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ABSTRACT

ABSTRACT

The use of lattice structures in the design of the orthopaedic implants is gaining popularity and
underpins the development of next-generation customised implants. Lattice structures offer
tailorable mechanical properties, space for bone in-growth and porous network for nutrient-
waste exchange between the surrounding tissues. The advances in additive manufacturing have
enabled the process-ability of the complex and intricate lattice structures. This is reflected in
the increasing number of literature focussing on the performance and properties of the lattice
structures. Most of the reported studies for bone tissue engineering utilise selective laser
melting of Ti6Al4V alloy due to favourable mechanical properties, corrosion resistance and
biocompatibility of Ti6Al4V alloy and the wide adoption of SLM machines. In this thesis we
investigated new designs and processability methods of the Ti6Al4V lattice structures
manufactured by selective laser melting technology. Specifically, functionally gradient porous
designs and hollow-beam lattice are proposed to improve mechanical and biological properties
of lattice scaffolds simultaneously. Furthermore, use of single point exposure strategy is

explored as an attractive method for fabrication of lattice structures.

Commercial SLM machines were used to fabricate the scaffolds with Ti6AI4V powder. The
scaffolds were characterised by scanning and transmission electron microscopes, the
mechanical properties were assessed by static compression testing and in-vitro performance

was studied by using osteoblast cells.
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ABSTRACT

Our study on functionally gradient designs combined results of mechanical and in-vitro
biological studies. We show that implant designs can be improved by incorporating porous
structures with gradually and continuously changing struts. Functionally gradient scaffolds
with large pores (~1100 um) in the outer surface allow cell attachment and migration; while
the small pores (~900 um) in the centre provide adequate mechanical stability to the implant
are proposed. Our second study explored the hollow-tube lattice structure design which offers
an ample space and channels to be loaded with therapeutic agents for controlled targeted drug-
release. Hollow-beam lattice structures are found to possess higher stiffness and strength values
(30-60% higher) than the solid-beam lattice structures counterparts at the same relative density.
Furthermore, the cell colonisation throughout the hollow-beam scaffolds was more uniform,
indicating better cell migration in these scaffolds. Our results demonstrated that hollow-beam
lattices offer improved mechanical and biological properties and have the potential to be used
for functionalised next-generation implants. Our last study focused on the processability of
lattice structures investigated a largely unexplored alternative method of single point exposure
scanning strategy. It offers a number of advantages over the contour-hatching scanning
strategy. For example, the long file preparation times and high computational cost of complex
STL files could be avoided in addition to having a direct control on the dimensions of the
structures at each layer. This study revealed a saturation point for the maximum achievable
strut size (520 um at 0.5 J of energy input). In addition, novel features were observed in double

melted areas, which represents the strut junctions, with more homogeneous a-lath sizes (200-

300 nm) than the ones observed in the single melted areas (10 nm-1 pum).

Overall, this PhD thesis presents the results of our major three areas of study on the lattice

structures; functionally gradient structures, hollow-beam lattices, and single point exposure
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ABSTRACT

scanning strategy. The interconnection between these studies lie in the goal of improving the
design and processability of lattice structures for orthopaedic implant use. Major conclusions
include suggestions for optimum pore size and distribution in functionally gradient structures
and channel size for the hollow-beam lattices as well as for the processability window for the

single point exposure method.
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“When modern humans builds large load-bearing structures, they use dense solids: steel,
concrete, glass. When nature does the same, it generally uses cellular materials: wood, bone,

coral. There must be good reasons for it”.

-M.F. Ashby
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1.1. General Overview and Motivation

Additive manufacturing (AM) is revolutionizing the way we think of materials, products and
manufacturing, and disrupting many industries, including healthcare. Additively manufactured
customized prosthetics and implants are gaining popularity due to their superior function and
performance, accessibility and cost. Because of its digital nature that includes digital design
and manufacturing, as well as its disruptive influence on global manufacturing market, AM is
considered as one of 4™ Industrial Revolution technology and is the fastest growing

manufacturing sector globally [1].

