79 120 145 19.9 2.7 1.83* Frozen N/A [60,96]
80-89 131 156 29.2 2.3 1.83* Frozen N/A [60,96]
20-39 N/A 174 18.4 1.5 N/A Moist N/A [103]
Femur 41.5 male N/A 102 14.9 1.32 1.91 Embalmed body 1.1 [60,93]
71 male N/A 68 13.6 1.07 1.85 Embalmed body 1.1 [60,93]
15-89 male N/A 141 15.2 2 1.9 N/A 0.5 [60,94,95]
15-89
N/A 134 15 1.8 1.8 N/A 0.5 [60,94,95]
female
20-29 120 140 17 3.4 1.85% Frozen N/A [60,96]
30-39 120 136 17.6 32 1.85% Frozen N/A [60,96]
40-49 121 139 17.7 3 1.85% Frozen N/A [60,96]
50-59 111 131 16.6 2.8 1.85% Frozen N/A [60,96]
60-69 112 129 17.1 2.5 1.85% Frozen N/A [60,96]
70-79 111 129 16.3 2.5 1.85% Frozen N/A [60,96]
80-89 104 120 15.6 2.4 1.85% Frozen N/A [60,96]
20-39 N/A 124 17.6 1.41 N/A Moist N/A [103]
Radius 20-39 N/A 152 18.9 1.5 N/A Moist N/A [103]
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Table 2: Compressive strength and elastic modulus of human cortical bone. [60,93] Note:

 based-on Ref [93]
Elastic Source of
Bone Age UCS (MPa) Density (g-cm™) Ref
modulus (GPa) bone (moist)

Tibia 20-29 N/A N/A 1.83° Frozen [60.93]
30-39 213 353 1.83¢ Frozen [60.93]
40-49 204 30.6 1.83¢ Frozen [60.93]
50-59 192 24.5 1.83¢ Frozen [60.93]
60-69 183 25.1 1.83¢ Frozen [60.93]
70-79 183 26.7 1.83¢ Frozen [60.93]
80-89 197 259 1.83¢ Frozen [60.93]
Femur 20-29 209 18.1 1.85% Frozen [60.93]
30-39 209 18.6 1.85° Frozen [60.93]
40-49 200 18.7 1.85¢ Frozen [60.93]
50-59 192 18.2 1.85° Frozen [60.93]
60-69 179 159 1.85° Frozen [60.93]
70-79 190 18 1.85¢ Frozen [60.93]
80-89 180 154 1.85¢ Frozen [60.93]

20-39 107 N/A N/A Moist [103]
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Table 3: Compressive properties of human cancellous bone [60,92]

Elastic Ultimate Test Cross
CYS ucCs Density Source of
Bone Age modulus Strain condition of head speed Ref
(MPa) (MPa) (g-em™) bone
(GPa) (%) bone (mm/min)
Lumbar 14-89
N/A 4.6 0.06 6.7 0.2 N/A Dried 0.05 60,97]
Vertebra male
14-89
N/A 2.7 0.04 6.1 0.2 N/A Dried 0.05 60,97]
male
14-89
Tibial head N/A 39 0.03 8.3 0.22 N/A Dried 0.05 60,97]
male
14-89
N/A 22 0.02 6.9 0.22 N/A Dried 0.05 60,97]
male
Tibia 16-39 N/A 10.6 0.65 2.48 N/A Frozen Moist 0.02 60,98]
40-59 N/A 9.86 0.83 2.12 N/A Frozen Moist 0.02 60,98]
60-83 N/A 7.27 0.61 2.05 N/A Frozen Moist 0.02 60,98]
roximal tibia | 59-82 N/A 5.33 0.45 N/A 0.29 Frozen Moist N/A 60,99]
Femur 58-83 N/A 7.26 0.39 N/A 0.5 Frozen Moist N/A 60,100]
15-87
;umbar spine N/A 2.45 0.07 7.4 0.25 Frozen Moist N/A 60,101]
Vertical)
15-87
N/A 0.88 0.02 8.5 0.24 Frozen Moist N/A 60,101]
orizontal)
71-84 1.37 1.55 0.02 7.4 0.19 Frozen Moist 5 60,102]

3.2 Ti-6Al-4V Mechanical Properties
Ti-6Al-4V is popular due to its high strength to weight ratio, biocompatibility, corrosion

resistance and good fatigue resistance properties, making this metal alloy ideal for
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biomedical implants. Table 4 features tensile properties from various research of solid Ti-
6Al-4V manufactured via SLM, EBM, wrought and casting. The various manufactured
specimens allow a wide overview of the influence of manufacturing on the metal’s
properties. Densities for EBM and SLM will be over 99% due to the nature of the
manufacturing process, unless there was an error during production and a defect occurred,
however such defects would have a considerable effect on yield strength results. Table 5
lists compressive properties of Ti-6A1-4V for SLM and EBM, compressive properties are

limited for solid materials.

Table 4: Tensile Properties of Ti-6Al-4V

Density (%) UTS (MPa) | TYS (MPa) Elastic modulus (GPa) Elongation (%) Manufactured Ref
N/A 1140+10 1040+10 N/A 8.2+0.3 SLM [105,106]
99.7+0.1 1095£10 990+5 110+5 8.1+0.3 SLM [105,106]
N/A 1248 1043 112 8.5 SLM [105,107]
N/A 126949 1195+19 N/A 540.5 SLM [105,108]
N/A 1407 1333 N/A 4.54 SLM [105,109]
99.5 132116 11666 112 240.7 SLM [105,110]
N/A Min 860 Min 758 N/A Min 8 SLM [105,111]

99.9 1220460 1140460 N/A 8-10 SLM [112]
99.8 1250 1125 94 6 SILM [113,114]
N/A 1200-1150 1150-1100 N/A 16-25 EBM [113,115]

N/A 1002 902 113 6.9 EBM [120]
N/A 1220-1170 1290-1230 N/A 12-14 Wrought [113,115]
N/A 1173 999 113 6 Casting [113,116]
N/A 934 862 N/A 7 Casting [113,117]
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Table 5: Compressive Properties of Ti-6A1-4V

CYS (MPa) | UCS (MPa) | Strain (%) | Manufactured | Ref

1328.4 2265.3 354 SILM [118]
1300-1099 1763-1620 42-23 SLM [119]
950 1826 N/A EBM [120]

3.3  Materials Testing of Bone

Bone testing is applied via various techniques such as, tensile, compressive, bending and
torsion testing. Popular companies used for mechanical testing are Instron, MTS and
McMesin [103]. Storage and preparation of bone can affect mechanical testing outcome.
Dried bone has an increased Young’s moduli and strength — toughness will also decrease.
Thusly, it is ideal for bone to be hydrated for testing purposes. Bone mechanical properties
are also ideal at 37°C but testing at room temperature 27°C does not cause a large error,
however fatigue tests at room temperature will endure twice as many loading cycles before

failure compared to 37°C [121].

Bone is viscoelastic in its natural state, when dried the viscous nature is no longer active
and thusly behaves like a spring. When the bone is moist, strain rate will vary, a certain
strain rate range must be applied in order to properly measure stiffness and strength, the
strain rate of 0.01 to 0.08/s is what occurs in vivo [91]. Cortical bone has an ultimate strain
rate of 1.2% moist and 0.4% dry [103]. Tensile testing is typically performed using
universal joints, some bone can be machined to create test specimens for the cortical and
cancellous bone. A negative about tensile testing is that specimens must be large and

machined carefully. Compression testing is also possible, but complications exist, such as
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the need for parallel loading to be applied to a bone. For example, where the specimen
contacts the plate, some trabeculae may be unsupported from machining the face flat,
leading to less than ideal results. If the loading platens are misaligned, end results will be
incorrect. There are advantages for compression testing over tensile, such as the ability to
test with smaller specimen, fabrication is simpler and vertebral specimens are also
preferred for compression testing [121]. Human bones such as femur, tibia, humerus,
mandible, lumbar vertebrae and patella for orthotropic elastic modulus, shear moduli,

Poisson’s ratios and densities are measured via ultrasonic techniques. [91]

34 Ti-6Al-4V Testing and Standards

Mechanical testing for Ti-6Al-4V such as compression and tensile are typically guided by
ASTM and ISO standards. ISO 6892 are for metallic tensile testing at room temperature
[107]. ASTM standards E8 are for tensile testing of metallic materials. ASTM F2924
involves additive manufacturing of Ti-6Al-4V for powder bed fusions, this standard
defines terminology, chemical composition, microstructure, mechanical properties and
various processes to insure high quality parts for purchasers and producers of AM Ti-6Al-
4V. ASTM F1108 is standard specifications for Ti-6Al-4V alloy castings for surgical
implants. ASTM F136 is standard specification for wrought Ti-6A1-4V ELI (Extra Low

Interstitial) alloy for surgical implant applications.

3.5 Stress Shielding
Using a femur bone as an example, a femur in a natural state carries the loads of the hip

joints and muscle itself. When an implant is added, such as an intramedullary stem, the
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femur now shares the load with the implant. Before, the load was carried by one structure,
now the load is carried by two structures, implant and bone. The bone is thusly shielded
from stress, hence the term the stress shielding [122]. According to Wolff’s law, bone
develops a structure as a reaction to forces acting upon it. When bone experiences high
stress/load, the reaction will be to increase bone mass in those areas and decrease bone
mass in lower load/stressed areas. Bone resorption is known as the decreasing of bone
mass, which leads to loosening of implant, resulting in implant failure [90]. It’s for these
reasons that matching the mechanical properties of the implant to the bone it

neighbors is vital for long term implant life and function.