Orthopaedic implants are medical devices manufactured to replace or support a damaged bone
or joint. Current orthopaedic implants are manufactured in different shapes and sizes to cater
for everyone. However, this generally requires a representative from the manufacturing
company to aid the clinician during the operation to find the right match. Next generation
orthopaedic implants are ideally customised in their anatomic shape to fit into the defected
bone area, which will eliminate the time that the clinician spends finding the right match during
the surgery. In addition, these implants should mimic the structure and mechanical properties
of the host bone. Each bone in our body is different based on the location, the stress applied on

them, as well as our age, sex and physical condition.

Metallic materials including stainless steel, cobalt-chromium and titanium alloys are the
primary choice for the orthopaedic implants due to their biocompatibility and mechanical
properties [2]. Among them, Ti6AIl4V is the most widely used as it is lightweight and highly
corrosion resistant. However, it is not wise to use the same material for different bones, unless
its properties are modified accordingly to the host bone. For example, the mechanical and
physical requirements of an implant are different when it is designed for knee, for which
loading conditions should be considered, or for a skull, for which loading conditions are not
necessarily important but being lightweight is. Therefore, the implants should be customised
based on the anatomic and mechanical requirements. The mechanical properties of biomaterials
can be altered by changing their porosity [3]. Additive manufacturing is promising

manufacturing technique to produce complex shapes with tailored porosity.
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Porous or cellular solids offer tailorable mechanical properties, ample space and a porous
network for cell attachment, migration and bone in-growth. In recent years, the interest towards
porous bone scaffolds has risen amongst researchers. Some of the areas that research has
focused on are mechanical and biological properties of different designs, design optimization,
manufacturing and post-processing, and microstructure. However, there are still largely

unexplored gaps on porous scaffolds in terms of their design and manufacturing in literature.

In this work, three research objectives were identified and investigated, which aim to contribute
to the field of selective laser melting of porous Ti6Al4V structures to be used as bone scaffolds.

The interdisciplinary nature of the project is summarised in Fig. 1.1. These objectives are:

i Understanding the interplay between mechanical and biological behaviour of
functionally gradient structures and their optimization based on the assessment of both of these

behaviours.

ii. Studying the processability of lattices and exploring an alternative scanning
strategy of SLM for lattice manufacturing that can beneficially provide control over dimension,

computational cost and build time.

iii. Exploring and establishing guidelines for the processing and mechanical
response of novel lattice designs, such as hollow-tube lattices, which introduce channels and

pores that provide space to incorporate drugs or bone morphogenetic proteins.

BIOLOGICAL

SLM of Ti64 Lattice Structures for
Bone Implants

Interdisciplinary study to ensure the adoption of the porous implants by all stakeholders from implant

manufacturers to surgeons and regulatory bodies.

Figure 1. 1. lllustration demonstrating the interdisciplinary nature of the study.

30 of 223



CHAPTER 1. INTRODUCTION

The sum of these objectives is to advance the functionality and performance of porous
orthopaedic implants manufactured by selective laser melting technology. Figure 1. 2

illustrates the structure of the project and the summary of the work that has been done to meet
the listed objectives.

OBJECTIVE OF THE THESIS

Advance the functionality and performance of porous orthopedic
implants manufactured by Selective Laser Melting (SLM)

Figure 1. 2. Summary of the main objective of the thesis and thesis chapters satisfying the objective
by two main approaches: Design and Process.
The thesis is subdivided into seven chapters and illustrated in below figure.

e The first chapter presents the general overview of additive manufacturing and provides
a motivation for studying novel fabrication methods of orthopaedic implants.

¢ In Chapter 2, a literature review covering porous structures and their manufacturing is

presented, followed by an introduction to additive manufacturing. The literature survey
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specifically focuses on selective laser melting of Ti6Al4V and porous structures, as

well as clinical case studies.