3.6 Bone and Ti-6Al-4V Mechanical Properties Comparison

Comparing Table 1 tensile properties of various bone to Table 4 tensile properties of Ti-
6Al-4V, it’s apparent that a large difference exists for TYS, UTS and the elastic modulus.
The differences are almost tenfold, regardless of manufacturing method. For example, the
femur for 50-59 age has a UTS 131 MPa and Elastic modulus 16.6 GPa, compared to SLM
Ti-6Al-4V UTS 1095 MPa and Elastic modulus 110 GPa. The differences remain similar
for compressive data for cortical or cancellous bone compared to Ti-6Al-4V. Table 2
compressive properties of cortical bone, tibia for age 40-49 UCS 204 MPa, compared to
SLM Ti-6Al-4V UCS 1620 MPa. With these high differences in mechanical properties,
stress shielding occur, and the implant would fail due to implant loosening. However,
creating cellular porous structures or lattice structures with Ti-6Al-4V reduces the

differences in mechanical properties, allowing for Ti-6Al-4V to match bone for implants.
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3.7 Loads on Various Orthopedic Implants and Bones

This section reviews various loads present on orthopedic implants and bones. The purpose
of this review is to clearly document forces placed onto implants/bones as the data is vital
to creation of functional and long-term implants. In order to analyze the loads placed on
various implants and bones, one must determine the body weight (BW) of an individual,
as this criterion will vary with individuals. Determining which loads are appropriate is
another aspect to be considered. Activities of daily living (ADL) such as walking, climbing
stairs, sitting and lifting are activities that humans perform with great frequency. Analyzing
the loads from these activities will give a good baseline of loads orthopedic implants

replacing these bones would experience.

3.7.1 Standardized Forces and Moments in Knee Implants

This study seeks to standardize forces and moments based on in vivo data. These in vivo
data is measured via an instrumented knee implant that measures tibio-femoral contact
forces and moments — ISO 14243 for testing wear in knee implants is used to define loads.
ADL analyzed are walking, ascending stairs, descending stairs, one-legged (OL) stance,
stand up, sitting down, knee bend and jogging. 8 subjects were used for the study, average
and high BW were defined from data set of Americana and German individuals of age 60
and 69, average BW was 74.7 kg, 2.3% of population has a BW above 101.5 kg, due to
this the average BW of 75kg and high BW of 100 kg is used. Table 6 is the extreme forces

(N) and moments (Nm) for the BW of 100. For the coordinate system in Table 6, the system
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is related to a right-side implant, where the origin is in the middle of tibial plateau at the
height of the lowest part of the polyethylene insert. Fx and Fy are the lateral and anterior
directions, -F; is the axial force component in the direction of the implant shaft. F. and
M,es are from resultant forces respective components. D is the respective extrema from
Figures 2-5 of the study [134].

Table 6: Forces (N) and moments (Nm) of EXTREME100 of knee implants [134]

Ascending Descending OL Stand Sitting Knee
Component | D | Walking Jogging
Stairs Stairs Stance up down Bend

Fres [N] 1 3110 4209 4787 3676 3870 4036 3608 5551
2 3581 4572 4348 N/A N/A N/A N/A N/A

F«[N] 1 -294 307 -416 222 257 301 318 -423
2 292 -283 308 N/A N/A N/A N/A 697

3 -209 N/A N/A N/A N/A N/A N/A N/A
Fy [N] 1 -605 220 -565 -557 -266 392 324 -1148
2 221 -679 368 N/A N/A N/A N/A N/A

3 N/A -438 N/A N/A N/A N/A N/A N/A

-F,[N] 1 3100 4169 4776 3667 3867 4033 3605 5396
2 3571 4552 4347 N/A N/A N/A N/A N/A

M, [Nm] 1 259 30.5 59.1 38.7 21.4 28.6 46.1 39.8
2 322 36 N/A N/A N/A N/A N/A N/A

M, [Nm] 1 -50.3 -48.8 -68.8 -57.3 25.1 22.8 233 -57.1
2 -53.2 -55.1 N/A N/A N/A N/A N/A N/A

3 273 37.2 N/A N/A N/A N/A N/A N/A

M, [Nm] 1 12 10.5 -18.5 -133 -11.4 -10.8 -13.9 -13.7
2 -18.9 -13.9 N/A N/A N/A N/A N/A N/A

34



3.7.2  Standardized Loads Acting in Hip Implants

Following the same goals as the previous study [134] and featuring some of the same
authors, the goal is to standardize loads in hip implants. This study confirms to ISO 7206-
4 for endurance tests of the stem and ISO7026-6 for endurance testing of the neck. /n vivo
measurements were performed on ten subjects that all suffered from coxarthrosis. A
titanium implant was modified to measure the forces and moments. ADL analyzed are
cycling, sit down, stand up, knee bend, walking, stance, stairs up, stairs down and jogging.
Origin of the coordain system is in the center of the femoral head, Z axis is upwards and
defined by the line connecting the neck axis and the intercondylar notch. X axis is lateral
and parallel to the proximal contour of the condyles, Y axis points to the anterior direction.
All measured loads are linearly adjusted from the individual’s weight to average BW of
75kg. Table 7 is the AVER75 and HIGH100 peak forces and moments of hip implants.
AVERTS5 are six load components that are averaged loads with a BW of 75kg. Fres and Myes
are vector sums of their components (X, Y, Z, moments/loads), marking them as the
resultant forces. HIGH100 is the highest peak force relative to all others, with a body

weight of 100kg.
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Table 7: Forces and moments of hip implants.
(Minima/Maxima forces or moments for X, Y, and Z axis)

Sit Stand Knee Stairs Stairs
Load type Cycling Walking Stance Jogging
Down up Bend up down
Peak F, for
AVER75 731 1360 1600 1699 1925 2077 2232 2300 3065
Average [N]
Peak F, for
HIGH100 1256 2935 3839 3145 2880 3340 3606 3875 4839
Average [N]
M, at
instant peak
of F,, for
1.11 1.92 2.51 2.49 0.93 1.03 1.93 0.66 0.8
HIGH100
Average
INM]
Peak value
of M, for
HIGH100 1.15 2.09 2.77 2.57 1.76 1.72 2 2.73 1.6
Average
INM]
Fx[N] 323/420 | 442/1002 | 472/1578 | 428/1202 265/837 | 347/1164 | 379/1164 | 329/1085 | 311/1241
-1067/- -1067/- -1222/-
Fy[N] -357/-58 | -541/-88 -612/70 -455/-52 -536/24 -855/-78
68 68 21
-F,[N] 392/1131 | 728/2709 | 753/3480 | 1069/2882 | 235/2709 | 644/3198 | 558/3876 | 405/3662 | 229/4519
M, NM] -0.6/1.11 -1.97/2.39
2.03/1.57 | 1.11/2.61 1.28/1.47 | 1.33/1.41 | 1.21/1.82 | 2.06/1.19 | 1.44/0.97
M, [NM] 0/0.77 -0.7/0.78 | 0.31/0.93 -0.88/1.5
0.22/0.19 0.37/1.21 | 0.71/1.71 | 0.51/1.24 0.49/1.07
M, [NM] -0.22/0.7 | -0.93/0.43 | -0.5/0.63 -1.04/0.3
0.25/0.25 | 0.57/0.34 0.55/0.93 | 0.44/0.44 0.72/0.13

36




CHAPTER 4

LATTICE STRUCTURES

A lattice structure is an 3D open-cellular structure of repeating unit cells. Unit cells are
made up of struts connected to nodes. The lattice is highly versatile in part to high stiffness-
weight ratio, negative Poisson ratio, low thermal expansion coefficient, and high heat
dissipation; these properties are valuable to such industries as aeronautics, automotive and
medical [84]. The properties reviewed thus far are the ability to match various bone
mechanical properties to prevent stress shielding and the ability to promote
osseointegration. Due to the open cell design, lattices are highly porous, this porosity is 40-
90%, depending on numerous parameters. Before discussing parameters of the lattice
structure, these parameters must be defined. A unit cell is a 3D object constrained by X, Y
and Z-plane dimensions - the lattice is composed of multiple unit cells, as seen in Figure

8.
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Figure 8. Lattice (left) is composed of the unit cell (right) [81]
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Struts are rods forming the framework of the lattice, connected to various nodes. Nodes are
connecting points for the struts, branching off to various struts. The unit cell in Figure 7
has four nodes and twelve struts, the number of struts and nodes per unit cell varies
depending on the unit cell structure, such as diamond, gyroid or honeycomb. An important
parameter of the lattice that will affect osteointegration and is a key point of this work is
pore size. Pore size is initially measured in two dimensions but is a three-dimensional factor
that varies with unit cell type. Figure 9 is an example of how pore size will be classified as
the largest sphere that fits in the 3D structure pores. Some lattice structures may have
rounded profile struts and nodes that are oddly shaped, such as a gyroid or Schwarz P.

Strut size

]
<
z

Figure 9. Pore and strut size dimensions [55]

4.1 Parameters Affecting Lattice Mechanical Properties

Various parameters affect the lattice structures mechanical properties: weight, material,
relative density, microstructure, defects, structure complexity and manufacturability. This
reviews literature relating to parameters affecting mechanical properties of the lattice. A
lattice structure for biomedical implants should have good strength in terms of tensile,
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compressive and fatigue, along with elastic modulus and viscoelasticity similar to the
human bone it replaces and neighboring sections of bone that may be impacted from the

inclusion of an implant.