In Chapter 3, materials and methods used for this project is outlined. SLM machines
used for manufacturing samples are introduced and process parameters defined. Details
of the sample designs are given. Experimental settings for characterization including
sample morphology, microstructure, mechanical properties and in-vitro biological

response are also presented in detail.

Chapter 4 presents the study on the functionally gradient porous structures and includes
the published paper in Metals journal. After identifying the need to investigate
functionally gradient porous structures with gradually and continuously changing
layers, two gradient and three uniform BCC scaffolds were designed and manufactured
by Concept Laser MLab machine. We realised the need to study mechanical and
biological response in-parallel since these two properties possess contrasting
requirements. For this purpose, the mechanical properties and deformation behaviour
were studied by compression testing and the in-vitro biological response was
investigated by using mouse pre-osteoblast cells. This work aimed to establish

guidelines for optimized gradient designs that can be used as bone scaffolds.

Chapter 5 presents the study on single point exposure scanning strategy, which is a
largely unexplored SLM scanning strategy. Single point exposure offers advantages for
lattice structuressuch as decreased computational cost and build time, and better control
on strut dimensions. Single struts were designed and manufactured with over 50 process
parameters to identify the effect of parameters on morphology and microstructure.
Further, lateral heat and double-melting effects were investigated by fabricating struts
in certain arrangements. The morphology, microstructure, texture and hardness were
assessed. This study aimed to explore at an alternative SLM scanning strategy to

improve the processability and properties of lattice scaffolds.

Chapter 6 presents the study on the hollow-tube lattice structures. For this work, three
unit cell topologies with solid-beam and hollow-tube struts were manufactured. The

mechanical properties and deformation behaviour was assessed by compression testing.
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In-vitro studies looked at the difference in cell proliferation between the solid-beam
and hollow-beam lattice structures, as well as between the different topologies. It was
shown that hollow-tube lattices exhibit superior mechanical properties and biological
response compared to the solid-beam lattices of the same relative density. This study
further assesses the properties of hollow-beam lattice structures, which has the potential
to be functionalised by incorporating drug-delivery systems into their additional

channels and tubes.

Chapter 7 summarizes the main outcomes of the thesis and Ph.D. study. It also includes
proposals for future work.
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Bone is a dynamic and diverse tissue that continues to remodel throughout its life [4, 5]. There
are more than 200 bones in the human skeletal system, and the morphological and mechanical
properties of the each bone is different and influenced by the loading conditions [5]. Bone
defects and failure happen due to trauma, infection, cancer and aging. There were
approximately 5.3 million orthopaedic surgeries in 2012 in the USA alone [6] and the global
orthopaedics market was valued at approximately at $53 billion in 2017 [7]. Bone auto-
grafting, which involves transplanting patient’s bone from another location to treat bone
defects, served as the gold standard for bone grafting due to their histocompatibility and non-
immunogenicity [5]. However, bone auto-grafting poses high risk of infection, considerable

pain and surgical limitations [8].

Bone tissue engineering aims to introduce new functional synthetic bone grafts or scaffolds to
treat bone defects and induce bone regeneration. Engineered scaffolds have the potential to
fully replace the conventionally used auto-grafted bone due to their limitless supply and
advanced functional properties. An ideal engineered scaffold should mimic the physical and
mechanical properties of the host bone. This can be achieved by introducing a porous network
to scaffolds which can anatomically fit perfectly into the defected bone area. Preferably, the
implant is customised to match both the outer shape and inner porous structure of the bone.
These customised implants are considered as next-generation orthopaedic implants and they

have gained broad attention from researchers and industry.