4.1.1 Compression on Lattice Structures

The unit cell size can affect various mechanical properties, the Young’s moduli and yield
strength of a gyroid will decrease with the increase of unit cell size, due to strut density
decreasing with increasing unit cell size [82]. Yield strength and Young’s moduli will
increase with strut size, which is in relation to volume fraction of the lattice. In the case of
this research, a gyroid strut diameter is not constant as a straight beam strut would be in a
cubic type. [83] In term of compressive stiffness and ultimate compression strength, both
will decrease with an increase of porosity [52] for cubic lattice starting with porosities of
49% to 70%. For the same research, it was also observed that for the same porosity values,
compressive stiffness and compressive strength will decreases with smaller strut sizes and
increase with number of pores, indicating that strength depends on strut size instead of
porosity [63]. EBM lattice compression testing results is reviewed. This research is based
on various conditions such as different lattice types, various unit cell and strut sizes [60].
Most of the stress-strain curves observed in the report indicate three common stages. Stage
1: linear elasticity, in relation to corresponding unit cell strut bending or stretching. Stage
2: stress plateau, the progressive unit cell collage via plastic yield, elastic buckling or brittle
crushing, all these factors depend on unit cell type and other parameters. Stage 3:
densification, a sharp rise in stress occurs here, opposite sides of the lattice will become

into contact, behavior is like a solid. The stages are demonstrated on Fig. 9. The
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compressive strain at first facture is the most important factor in determining strain, as
ultimate compression strain of Ti-6Al-4V lattice can be up to 93%. In accordance to the
research gathered, lattice behavior can be divided into bending and stretch dominated
behavior, where stretch domination means during compression, struts carrying tension will
fail first most. For bending dominated lattices, struts will deform under bending or buckling
(dependent on unit cell type). Observing eleven different lattice types, it was found that
ultimate compression strength, compression yield strength and modulus values for Ti-6Al-

4V produced by EBM increase with an increasing density.
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Figure 10. Stages of compression for diamond lattice [60]

4.1.2 Fatigue Properties of Lattice
Cracks from fatigue can cause catastrophic failure of a part. Using previous research of a
large data set of EBM lattices, fatigue properties were examined [60]. Three stages were

observed for stress vs cycle figures. Stage 1 is where the strain will begin to increase within
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less than ten cycles. Stage 2 beings a plateau region where strain remains constant over a
wide cycle range, called the “incubation” region. Stage 3 has a sharp rise, lending to
complete part and strut failure. Figure 10 demonstrates the stages of fatigue. Fatigue is
related to cycling ratcheting of the struts, in relation to the incubation region, and fatigue
crack initiation throughout the struts, cyclic ratcheting is more vital in determining fatigue
life of lattice [86]. Cyclic ratcheting is the phenomena of progressive application of strain
in a lattice from cyclic strut bending, this phenomenon is unique to all unit cell types and
will vary. It can also be observed that increasing the amount of stress on a lattice and
decreasing the relative density will accelerate failure [86,60]. Elastic modulus is directly
related to the type of lattice, a bending-dominated lattice or stretch dominated lattice, the
latter of the two having the lower elastic modulus. Typically, low modulus Ti-6Al-4V
shows poor fatigue strength in part to high porosity. It has been observed that fatigue
striations appear on rough surfaces of struts, also formation of cracks near partially fused

or attached Ti-6Al-4V powder on strut surfaces, along with internal pores of struts [86,60].
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Figure 11. Stages of fatigue for G7 lattice [60]
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4.2 Matching Lattice to Bone Properties

Using the large EBM data set and selected publications, information on lattices conforming
to bone mechanical properties are discussed. Ultimate compression strength of EBM Ti-
6Al1-4V lattices are equal or higher than human cancellous bone, with the highest value of
196 £ 7.1 MPa (Cubic lattice, 64% porous). The cubic lattice can be used for human cortical
tibia and femur of 50 years, 10 MPa lower than those of young than 40 years. Cubic lattice
of porosity 50.75% is 1632.02 + 11.98 MPa, along with a hatched XY of porosity 59.59%
at 148.40 + 3.50 MPa for ultimate compression strength. EBM cubic and diamond lattice
have high compressive yield strength values, possible use for cortical tibia and femur.
Modulus of EBM Ti-6Al-4V matches cancellous bone, but lower than cortical bone.
Limited fatigue data showcases EBM cubic lattices (porosity 63%) has higher fatigue
strengths (105 MPa at 10° cycles) compared to human cortical femur (60 MPa at 10°
cycles). The cortical tibia has a higher fatigue strength of 160 MPa at 10° cycles, which the
large EBM dataset does not have any lattices that can match the high fatigue strength —
reducing porosity is believed to improve fatigue strength, but at the cost of higher density.
Cubic EBM lattices can endure strain up to 2% at 10° cycles, which aligns with tensile
strain of cortical fibula and humerus bone. No data is present for compressive strain of
cortical bone, but tensile strain is 1-4%. Analyzing the UCS, CYS, modulus, strain and
fatigue strength, for the data set of EBM lattices, cubic is the ideal replacement for bone.
However, there were only 11 different lattice types reported, there is a possibility of a more

ideal lattice type for implant use [60].
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An EBM Ti-6Al1-4V cubic lattice was produced with porosities of 50%, 60% and 70% with
a stiffness (2.92-2.13 GPa) that aligns with cortical bone and trabecular bone. The UCS of
50% porosity also matches cortical bone [63]. Octahedral lattice produced by SLM with
porosity from 75-%15% has a compressive strength of 20-350 MPa, which is believed to
match some of the compressive strength of trabecular bone, which is 0.2-25 MPa,
depending on bone type. A hip augment was fabricated based upon previous octahedral
lattice, it exhibited a major pore dimeter of 500um, porosity of 65% and a compressive
strength of 53 MPa [52]. A variety of EBM Ti-6Al1-4V gyroid structures with porosities of
75% and 90%, along with deformed gyroids were analyzed for use in bone defect
reconstruction. All gyroid structures, except for 75% deformed gyroid meet the Young’s
moduli of trabecular bone. It was deemed that the appropriate gyroid structures could be
suitable for areas with long bones, independent of cortical or trabecular bone that
predominates regarding the Young moduli. Ultimate strength was also in the range of
compressive strength of trabecular bones, meaning for static loads these gyroids could be
a good substitute — ultimate strength for gyroids was below that of cortical bone. The
research for gyroid points out an important factor of mechanical properties of biomedical
implants, a lot of implants are accompanied by an internal fixation system, such as a plate
with screws. Physiological loads are thusly distributed between implant and fixation
system, creating a total stiffness from plate/screws with the implant. The stiffness should
not exceed bone but be flexible enough to produce mechanical stimuli for bone ingrowth
inside the implant. Depending on the implant being produce and the bone it is replacing or
aiding, fixation systems would be recognized in the total compilation of mechanical

properties [85].
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4.3 Lattice Manufacturability

There are respective limits for EBM and SLM in terms of printing small and large struts
and pore sizes. For example, EBM Acram A2 is limited to electron beam size of 250pum
and Acram Q20 electron beam size is 140um, it is not possible to produce struts thinner
than those sizes. Dimensional accuracy will also vary, for EBM the deviation from desired
strut size to actual is around 20% for oversized and 21% for undersized. Surface roughness
will affect various mechanical properties, EBM parts are rougher than SLM due to coarser
powders (EBM 45-105um EBM, SLM 20-45um), large electron beam size (EBM 140-
250pum, SLM 70-115um), large layer thickness (EBM 50/70pum, SLM 30/50um),
adherence of partially fused powder, stair-case effect and dynamic unstable melt flow.
However, a rough surface can benefit osteointegration, this will be discussed in Chapter 4
[60]. Limits on unit cell size for lattices for SLM are shown to be 5-8mm due to large
overhang [84]. Difficulties are also reported on manufacturing lattices with angled struts,
such as the octahedral structure with 45°. The angled struts are built with each vertical
layer, resulting in a larger strand diameter. Angled struts are seen to have more sintered
finish, due to heat being dissipated through the powder, causing powders to be partially
fused to the surface. Heat from neighboring struts can heat the powder bed, causing a
reduction in amount of energy needed to melt the powder, leading to a larger strut diameter

[52]. It was also seen for EBM that strut angle influences the strut quality [60].

In relation to L-PBF parameters affecting mechanical properties, quality is a large factor
in insuring properly built parts that will not affect mechanical performance. It has been

shown that low beam energy (<0.03 J, SLM, Octahedral lattice) can cause necking in lattice
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structures, forming stress concentrations at the necking areas, resulting in complete failure
from cracks in struts. The same structures were created with high beam energy (>0.07) and
stress concertation wasn’t as populated, allowing for deformation instead of complete

failure [52].

A major issue with L-PBF is the onset of defects during the build process. Porosity may
occur internally from lack of fusion, gas pores in the powder from gas-atomization
production process, and trapped gas pores during the build process. These defects effect
strength and fatigue properties of the part. Machine parameters such as laser power have a
large effect on porosity, surface finish and lack of fusion [123]. Powder bed anomalies also
influence part quality, such as incomplete spread — lack of powder causes defect to form.
Recoater hopping/streaking, where lines occur on the part finish [124]. Part distortion and
residual stress result in part failure, these failures are caused typically by scanning strategy
[125]. EBM also suffers from irregularly-shaped lack-of-fusion defects around 100um.
Closed pores from 30-80um were seen in EBM cubic, G7 and rhombic dodecahedron
lattices. For EBM it is believed that these defects are caused by unstable melt
flow/evaporation of chemical elements, pores from powder, insufficient melting of local
layer-layer contacts and 8% liquid to solid shrinkage of Ti-6Al-4V. It’s seen for both SLM
and EBM that Hot Isostatic Pressing (HIP) can reduce defects, reduce surface roughness

and close pores.

45



CHAPTER 5

OSTEOGENESIS

This chapter reviews the osteogenesis process, which is the process of bone formation in
accordance with orthopedic implants. The four stages of osteointegration are reviewed
with emphasis on medical terminology. The purpose of Chapter 5 is to understand
osteointegration to design better orthoepic implants and understand what the lattice
structures would experience in the human body in terms of cell to cell communication

and bone growth.