There are numerous reports in literature focusing on different aspects of the customised porous
implants. This study aims to contribute to advancing the next-generation customised implants
through lattice structure design and processing. Here, the literature review first introduces the
lattice structures, their designs, mechanical properties and manufacturing methods. Then,
metallic AM methods are evaluated and a rigorous review on selective laser melting of
Ti6AIl4V is performed, including a discussion of the SLM process parameters and limitations.
Further, since this Ph.D. project is a multi-disciplinary project between engineering and
medicine, specific literature review covering morphological, mechanical and biological
properties of SLM Ti6AIl4V lattice structures are given. Finally, clinical case studies and results
from follow ups at 1-2 years’ timeframe are presented. The framework of the literature review

is given in the diagram below.
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Lattice Structures

Mechanical Manufacturing
Behaviour Methods
i
B
1
e N
Additive Manufacturing Process
\ J i Variables
s N
DMD EBM SLM 1 Process
S Y, Limitations
1

Properties of SLM of Ti6Al4V
Lattice Structures

Morphological Mechanical Biological

Clinical Case
Studies

2.1. Introduction

Modern engineering applications require materials which are lighter, tougher, and stronger and
can be obtained in a sustainable matter at a lower price than in the past. Most of the materials
we use nowadays are not the materials found in nature but they are highly-engineered and
tailored multi-functional materials. These materials are often synthesised using a combination
of two or three constituents and are known as “architectured” or “hybrid” materials. In some

cases, the properties of the hybrid materials are attributed to a specific arrangement of these
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constituents. [9]. Architectured materials play an important role in materials engineering

because they have the potential to fill the gap in Ashby plots.

Figure 2. 1 is an example of Ashby chart of density vs Young’s modulus. A part of this chart
is populated with known materials but it also shows gaps in the left upper and right bottom
corners. These holes can be filled by new materials, of which either the composition,

microstructure or architecture needs to be modified.
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Figure 2. 1 Ashby chart of density-modulus, with the contours of the specific modulus E/p [9]

Some well-established architectured materials include foams, sandwich structures, lattice
structures, composites, etc. all of which have unique and interesting properties. As the scope
of this thesis is particularly on lattice structures, a more detailed review on lattice structures

will be presented.

The literature review covers the manufacturing of lattice structures, including additive
manufacturing technologies. It is followed by a detailed description of a selective laser melting

process and use of a titanium alloy, specifically Ti6Al4V ELI for manufacturing of the lattice
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structures. Finally, the morphological properties, mechanical performance and biological

response of SLM produced Ti6Al4V lattices is discussed and several case studies are presented.

2.1.1. Lattice structures

Lattice structures are a sub-category of cellular materials and can be defined as reticulated truss
structures made of lattice elements (rods, beams or shells), generated by tessellating a unit cell
in a space with no gaps between cells [10]. The topology of the unit cell is critical in controlling
the performance of the lattice structures and can be classified into the following groups:

e CAD-based [11, 12],
e Implicit surfaces [13, 14],
e Topology optimized unit cells [15, 16].

The CAD-based designs are based on Platonic or Archimedean polyhedral solids such as
simple cubic, rhombic-dodecahedra, diamond, and octet unit cells [16] (Figure 2. 2). Implicit-
based unit cells, which can be referred to as triply periodic minimal surfaces (TPMS), have
minimal surfaces without self-interactions and mean curvature of zero [17] (Figure 2. 3). Some
of the famous TPMS examples are Schwartz’s P-surface, Schwartz’s diamond and gyroid unit
cell. Topology optimized unit cells are gaining popularity in literature and are based on the
numerical methods which optimize the geometry of the unit cell to satisfy objective functions

[18] such as enhanced mechanical performance or minimum material usage (Figure 2. 4).

Lattice structures offer a degree of freedom in the design of a material. Unit cell geometry, unit
cell size and distribution, truss thickness and porosity are some of the design elements that can
be controlled. By changing the architecture of the lattice structures, properties of the material
such as mechanical, biological and acoustic can be tailored to specific requirements. Due to a
large degree of freedom in design, lattice structures have a great potential to fill the gaps in
Ashby charts and to be utilized for advanced engineering applications.
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Cube Isocube (m) Rhombic Dodecahedron
Face-centered Cubic Rhombicuboctahedron Body-Centered Cubic
(FCC) (BCC)
Truncated cube Truncated Octahedron Truncated Cuboctahedron

(Tetrakaidecahedron)

2 4

Diamond Octahedral Rhombic
trapezoidal-dodecahedron

Figure 2. 2CAD-based unit cells library [19]

Figure 2. 3 TPMS-based unit cell library, a) P surface, b) G surface, ¢) D surface, d) I-WP surface
[20]
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Figure 2. 4 Examples of topology optimized unit cells [21]

2.1.3. Manufacturing of Lattice Structures

Manufacturing of the lattice structures is a challenging task. The difficulty of manufacturing
the lattices is due to their complex and intricate geometries and some of the challenges include
being highly labour-intensive, costly and slow to manufacture. However, the advances in
additive manufacturing provide new avenues for exploring and manufacturing many of the
aforementioned lattice topologies. The most common manufacturing methods used before
additive manufacturing included cutting, weaving, braising, deformation forming and casting

[22]. These methods are summarized briefly to highlight their challenges.

I.  Water-jet cutting uses a high-pressure jet of water, or mixture of water and abrasives,
to cut metallic or plastic sheets (Figure 2. 5). The major drawback of this method is that
individual unit cells are first cut and then assembled into a final shape or product. The
assembly occurs through press-fitting of the segments, which significantly increases the
overall production time [22, 23].
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Lattice truss fabrication Truss assembly

| Water el
':r cutting
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equals
truss width w

Figure 2. 5 Schematic illustration of water-jet cutting of Ti6Al4V plate (left) and assembling of the
unit cells by press-fitting (right) to fabricate a lattice scaffold [23].

Ii.  Weaving is a metallic textile technology that uses metallic flexible wires [24]. Braising,
which is a metal-joining process by melting and flowing a filler material [25], needs to
be used with weaving to stabilize the flexible wires.

iii.  Deformation forming utilizes press-forming of patterned and perforated sheets to bend
the sheets at the nodes [24] (Figure 2. 6). The deformed sheets can be brought together
to form sandwich panels or scaffolds.

Punch

Core sheet prior to corrugation:
elongated hexagonal
perforated sheet.

Tetrahedral core

Figure 2. 6 Schematic illustration of deformation forming process. Tetrahedral core is made by
bending the nodes of the hexagonal perforated metallic sheet [24].
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iv.  Investment casting of a metallic liquid into a lattice-shaped ceramic mold is another
method used to manufacture lattice scaffolds or sandwich panels. Molds are generally
created by injection molding or rapid prototyping of a polymer frame, which is then
coated by ceramic slurry and dried [26]. The polymer scaffold is generally removed by
vaporization to create space for the metallic liquid. The casting process limits the
minimum dimensions that can be achieved due to slow metallic flow around the thin
nodes [26].

Additive manufacturing (AM) is defined in the ASTM F2792 standard as ‘the process of
joining materials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies’ [27]. AM techniques are better suited to
manfacturing lattice structures compared to the traditional methods. With additive
manufacturing methods, a material can be placed where it is required as a result of the layer-
by-layer fabrication approach. This provides the high precision required for the manufacturing
of lattice structures and avoids the need for post-processing, such as braising, which is required
for most of the traditional manufacturing methods. AM further saves enormous time and money
compared to other methods [28]. AM technologies are specialized based on the material used,
its solidification technique and the concept of the machine. The AM methods are explained in

the next section.

2.2. Introduction of Additive Manufacturing (AM)

Additive manufacturing describes the fabrication approach that relies on building the product
in a layer-by-layer fashion. Three basic components of AM are: a CAD software to design the
product, the AM machine and the feedstock material.