5.1 Osteointegration

Osteogenesis of a bone implant is purely driven cell process. Molecules extracted from the
cells are how cells communicate with each other. The appearance of difference cells occurs
in a sequence which is vital to osteointegration. This sequence can be organized into four
phases, these four phases are like what is seen in wound healing but is applicable to bone
healing and growth. The four phases are: hemostasis phase, inflammatory phase,
proliferative phase and remodeling phase. Various cell types involved in the
osteointegration process are controlled by genes that are activated by soluble cytokines
which consist of soluble protein factors, small molecules of histamine, prostaglandins and
more, and lastly molecules from extracellular matrix. Messenger molecules communicate
with receptors on cell surface, in turn transmembrane receptor proteins become
enzymatically active, which activities an intracellular second messenger system. This

second messenger system will either amplify or change information through the nuclear
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membrane to DNA. Thus, cellular response begins by activations of genes and certain
proteins, through secretory products or intracellular regulatory proteins. The adjacent cells
will communicate via direct membrane channels, but for over distances, messengers such
as cytokine and hormones are used. The extracellular matrix also relays information to cells
via attachment with specific receptors. This osteointegration process review is influenced
by a group of doctor’s didactic explanation of the four phases of osseointegration of a
dental implant, from the publication “Osseointegration — communication of cells” by Dr.
Terheyden, Dr. Lang, Dr. Bierbaum, and Dr. Stadliner [135]. This research article also
includes an animated video that summarize the publication, which is highly recommend

for those unfamiliar with this process [136].

5.1.1 Hemostasis Phase

Hemostasis phase occurs within minutes to hours of an operation, the operation site will be
considered a defect. Bone trauma matrix proteins, growth and differentiation factors
become active from heparin hydrolases, and from blood platelets via bone trauma. These
molecules may also be released from the destruction of bone resulting in bone debris.
Injured blood vessels release polymerization of fibrinogen that lay the first extracellular
matrix in the defect site. Polymerization of fibrinogen is initiated by platelets and intrinsic
clotting cascade, but the action itself is performed by thrombin. The implant surface
interacts with water molecules and ions, these ions are followed by plasma protein. Protein
absorption increases concentration of proteins on the surface. Protein will bind the surface,
such as albumin, eventually replaced by vitronectin or fibronectin. With protein absorption,

cells attach to the implant structure (in this case, titanium), this attachment to the surface
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is reliant on the blood proteins adhered to the surface. Fibronectin contains cell binding
sites RGD sequence that cooperate with integrins, a cellular adhesion protein. Where
vascular injuries are present, platelets will form white thrombus that seal vascular leaks.
Various bioactive molecules such as thrombin, ADP, collagens, fibrinogen and
thrombospondin are created. Fibrinogen and links platelets will form a platelet plug. Fibrin
bounded on implant surface will bind thrombocytes over glycoprotein Ib/I1la receptors to
the implant surface, leading to activation and degranulation of thrombocytes.
Vasoconstriction will occur from platelets like serotonin and thromboxane. Degranulating

platelets will release cytokines, where the next phase, the inflammatory phase begins [135].

5.1.2  Inflammatory Phase

Inflammatory phase occurs 10 minutes after surgery and will last a few days. Platelets with
degranulate, releasing growth factors such as transforming growth factor beta (TGF-p),
platelet-derived growth factor (PDGF) and basic fibroblast growth factor (bFGF). Platelets
release vasodilative which increase blood flow and reducing blood stream velocity, along
with inducing hyperaemia. Vasoconstriction from hemostatic phase will turn into
vasodilatation. At the beginning of this phase, an innate immune system releases molecular
and cellular elements, such as poly morphonuclear leucocytes (PMN) and macrophages.
PMN migrate through gaps in blood vessels, this is called diapedesis. Diapedesis occurs
from adhesion of lectins in inner lining of blood vessels. Leucocytes will attach to the blood
vessel, from here intercellular adhesion molecule-1 (ICAM-1), ICAM-2 and vascular cell
adhesion molecule-1 (VCAM-1) will gather granulocyte from the blood stream to bind

them to integrins on leucocyte. From this adhesion, endothelial cells will open gaps where
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granulocyte cells will move through. PMN will produce elastase and collagenase to move
through the basal lamina of a blood vessel. Once these cells have moved on, amoeboid
migration begins by chemotaxis. These chemotactic substances from PMN are
fibrinopeptides from fibrin activation through thrombin, which are from fibrinolysis,
complement 5a, leucotriene B4 from PMN, bacterial proteins (N-formyl methionyl
peptides), platelet activating factor (PAF), tumour necrosis factor alpha (TNF-alpha),
Platelet factor 4 (PF4), PDGF and interleukin-8 (IL-8). If more bacteria are detected, PMW
will release proinflammatory cytokines; the more bacteria present, the great the cellular
immune response. PMN can kill bacteria by released reactive radicals, this is also toxic to
host cells and healthy tissue. Along with releasing digestive enzymes such as collagenase
and elastase that are toxic to tissue. If bacteria cannot be controlled, then a toxic wound
environment will develop, where proinflammatory cytokines and toxic radical are high in
number. High presence of urokinase plasminogen activator uPA can harm the extracellular
matrix, resulting in the fibrin network to degrade. Limiting the number of bacteria in a
wound is important due to excess bacteria causing harm to tissues, resulting in implant
failure. Elimination of bacteria leads to the proliferative phase. PMN are replaced with
lymphocytes and macrophages, what lymphocytes do for the repair process is not well
defined, but they do appear to release cytokines which are mitogens and chemoattractants
for fibroblasts, along with extracting old neutrophils. As more bacteria are reduced, more
macrophages are produced, while bacteria are still present, macrophages release
proinflammatory cytokines, this release also signs the end of the inflammatory phase. Once
all tissue debris is removed, macrophages also release angiogenic and fibrogenic growth

factors. Fibroblast activation is related to the level of cyclooxygenase activity and
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prostaglandin production, these factors are also affected by the level of radical nitric oxide
(NO) present and inducible nitric oxide synthase (iNOS). Now that the defect sight has
been cleaned, cells release tissue inhibitors of metalloproteinases (TIMPs), the TIMPs
consume the digestive enzymes of PMN, while protecting protein of the extracellular
matrix — promoting growth factors in the extracellular matrix. This follows the release of
bFGF and PDGF growth factors from macrophages, high amounts of fibronectin lead to
fibroblast attach to integrin biding sites, wherein cells enter the wound; leading to the start

of the proliferative phase [135].

5.1.3  Proliferative Phase

The proliferative phase occurs from a few days to a few weeks. The phase beings with
formation of a new extracellular matrix and the beginning of angiogenesis, the new tissue
is granulation tissue. Fibroblasts from nearby healthy tissue move into the blood clot due
to FGF released by macrophages. Through the secretion of matrix metalloproteinases, the
fibroblasts drill tunnels into extracellular matrix of the fibrin clot. Metalloproteinases
create integrin binding site from fibrin clot, fibroblasts using integrins will attach to RDG
peptides of fibronectin to gain deeper access to the wound. The clot matrix is to be replaced,
which is where production of insoluble cellular fibronectin and other insoluble proteins
such as collagens, vitronectin, decorin and proteoglycans begins. Fibroblasts will indicate
movement based on the secretion of growth factors from the macrophages of PDGF, TGF-
B, basic FGF and connective tissue growth factor (CTGF). While this occurs, angiogenesis
process beings by hypoxia. The hypoxia attracts macrophages, which transform their

metabolism to ATP, the macrophages growth factor for angiogenesis is vascular
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endothelial growth factor (VEGF) — simulated by hypoxia inducible factor (HIF-1). The
VEGEF starts the production of endothelial cells, along with other growth factors such as
PDGF and FGF. Further responses of VEGF are pericytes from outer walls of the vessel,
they digest basal lamina around the vessel. These pericytes lead to new endothelial
progenitor cells, thus they move to areas of low oxygen tensions, via attraction of
chemokine stromal cell derived factor (SDF-1), produced from the wound. This process is
referred to as homing of endothelial cells, from here the cells form groups, arranging
themselves into tubes; these new tubes connect to existing blood vessels. With the creation
of these blood vessels, blood can now flow. Angiogenesis is the prerequisite for
osteogenesis, new bone will only form within 200um of the nearest blood vessel.
Osteoprogenitor cell attaches the implant surface using integrins. Integrins can attach to
the extra cellular matrix proteins like fibronectin with RDG motif. For an osteoblast to
attach to a metal implant surface, a protein layer must be present. The bone precursor cell
produces insoluble cellular fibronectin for cellular attachment to the metal implant. Once
cellular attachment is achieved, the osteoprogenitor becomes an osteoblast. Osteoblast is a
molecular maker, releasing osteocalcin and alkaline phosphate. Osteoblasts come from
mesenchymal stem cells, these stem cells occur from pericytes, from the walls of smallest
blood vessels. Pericytes are from bone marrow cells. The bone morphogenetic proteins
bind to receptors on surface of bone precursors cells. Receptors I and II activate SMAD
protein, where SMAD protein binds to DNA and activates genes Runx. Bone morphogenic
proteins (BMP) will bind to single receptors such as extracellular signal regulated kinases
(ERK) and mitogen activated protein kinase (MAPK). BMP are found in bone matrix;