AM is also referred to as 3D printing, rapid prototyping (RP), rapid manufacturing (RM) and
direct digital manufacturing (DDM) in literature and media. AM includes various
manufacturing processes such as material extrusion, directed energy deposition (DED),

material jetting, binder jetting, vat polymerization and powder bed fusion. AM technologies
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can produce parts using many different materials, ranging from metals and polymers to human
tissue and food. Many industries can benefit from additive manufacturing and the main
industries that have embraced AM and are driving the change are aerospace, automotive and
healthcare [29].

The commercial history of AM began in 1987, when 3D System introduced a stereolithography
(SL) machine, the SLA-1 [28]. In early 1990s, fused deposition modelling (FDM) was
developed. It was followed by the invention of multicolour jet binding by MIT, powder-
sintering methods, and powder-based fusion technologies in the 2000s [30]. AM is now the
fastest growing sector of manufacturing globally [1]. The AM industry grew US$1 billion to
US$5.165 billion in 2015 alone, representing a total compound annual growth rate of 25.9%
[31]. Airbus, General Electric, Stryker, Audi, Siemens, BMW, Hewlett-Packard and Nike are

some of the leading global companies that are using AM technologies extensively [32].

Despite the fact that there are different processes and names for each AM technology, the basic
working principle of AM processes are similar. The CAD model is first sketched and converted
into an industry standard STL file that can be read and sliced by an AM machine. The AM
machine can use a sheet, filament, powder or liquid feedstock material to add successive layers
upon each other until the part is build. AM technologies have specialised names based on the
feedstock material and the concept of the machine. Among these technologies, metal AM
technologies include direct metal deposition (DMD), electron beam melting (EBM) and
selective laser melting (SLM). These methods will be discussed further due to their relevance

for the proposed project.

2.2.1. Direct Metal Deposition (DMD)

DMD uses a feed nozzle to drive the powder where the laser is scanning to melt and consolidate
the powder materials at that exact point (Figure 2. 7). DMD nozzle can have six degrees of
freedom and multiple materials can be delivered at the same time, which makes DMD

technology popular not only for building a part but also for coating and rebuilding/repairing
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parts [33]. Global manufacturers of DMD machines include Trumpf (Germany) and Optomec
(USA).

A motion control program, developed from the CAD model of the desired part, is used to
control the motion of a laser focal spot [34]. Metal powders are injected into the laser focal
zone and go through melting and solidification stages during the process. Successive layers are

then stacked to fabricate the whole component based on the CAD model.

The challenges for DMD include surface roughness (approximately Ra of 10-20 um and Rmax
of 85-115 pum [35]), dimensional inaccuracy compared to designed models, the need for post
treatments to achieve required dimensions, and surface, residual stress and distortion of the
deposited layers [34]. These challenges can be addressed by modifying the process parameters,

such as laser power, scan speed and pattern, and optimizing the motion path and control code.
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Figure 2. 7 Direct Metal Deposition process, (a) schematic view [36], (b) process in action [37].

2.2.2. Electron beam melting (EBM)

EBM is based on the principle of using electron beam for melting of the metallic powders. For
EBM, a powder bed is selectively melted by the electron beam in successive layers to achieve
a desired part. Due to high operating temperatures (>1000 °C), the process needs to be carried

out in a closed chamber with an inert gas environment. Mean or average powder particle sizes
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used for EBM can range from 10 um to 60 um; with nominal sizes of ~40 um [38]. Material
systems used for EBM include stainless steel (17-4), tool steel (H13), Ni-based superalloys
(625 and 718), Co-based superalloys (Stellite 21), low-expansion alloys (Invar), hardmetals
(NiWC), intermetallic compounds, aluminum, copper, titanium, beryllium and niobium [39]

The key advantage of EBM is reduced residual stresses during processing of metallic powders
due to slower cooling rates. The powder bed can be heated by scanning the electron beam
several times across the build plate to maintain the temperature within the building volume,
which will decrease the temperature gradients and therefore cooling rate [40]. However, EBM
has also several disadvantages such as a poor surface quality, high cost of machine maintenance
and raw material. The leading global EBM machine supplier is Arcam (GE Additive), which

is also the founder of the technology.