wherein large quantities of active growth material is available. Where these proteins,
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growth and differentiation factors become active from bone trauma and are moved by
heparin hydrolases from blood platelets. Various growth factors such as BMP, FGF, PDGF,
VEGEF are also secreted from matrix by soluble heparin degrading enzymes, these enzymes
are then released by platelets, lymphocytes or mast cells. Special proteolytic enzymes such
as PDGF-B, VEGF and TGF-B are also released. These factors are also produced by
myofibroblasts and osteoblasts. BMPs appear in the wound after three days, meaning bone
growth is initially delayed. Various implants have different mechanical stability,
orthopedic implants use plates, screws, pins, friction fit and bone cement [137]. Dental
implants are held with friction fit via primary bone. Mechanical stability of an implant is
also indicated by primary stability. Primary stability is where the highest dynamic load is
lesser than the friction holding load. Micromovement can loosen the implant from small
movements, hence the need for overloading the implant upon an early phase. These
micromovements are common in orthopedic and dental implants [138,139]. Around one
week after implantation, bone will start to form secondary bone contacts. The first bone
formation is woven bone, the collagen fibers are randomly oriented. For dental implants,
woven bone grows along current bone and along the groves of threads. With initial
formation, the new bone is not load oriented. In accordance to human volunteer study, it
was found that surface modifiers for implants such as ultrahydrophilic SLA can yield faster
bone contacts at two and four weeks when compared to a standard SLA surface. New bone
begins with release of collagen matrix from osteoblasts, the type of collagen is type II or
type III depending on endochondral or intramembranous ossifications. In the end, both type
IT and type III collagen are replaced by collagen type 1. Mineralization process for primary

bone formation is quick, woven bone is removed by osteoclasts, replaced by lamellar bone.
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Nanometer uniaxially oriented hydroxyapatite crystal plates are formed in the collage
fibers. This nanostructure is the key to bones mechanical properties of elasticity and
strength, along with bones biological properties. This removal of woven bone from
osteoclasts is where the remodeling stage beings [135]. Figure 12 is a SEM image of a

titanium thread featuring cell proliferation after 72 hours of in-vitro cell culturing.

Figure 12. SEM of cellular proliferation on titanium threads after 72 hours, in vivo
analysis [149]

5.1.4 Remodeling Phase

The remodeling phase can last around several years with complete replacement of woven
and old bone with new primary bone. The osteoclasts will appear in the wound after a few
days, it will remove primary bone implant contacts to replace with new bone. Lamellar
bone is bone created during remodeling; this name comes from the parallel orientation of
collagen fibers. Trabeculae will lay out occlusal loads to surrounding bones and to the
implant itself, this trabeculae structure can be described as arches in a gothic church. Wolfs

law indicates that this trabeculae structure will be built as light as possible, this structure
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will also decrease in size during this phase. It is observed that osteoblasts and osteoclasts
work interdependently in order to maintain balance of porous and dense bone. During the
beginning, osteoclast does not act until osteoblasts do, this controls osteoclastogenesis
from RANKL and osteoprotegerin, which are both made by osteoblast. The osteoblast will
release RANKL, which is a ligand of receptor activator of nuclear factor kappa beta
(RANK) which itself activates osteoclastogenesis with macrophage colony stimulating
factor (M-CSF). Osteoprotegerin will preserve bone with osteoclastogenesis. Osteoblast
can utilize various bone enhancing and activating messenger molecules such as IL-11,
sclerostin, prostaglandin E2, parathyroid hormone (PTH) protein, vitamin D and estradiol.
PTH will cause osteoblast to release osteoprotegerin, which causes the appearance of more
osteoclast and bone degradation. Osteoclast will attach to the surface walls of blood vessels
via SDF-1/CXCR-4. Through diapedesis, the cells will leave the blood stream, then they
will move to the basal lamina via matrix metalloproteinase MMP-9. SDF-1, IL-8 and MCP-
1/CCL2 are chemoattracted for osteoclast precursor cells to lead them to the bone site.
These precursor cells will combine into multinuclear giant cells. Membrane bound proteins
are made via neighboring osteoblasts from contact of cells and osteoclast precursors. For
the human body, osteoclast will last on average 12 days. Terminally differentiated
osteoclasts will absorb the remains of osteoid via collagenases and take over RGD peptide
ending from the non-collagenous bone matrix proteins. Lining cells will release from the
bone surface, this surface will house osteoclasts, creating a ring like seal with integrin
attachment to bone matrix proteins like osteopontin. A resorption lacuna is created between
bone and osteoclasts to protect neighbor cells from acid, overly aggressive enzymes and

bone resorption. Actively resorbing osteoclast create microscopic folds where hydrochloric
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acid is created to demineralize the bone matrix for enzyme cathepsin K to absorb bone
collagen. Growth and differentiation factors such as BMP, IGF, TGFp in the bone matrix
are inactive, but can be activated by proteolytic enzymes. As of now, the process of using
these growth and differentiation factors is unknown. Osteoclasts do release BMP-6, which
can signal BMP from the degraded matrix, BMP-6 and chemokine sphingosine 1 phosphate
(S1P) are secreted from the tissue side of the osteoclast. BMP-6 is also the coupling factor
for bone resorption and fill, along with differentiating mesenchymal stem cells to
osteoblasts to promote new bone. Osteoblastic precursor cells can tell how much bone is
needed to fill voids using surface topography via pseudopodia. Osteoclasts will create a
tunnel into old bone, which is filled with concentric layers of new lamellar bone. This new
bone will contain a central blood vessel, which is called Haversian system or osteone. New
bone is formed via mechanotranduction via osteocyte. This is done so bone has good load
bearing abilities, the mechanical stimuli is converted into a cytokine signal to the
osteoblast. The osteocyte is inside bone and contains cytoplasmatic process in nanoscale
bone channels, the fluid shift theory indicates loading of bone causes interstitial pericellular
fluid shifts in the channels, where primary cilia organs in the cell membrane induce
intracellular signals. The signals travel throughout cellular networks to nearby osteocytes,
this network is called osteocyte syncytium. During this communication small messengers
such as nitric oxide and prostaglandin signaling. Osteocytes will message osteoblasts using
sclerostin, a soluble inhibitor of canonical Wnt signaling, to the PTH signal transduction

system [135].
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5.2 Pore Size and Osteogenesis

Open cellular structures, also known as lattice structures for orthopedic implant
applications are valued for two reasons. The ability to tailor compressive and fatigue
strengths for bone compatibility and the ability to promote osseointegration — to grow bone
in porous areas to promote stabilization of implant. Varying the size of these pores will
affect osseointegration. The average pore size deemed appropriate for osseointegration
varies from 400-1000um [55,62,73,89,140-147]. The classification of what dimensionality
pore size is per lattice is unique to every research, Figure 8 is a common representation of
what pore size is. One of the goals of this research is to verify mechanical properties of
various pore sizes, but another goal is to keep the pore sizes and lattice types in aligned
with what would be used in a cell culturing study or in-vivo experiment. The porosity of
the implant is vital to long life of the implant, as osteointegration not only provides
stabilization, but it provides additional mechanical strength to the implant. Since these
structures are complex, it’s important a steady flow of nutrients, blood and oxygen can
flow in and out of these parts internally, this is coined permeability. If this flow is
successful, then the possibility of promoting angiogenesis (new blood vessels) and
vasculogenesis (developments of vascular networks) is possible. Permeability is vital to
osteogenesis, as waste removal is vital to growth of bone cells, as mentioned in the previous
sections. This cell to cell communication is vital to various nutrients viewed as proteins
and growth factors. Higher permeability indicate less resistance in the internal lattice, and
high fluid velocities. However, this can give cells less time to attach to surfaces, as seen
with larger pore sizes. Smaller pore size decreases permeability, where internal flow

resistance is greater - allowing cells to adhere to surfaces [55]. In the same study, it was
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viewed that larger pores size is ideal for cell growth due to more open space for cells to
grow, this is called surface area. Along with higher medium diffusivity with initial larger
pore size and less pore occlusion that favored the oxygen and nutrient supply. Smaller
pores also have increased proliferation due to higher surface area, allowing better growth
and bone adhesion, along with better cell bridging for pores [62]. It is believed that larger
surface area is key to greater osteointegration, this term is one of the key areas of interest.
Mature bone growth is not possible without the development of angiogenesis and the
vascular network, reports indicate that bone cannot grown if not within 200um of a nearest
blood vessel [135] and cells cannot survive if not in a vicinity of 25-100um of a blood
supply [144]. A cell culturing study on a gyroid structure with pores around 255um was
deemed a failure in generating bone growth after 10 days; a dense layer of dead cells was
found on this structure. It was believed that both the faults of static culturing and the size
of the pores that caused pore occlusion were to blame [144]. A study on static and dynamic
cell culturing of three different lattice structures (cubic, diagonal and pyramidal) found that
smaller pore sizes (400-620um) with a pyramidal unit cell had higher metabolic cell
activity and migration when compared to larger pore sizes. However, these larger pore
sizes were associated with different unit cells [62]. A dental study features various pore
sizes of 300-650um with diamond unit cells, and the study found that pore sizes larger than
650um do not enhance cell ingrowth, with the ideal size found to be 250-650um. Diamond
crystal lattice structures featuring pore sizes 300, 600 and 900pum were tested in vivo with
rabbits, it was found that 600um and 900pum were better at vascularization bone compared
to 300um. This report indicated (as did others) that higher average curvature will induce

higher tissue amplification in vitro. Essentially, the same unit cell with different pore sizes
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has the same cross-sectional shape, but the average curvature of the pore becomes higher
in inverse proportion to the pore size. Through this belief, smaller pore sizes should have
an advantage, although the study found that the smaller pore size 300um was truly affected
by negative vascularization. However, this theory could be correct, since 600um at 2 weeks
of growth had higher bone ingrowth when compared to 900um. There is a possibility of an

ideal size that fits both vascularization and positive effects of curvature.

Surface area was also reviewed, in this case using fixation ability of in vivo implant; it was
theorized that 300pum would have the greatest fixation due to greater surface area. At 2
weeks, 600um was found to have better implant fixation than 300pum and 900um, it was
believed that reduced vascularization of 300um is what causes the loss of implant fixation.
At 4 and 8 weeks of in vivo testing, implant fixation for all three pore sizes was high. It
was found after 8 weeks that the bone matured into cortical bone and cortical continuity.
Marrow-like tissue also grew into the pores of the implant, proving that bone and soft tissue
can grow into the pores. It is believed that pore throat size is essential to this vascular tissue-
ingrowth and bone conductivity. The study concluded that 600um is the ideal pore size for
diamond crystal lattice due to its early bone growth, deep bone growth and mechanical

properties [142].

53 Unit Cell Geometry and Osteogenesis
The structure of the unit cell used in lattice structures is seen to have various effects on
osseointegration. It is believed that the unit cell wall size and structure have a higher

influence on bone growth than pore size, but the study that confirms this only relies on
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channels instead of a complex 3D lattice [148]. The interconnectivity of pores must be
understood as it influences osteogenesis. A study on replicating commercial implants of
various structures such as diamond crystal lattice regular distribution, diamond crystal
lattice irregular distribution, diamond crystal lattice gradient distribution and tetrahedral
structure with truss frame. The diamond crystal lattices of regular and irregular were seen
to perform the best with bone growth during cell culturing, while diamond crystal lattice
gradient distribution performed the worst. However, all these lattice types did promote
osteogenesis. An in vivo push out test of these lattices in rabbits showcased good
mechanical stability when compared to a compact implant (control) [141]. A study
focusing on cubic, diagonal and pyramidal lattice structures found the pyramidal structure
had the highest metabolic cell activity and migration when compared to cubic and diagonal
[62]. A common unit cell used in this area of research is the diamond unit cell, it is believed
to be ideal due to its ability to mimic properties of cancellous bone and having relatively
low stiffness in relation to its density [145]. The strut size does not only affect mechanical
properties of the lattice, but in this case the surface area. In a comparison of 120um and
230um strut sizes, 120um has a more direct bone-titanium contact in a in-vivo study with
rats. It was found that bone volume was higher in 120um compared to 230um for the in
vivo analysis [143]. The shape of the pores influences cell distribution, where cells will
bridge the corners. It was concluded that bridging behavior is material geometry
independent [55]. A study on diamond crystal lattice structures of various pore sizes
(300,600,900pm) concluded the use of diamond crystal due to analysis of in vitro testing

that tissue amplification was seen to be better for hexagonal shapes compared to
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square/triangular shapes. These results might indicate the diamond crystal lattice a superior

structure for tissue amplification [142].

60



CHAPTER 6

IN SITU PROCESS MONITORING VIA GLOBAL IR

The onset of defects in L-PBF is a common occurrence during the production of parts. Due
to the layered structure of these components, defects occur due to incorrect process
parameters, mechanical failures and contamination. For example, gas entrapment inside
gas atomized metal powders causes spherical pores in EBM [170]. High laser energy
density for SLM can cause high porosity, warpage and splatter satellites. Low laser energy
density may cause cracks and balling from high viscosity of the metal pool [171]. Process
monitoring is a method of monitoring the L-PBF during the production of components via
sensors. Through the monitoring of the build process, defects and anomalies can be
observed and monitored through a variety of image-processing and machine-learning
techniques to identify and track the location and severity of potential problems. Various
sensors are used for monitoring, such as melt pool radiation sensors [172], visual camera
[173], infrared (IR) thermography [174], pyrometer [175] and melt-pool monitoring [176].
Gathering data from the sensors is valuable, but processing of the data can indicate further
detail of defect formation, how process parameters of the machine cause defect formation

and identification of defects.

Many different processing techniques exist for each in situ sensor, such as image
processing, which can create optimal images for analyzing defects and anomalies
[172,174]. Machine learning algorithms are a powerful tool in processing data due to the

various types of classification that can be performed. Principle Component Analysis (PCA)
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can be used to identify defects per layer by highlighting key information in images, in
addition to PCA; k-means clustering can be used to create automated defect detection
[173]. Neural networks are valuable tools for extracting features from sensors to identify
defects, such as Deep Belief Network (DBN) and Convolutional Neural Network (CNN).
A DBN was used monitor quality of components via plume and spatter image signatures.
This DPN was compared to other neural networks such as CNN and Multilayer Perceptron
Neural Networks (MPNN), where DBN outperformed both CNN and MPNN in terms of
classification accuracy [177]. Another valuable aspect of DBN found in this study was the
convivence the program offered compared to other neural networks, with less image
preprocessing and less empirical analysis during in situ monitoring. However, the CNN

only performed 0.68% worse than the DBN [177].

A CNN was used via powder bed camera to detect powder bed anomalies such as recoating
hopping, recoater streaking and incomplete spreading. A case study of multiple builds and
materials was analyzed and found the CNN was robust for anomaly detection. The CNN is
a modified form of Multi-scale CNN (MsCNN), where it was compared against a normal
CNN and Bag-of-Words (BoW). BoW is a type of image classification, a comparison of

MSCNN and CNN revealed MSCNN to be superior [177].

Following the comparison of ideal neural networks, the ideal form of process monitoring

needs to be identified, as a goal needs to be set. The ideal form of process monitoring is a

feedback loop integrated between in situ sensors and machine parameters. For example, if
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an IR camera detects balling on the current layer as the laser is scanning, the machine

would alter the laser energy density parameters to correct this defect.

A closed-loop control system, along with NDE could make a case for reliable
manufacturing of high-risk parts more attractive for various industries. It’s observed that
better process monitoring is a key factor in the emergence of AM technology in industry.
The more reliable and better quality the parts are, the further demand is increased for L-
PBF technology [1]. L-PBF is also an expensive process, even more with expensive powder
such as titanium and Inconel, reducing failed prints would lessen the economic burden this

technology bears.

6.1 Case Study

Previous work of this author involved implementing a CNN to detect geometries from in
situ data [198]. The in situ data was gathered via a global IR camera. The SLM machine
used is of an open architecture design, specifically made for in sifu data gathering. A CAD
part was created via SolidWorks, containing multiple features that change throughout
layers. The features mentioned are squares, circles and triangles in an array of sizes and
positions that provide statically-significant quantity of detection opportunities for the
sensor system. The part has four feature layers and four solid layers. The part exterior
dimensions are 25.4x81x8 mm. The shapes at the first layer are sized at 3.5, 3, 2, 1 and
0.75 mm?, after each feature layer, a solid 1mm layer is used to build upon the next feature
layer; all features are cut into the part. The second feature layer mimics the first feature

layer, but all the dimensions are increased by 20% - the first column of each shape is left
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unchanged for statistical reasons. For the third feature layer, the aspect ratio for all symbols
are changed by 25%. Circles have turned into ellipsoids, enlarging from various angles.
Squares and triangles are enlarged by 25% on the X-axis; the first column of all shapes is
the same as the first feature. The fourth feature set is a mimic of the first feature set. Figure
13 are the first- and third-layer feature geometries, note the difference in dimensions and

geometries.

Figure 13. First and third-layer of CAD part, note the change of dimensions/geometries
between layers

6.1.1 Image Pre-processing
After collecting the IR data, noise is present throughout the images, as seen in Figure 14.
To remove this noise, image processing techniques are used to enhance the images and
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images and improve object detection as part of the pre-processing for a CNN. First, a Fast
Fourier Transform (FFT) is applied on IR frames. The edges of the shapes and pixels differ
than the background appear clearly in the magnitude of FFT, seen in Figure 15. The second
stage is Principal Component Analysis (PCA), also known as Principal Component
Thermography (PCT) [178], is an orthogonal linear transformation that transforms the
thermogram sequence into a new coordinate system. The idea behind PCA is to remove
possible correlation in the data by creating a new uncorrelated dataset called Principal
Components (PC). This is a known technique used in thermal NDT for data reduction and
flaw contrast enhancement [179]. Once eigenvectors are found from the covariance matrix,
eigenvalues are ordered from highest to lowest. This gives the components an order of
significance, in which the first PC content contains the most object information. Lastly, a
filter is applied on the first PC image, known as a Laplacian filter — where areas of rapid
change (edges) will appear. Figure 16 is end result with an image with highly emphasized
edges that makes object-detection algorithms more efficient and accurate. This approach
is valid because areas of interest will always be defined by sharp transitions from powder
to solid metal. The overall approach is to identify these areas of transition and compare
them with the initial CAD model, enabling the monitoring of important image features.
Some features worth monitoring from layer to layer are object location, total object area,

aspect ratio, and maximum (or minimum) temperature.
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Figure 14. Raw IR Image

Figure 16. Complete pre-processed data after PCA/Laplacian filter application
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6.1.2 Convolutional Neural Network and Training

A Convolutional Neural Network (CNN) is a machine learning algorithm where Deep
Learning is applied to train a neural network on recognizing patterns with high accuracy.
Due to the limited data available, transfer learning with AlexNet is used to make up for this
deficiency [180]. Based upon the author’s previous work using Artificial Neural Networks
(ANN), it was found that CNN would net better results due to high classification
accuracies. CNN was also ideal for extracting objects and edges [181], typically these
images must be converted to binary images [182]. Previous work of the author found with
ANN that binary images would discard valuable information within the IR imagery,
rendering inaccurate results [198]. It should be noted that the data has noise, even with
applying image processing techniques, noise from the camera resolution is still present and

affects end results. The classifications for the CNN are circle, square and triangle.

CAD images are used to train the CNN. A pre-processing technique was applied to the
CAD images to create an appearance similar to the first PC. Using CAD images as training
data is ideal due to the CAD imagery being the absolute perfect representation of the part,
anomalies can be detected easily due to the ideal representation. A sliding window is
applied to separate each shape in its own image, the orientation of the shapes is changed,
along with sizing of the shapes to obtain better results. This process was applied for each

different layer of the CAD part.

Two approaches for training the data were used, converting the CAD image to a binary

image was the first approach, and the second approach (Figure 17), pre-processing was
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applied to create images similar to the IR imagery — no binary conversion was applied. It
was found the second approach is ideal because there is no information lost (shape,
defects), that typically be found by applying a binary conversion to the images. The input
image for the binary training set is the first PC of the IR image with a filter applied to it,
then converted to binary. The input image set for the second approach training set is the

first PC with just a filter applied.
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Figure 17. Training and test images for second approach

6.1.3  Results

Analyzing both training approaches, Table 8 and 9 are the results for both binary and non-
binary approaches. Validation accuracy is the overall accuracy of the neural network in
relation to how well it will classify new information (images). Overall, the binary training
set is ideal for triangles, where the non-binary training set is ideal for circles and squares.
For neural networks, validation accuracy should be better than 50%, as 50% is

representative of a coin flip. It is apparent that circles are difficult to analyze with either
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approach, or this may be because of the round edges are difficult to define, which could be
the fault of low resolution of global IR.

Table 8: Binary training validation results

Shape | Validation Accuracy

Triangles 1
Circles 0.36
Squares 0.53

Table 9: Non-binary training validation results

Shape | Validation Accuracy

Triangles 0.64
Circles 0.45
Squares 0.76
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CHAPTER 7

DESIGN OF EXPERIMENTS

7.1 Introduction

One of the goals of this thesis is to validate diamond and cubic lattices structures, in terms
of design, and manufacturability. Diamond and cubic lattices have already been
manufactured and show promise in areas of mechanical strength and bone growth. For
example, it has been shown that a diamond unit cell is ideal for orthopedic applications
because of its simplicity, low stiffness in relation to density, mechanical properties similar
to bone and ability to promote osseointegration [145,60]. The cubic lattice has been shown
to match mechanical properties similar to human bone, while also being considered one of
the most ideal lattices for orthopedic implants according to a large study of EBM lattice
structures [60]. It has been shown that osseointegration can occur in cubic lattices [62].
These two lattices were designed in various pore sizes, 400, 500, 600 and 900um. These
pore sizes are representative of what is believed to be the ideal pore sizes for promoting

osseointegration [55,62,73,89,140-147].

7.2 Materials and Methods
This section will review the process of designing the lattice structures using CAD
software, a discussion of the titanium material used, and the selective laser melting

system used for this experiment.
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7.2.1 Computer-aided Design

Two different CAD software’s were used to design the lattices, the cubic lattice was
designed with SolidWorks and the diamond lattice was designed with 3DXpert. The
SolidWorks design was made via a 10mm cube with extruded squares to build a cubic
lattice. As SolidWorks isn’t optimized for the extrusion of thousands of holes, this
procedure is lengthy, but it provides less errors during the file conversion to a
stereolithography (STL) file, in comparison to other methods of lattice creation. 3DXpert
is optimized for lattice structure creation; using a 10mm cube, a user can simply use lattice
topology optimization. This optimization procedure will lay out the placement of struts and
nodes based on user defined parameters of unit cell size, strut thickness, node thickness,
lattice type, node type and strut type. Both diamond and cubic lattices are 10mm? cubes.
Both lattices will be produced with 400, 500, 600, and 900um pore sizes and all lattices

have 2mm strut diameters.

Tensile specimens of cubic and diamond lattices were produced for all pore sizes via
SolidWorks, the 3DXpert files for diamond lattices were converted to STL files and
uploaded into SolidWorks. The tensile specimen follows ASTM E8/E8M Standard Test
Methods for Tension Testing of Metallic Materials in regard to tensile specimen for powder

metallurgy (P/M) products [184]. Figure 18 is the cubic lattice CAD files; Figure 19 is the
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diamond lattice CAD files, and Figure 20 is a tensile specimen of a diamond lattice made

CAD file.
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Figure 18. Cubic lattice from SolidWorks, left to right: 400pum, 500pum, 600um, 900um
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Figure 19. Diamond lattice from 3DXpert, left to right: 400pum, 500um, 600pm, 900pum
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Figure 20. Tensile specimen of diamond lattice pore size 600um

7.2.2  Materials
Ti-6Al-4V powder from AP&C is used for SLM. This powder was leftover powder from a

previous SLM machine, the powder was sieved to reduce any irregularities to 15-53pum.

7.2.3  Selective Laser Melting

An open architecture SLM system called DART developed by University of Dayton
Research Institute for insifu process monitoring was used to create all the lattice cubes and
tensile specimen. The laser is IPG YLR500 500W laser with a spot size of 80um. The laser
power per build varied around 150W. The laser scanning speed is 950 mm/s and the
hatching distance is 0.08mm. The laser powder thickness is 0.08mm. All parts produced
were stress relived. The diamond, cubic and tensile specimens were divided into three
separate builds. The reason for dividing the build was due to the 4x4 inch build plate, all
the specimens could not fit on one build. Within each build, a 10mm solid cube for lattice
cubes and a solid tensile specimen were also printed to evaluate build quality via NDE.

The build of the diamond lattices resulted in an error where only 7mm on the Y axis was
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created, thus the diamond cubes are 7x10x10mm. The cubic lattices were successfully
printed. Although NDE was not performed due to time restrictions, SLM can successfully
produce lattice pore sizes up to 400pum small from the perspective of a human eye, however
it is possible that inner pores are obstructed. The only way to identify this is with SEM or
CT-scanning, which will be performed in the future. Figure 21 is the built cubic lattice,

Figure 22 is the built diamond lattice, and Figure 23 is the built tensile lattices
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Figure 21. Cubic lattices via SLM
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Figure 23. Tensile specimen via SLM, diamond and cubic lattices
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CHAPTER 8

IN SITU PROCESS MONITORING WITH IR TOMOGRAPHY

Using Infrared Tomography data from the build of the cubic lattices via the open
architecture SLM DART system, image classification was performed via CNN. Similar in
approach to Chapter 6, the main difference is the creation of an augmented training set,
instead of relying on pretrained data, such as Alex net. Creation of a neural network that
can recognize geometries from CAD data is valuable for defect detection and quality
assurance of parts, as described in Chapter 6. This chapter will review the pre-processing
of the IR tomography, the makeup of the convolutional neural network and results of the

neural network.

8.1 Case Study

There are concrete differences between the global infrared camera and infrared
tomography. IR tomography could be classified as a visual camera with an infrared filter;
however, a better description is to consider IR tomography as near-infrared, with a
wavelength between 0.75-1.4 um. The wavelength of IR tomography is smaller than the
global IR, global IR wavelength is around 3-8um. IR thermography has a higher resolution
when compared to global infrared, which is ideal for detection of geometries. The
resolution is the result of using an optical camera, which are commercially available in
higher pixel resolutions than true IR detectors. It is also believed that less pre-processing

will have to be performed to the image input for the CNN. This case study focused
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exclusively on IR tomography of the cubic lattice, focusing on sizes 400, 500, 600, and

900pm.

8.2 Programming Environment
MATLAB R2018b was used for developing of image processing and neural network. The
following toolboxes were also used: MATLAB Compiler, Image Processing Toolbox,

Statistics Toolbox and the Neural Network Toolbox.

8.3 Image Pre-processing

Due to the enhanced clarity and reduced noise of the IR Tomography, in comparison to
global IR, minimal pre-processing was performed. PCA is performed on the IR image, the
first PC is used as it represents the data the best. When applying PCA, a certain amount of
image information is lost during the process to bring out key features that are deemed
important. This loss of information could be crippling to a neural network, however since
the images are fairly simple, it is easy to identify if key information was lost. It is believed
in this case that all necessary information is present. Figure 24 is comparison of a raw

grayscale IR tomography image and the processed image using the first PC.
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Figure 24. Left: raw IR Tomography, right: first PC of PCA of 600pm cubic lattice

8.4 Convolutional Neural Network

8.4.1 Training Data

Similar to Chapter 6, CAD images of the lattices are used to train the neural network. The
CAD representation of the lattices are the perfect representations of a part; hence it is
believed to properly train a neural network to recognized geometries, using the perfect
representation is ideal. Due to the simple structure of the cubic lattice, there are only two
possible training images per lattice pore size, one image is the full face of the lattice and
the other image are the struts of the lattice being built. Figure 25 contains the two CAD
images. Taking all four lattices sizes, there are only eight possible training images for the
neural network, eight images is too small to train a neural network. To make up for this
lack of training data, the training images were augmented. Data augmentation is common
in neural networks for creating a larger training dataset, as the augmentation creates new

images. There are various techniques to augment data, such as image shifting, zooming
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in/out, noise induction and altering colors [186]. The augmentation is done through two
techniques, the first technique is a random rotation of the training data from 0 to 90 degrees.
The training images are 300x300x3. The second technique is to apply random isotropic

scaling to the image. Figure 26 showcases some augmented images.

There are 100 training images for each CAD image, meaning there are 800 training images
total when taking consideration of two CAD images for all four lattice structures. This

indicates that there are 8 classes being trained on the neural network.
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Figure 25. Left: Face of lattice, right: struts of lattice

Figure 26. Augmented training data set
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8.4.2 Input Layer

The input layer is the first layer in the CNN, it is where the input image is applied into the
neural network, along with data normalization. The input images are all 400, 500, 600 and
900um cubic lattices applied via PCA, only using the first PC. The input images are resized
to 300x300x3 to match the training data. For every run of the neural network, only one

input image is used, thus each lattice structure has its own unique neural network [187].

8.4.3 Hidden Layers

The first layer is the image input layer, typical to most CNN. The main portion of our
hidden layers can be divided into six sections. Each section contains a convolution layer, a
batch normalization layer, a ReLU layer and a max pooling layer. Each six section contains
these four layers, they are all applied in series. The convolution layer is where a
convolution filter is applied to the input image, the filters are moved across the input image,
where the dot product of weights and input is found. The filter sizing and number of filters
can be changed, for this neural network the filter size is three and the number of filters vary
per section. Batch normalization normalizes each input channel based on the value of a
mini-batch, this is done to decrease training time by keeping mean activation near zero and
the standard deviation of activation near 1. The ReLU layer turns any negative values found
in the inputs to zero. Max pooling layer reduces computation in the network and reduces
overfitting by reducing spatial size of representation, this reduces overall parameters. The
pool size is a property that can be changed but is common to be two by two or three by
three. The main difference of each section is the number of filters for the convolution layer.

The first section contains three filters, this value will change in the following order for each
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six sections: 3, 16, 32, 64, 3, 128. After these sections are the last three layers: fully
connected layer, Softmax layer, and classification layer. The fully connected layer
represents the feature vector for the network, taking in the number of image categories,
which in this case is eight, and performing feature extraction based on the previous layers.
Softmax layer assigns probabilities to each class, thus the total probability is 1, this is done
to speed up the training process. The last layer is the classification layer, where cross
entropy loss for all classifications is computed, working in conjunction with the Softmax

layer [187, 188].

8.4.4 Training Options

MATLAB has a host of options for training neural networks, essential for fine tuning a
neural network. This CNN follows stochastic gradient descent with momentum optimizer.
Initial learn rate is set to 0.01, which affects the over learning rate of training. A value that
is too high or too low can lead to bad results. Eleven epochs are used, each epoch is
classified as full pass through the entire training set. The option to display training data is
selected. Shuffling of data is selected for every epoch, meaning with every epoch the
training and validation data are shuffled. Mini-batch size is restricted to 64, due to
computer memory; the min-batch will update the weights of the stochastic gradient descent
to update the entire network to a small subset of training, restricted by a small training set
by the indicated mini-batch value. Validation data is utilized to find the validation accuracy

[192].
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8.4.5 Results and Discussion

To check network performance, validation accuracy was used. Validation accuracy is how
well the neural network performs when encountered with new data, essentially ensuring
that results are reproducible. The results are posted in Table 10. A strut image is used from
the same time period of the build for all cubic lattice pore sizes. The neural networks run
for five times, each time the validation accuracy is recorded, then the mean validation
accuracy of the five runs is used for each lattice pore size.

Table 10: Validation Accuracy for strut input image

Cubic lattice strut sizes | Validation Accuracy (%)
P400 70%
P500 65%
P600 82.5%
P900 58.75%

P900 is the lowest accuracy, P900 is the largest outlier when compared to P400 or P600,
there is less strut material and more space between the struts. From a visual inspection,
P500 and P600 are difficult to distinguish, while P400 and P900 stand out the most. There
is a similarity to P500/P600 with P400, then say P600 to P900. The standard deviation for

Table 10 is 10.07, with an overall mean of 69.06. Figure 27 are two strut input images.
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Figure 27. Input strut image of P400 and P500

Figure 25 is the plot of training accuracy and loss for P600. The dotted lines for the
accuracy are the validation accuracy and the dotted lines for the loss are the validation loss.
It is ideal for a neural network loss to become lower in value as more iterations occur. The
validation accuracy for this plot is 75%. Figure 28 is training and loss plot for P500,

validation accuracy 87.5%. validation accuracy for this plot is 75%. Figure 29 is training

and loss plot for P500, validation accuracy 87.5%.
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Table 11 are results of the full-face lattice, the same constrains are applied from Table 8.
Each neural network ran for five times, then the mean of the five runs is computed to be
the validation accuracy per pore size.

Table 11: Validation Accuracy for full-face input image

Cubic lattice full-face sizes | Validation Accuracy (%)
P400 77.5%
P500 55%
P600 65%
P900 62.5%

Compared to Table 10, the lowest validation accuracy is P500. The previous observation
of P900 being an outlier may not apply for the full-face imagery, due to P900 and P600
being similar in accuracy. The standard deviation for Table 9 is 9.35 and the overall mean
is 65. Figure 30 are two full-face input images, Figures 31 and 32 are training accuracy and

loss plots, the respective validation accuracies are 62.5 and 50.

Figure 30. Input full-face image of P900 and P500
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Taking into consideration of Tables 10 and 11, the validation accuracy for strut images are
higher than full-face images. Full-face images contain more noise and more detail, it is
possible that with better image processing (i.e. filtering), that the results could be better for
the full-face. Any advantages for the full-face would also net towards the strut images. It

is also possible that the correlation of a better performing strut imagery will always exist.

8.4.6 Neural Network Overfitting

The CNN presented in this thesis does suffer from occasional overfitting. Neural networks
are complex models with numerous hidden layers, the more layers, the more complex the
neural network becomes. Essentially, overfitting is when the network is ideal to the training
but does not perform well when introduced to new data, such as the validation set.
Occasionally, a low validation score will occur, such as 12.5% or 25%. During the early
phase of building this CNN, overfitting was more common issue, but it was solved through
reducing the training classes to 100 images instead of 200 or 300. Figure 33 is a training

accuracy and loss plot of a validation 12.5%.

There are numerous techniques to overcome this overfitting issue, such as LI1/L2
Regularization, which monitors and corrects weight values to reduce complexities.
Dropout will randomly drop neurons from the network while training is ongoing,
essentially making the network smaller. Lastly, early stopping is effective at preventing
overfitting, by analyzing when your validation curve begins to drop. When this drop

occurs, simply stop the network and analyze what epoch/iteration the neural network drops.
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There was an attempt at using all the above techniques but the results for the neural
networks were worse than before and overfitting was still an intermittent issue. A future
step would be analyzing the training data, reducing or enlarging the data set, or modifying
the data augmentation. By inducing more factors of data augmentation, it is possible that
the data set will become more “unique” and this overfitting issue will lessen or disappear
completely. Another step would be reducing the neural network hidden layers, as there may

be excessive complications in the neural network [189-191].
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Figure 33. Overfitting of the neural network, resulting in a validation accuracy of 12.5%
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CHAPTER 9

CONCLUSION AND FUTURE WORK

9.1 Conclusion

With the growing market of orthopedic implants rising due to a growing elderly population
and the growth of countries such as India and China, improved orthopedic implants are
needed. With current lattice based orthopedic implants, it is possible to have better implant
fixation, service life and mechanical properties than current orthopedic implants.
Understanding the osteogenesis process, L-PBF, bone mechanical properties, lattice
mechanical properties and biocompatible materials is essential to designing and

manufacturing effective metal lattice structures for orthoepic implants.

Referencing various publications, from the literature it was deemed that producing
diamond and cubic lattices of pore sizes 400, 500, 600, 900um would result in good
osteointegration and bone mechanical properties. Concerns of manufacturability were
addressed, as the lattices were successfully printed in Ti-6Al-4V, with the exception of a
defect occurrence for the diamond lattice; caused by a machine error. Due to time
limitations, compression and tensile testing were unable to be performed, along with NDE

such at SEM and CT-scanning.

A convolutional neural network was created to verify geometries of cubic lattices of
various pore sizes. Training the neural network with CAD images via data augmentation

was performed. The overall mean validation accuracy is 69% for strut identification and

90



65% for full-face of the lattice. Improvements were identified in key areas to overcome
overfitting and better validation accuracy. Modifications to the DART SLM machine
facilitated the development of biomimetic Ti-64Al1-4V lattices and the acquisition of in situ
sensor data. These modifications, as well as the custom Al processing monitoring
algorithm to detect and classify build defects, were completed in response to the FDA’s

recently published guidelines for process validation.

9.2 Future Work

Future work will involve performing compression and tensile material testing on all the
pore sizes for diamond and cubic lattices. Performing NDE via CT-Scanning and SEM to
identify correct pore sizes and defects in the lattices. The next step would be to cell culture
the lattices to identify which lattice structure and pore size promotes the best
osseointegration with primary bone cells and osteoblasts. Another possible future work
would is FDA stage 1 clinical trial, inserting a part of a lattice in place of bone. Observing

how bone will grow into the lattice and testing mechanical adherence of bone to lattice.

The FDA guidelines for process validation are the driving force of this research. As the
FDA recommends the use of NDE to validate process monitoring, there are a few
techniques we can apply in the future in accordance to these guidelines. NDE such as SEM,
CT-scanning and X-ray tomography can be used validate internal geometries and build
defects. NDE data can be used to train a neural network, this would only be beneficial to a
part that has to be printed multiple times, but a more extensive training dataset would lead

to better classification. Other type of in situ sensors such as visual camera, high-speed melt
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pool, and laser profilometry can also be used to aid neural network training. These sensors
all have various advantages and disadvantages, some are better at detecting certain defects
than others, where they might be ideal for their own neural network implementation. For
example, a high-speed melt pool camera would be ideal for detecting defect occurrence for

high/low laser energy power, detecting cracking and balling.

As previously mentioned in Chapter 6, the ideal form of process monitoring is a closed
loop feedback that can immediately identify defects and correct machine parameters to
prevent the spread of further defects. Although this type of closed loop feedback is years
away from implementation, the neural network presented in this thesis is a representation
of this control system in terms of defect identification and a representation of process

validation for the FDA.

The convolutional neural network should be experimented with techniques to remove
overfitting, applying such techniques as L1/L2 regularization, dropout and early stopping.
Modification of training data size and other data augmentation techniques can be
performed to lessen overfitting and achieve better validation accuracy. MATLAB is also
limited on the amount of options and modifications the user can apply to the neural network
and training. It is highly recommended that further neural network and deep learning would
be transferred to a Python-based workspace. Using Python would open up further
customization of the neural network and other deep learning algorithms, such as deep belief

networks. MATLAB is an extremely useful tool, but it is evident that MATLAB itself is

92



still learning how to implement CNN and other deep learning into their suites and

toolboxes.
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