EBM resembles selective laser melting since both are powder-bed based processes, and the
difference comes from the source of energy; electron beam vs laser. Literature revealed a
number of studies comparing EBM and SLM [38, 41-46]. These studies show that both
processes have their own advantages and disadvantages. For example, due to high velocities of
electron beam, the building time can be less for EBM than SLM; however, the parts might have
higher surface roughness. Therefore, the user should consider and compare these two powder-
bed based AM methods based on the needs of the desired part.

In summary, AM offers a selection of processing methods than can be applied for different
materials and applications. The users should identify the best AM solution for their needs,
considering the limitations and advantages of AM processes. The freedom and flexibility that
AM technologies offer is affecting the global manufacturing scene. AM is shifting the
centralised manufacturing system to distributed manufacturing that permits customisation of
product and flexibility of fabrication technology [47]. This change in global manufacturing is
among the emerging concepts, identified as part of Industry 4.0, by World Economic Forum.
AM can be identified as a disruptive technology not only as a fabrication method but also in its
impact on global market. In this work, SLM process was selected due to its popularity and
ability to fabricate complex Ti6Al4V lattice structures and the next section will describe the
process in more details and discuss critical operating parameters which can affect the

manufacturing of the lattice structures.
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2.3 Selective Laser Melting (SLM)

SLM is a technology that uses high power laser to selectively melt the metallic powders. Most
commonly used materials for this technology are titanium and aluminium alloys, stainless steel,
cobalt chrome and nickel alloys. Due to the high temperatures required to melt the metallic
alloys, the process is carried out in a closed chamber with an inert gas such as Argon or
Nitrogen to avoid undesirable chemical reactions like oxidation. SLM can be seen as a welding

process, where the micron size powders are fused together at each layer to form a 3D model.

SLM technology was invented by Fraunhofer Institute ILT in Aachen, Germany [1]. SLM is
now one of the fastest growing AM technologies globally. From 800 metallic AM machines
sold globally in 2015, 720 (90% of the total) of them were SLM machines [31]. Global
commercial SLM machine manufacturers are EOS (Germany), Concept Laser
(USA/Germany), SLM Solutions (Germany), Renishaw (UK), Sisma (Italy).

Disadvantages of this technology include high material, machine and manufacturing costs,
limited build dimensions, poor surface finish and the need for support structures. Key
advantages include high resolution, ability to manufacture complex structures, high mechanical

properties and high rates of material recycling.

2.3.1. Process Description

SLM is a powder-based AM process that uses high intensity laser to melt metallic powders
selectively, based on a CAD model. The SLM machine reads the CAD model in slices and
melts the desired spots at each layer. The building starts on a base plate, generally of the same
alloy as the powder material. When the part is built after the successive selective melting of
the layers, the residual powder is removed and the part is cut from the base plate. The SLM
hardware system includes the laser system, building chamber, powder chamber, coater and gas

circulating system (Figure 2. 8a)
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Figure 2. 8 Schematic (a) SLM machine parts, and (b) processing parameters [48].

Critical process parameters of the SLM process include laser power (P), layer thickness (t),
scanning speed (v) and strategy. These parameters need to be adjusted to make sure the
neighbouring spots and the next layers are fused together (Figure 2. 8b). During the SLM
process the powder melts and solidifies at a rapid rate of around 10* — 10® K/s [49]. Therefore,
critical physical phenomena such as the absorptivity of the material to laser irradiation, thermal
fluctuations, balling phenomena and energy density should be considered for each material and
process [50]. Due to access to a wide range of materials and freedom in design, SLM is used

in different industries, some of which are summarized in Table 2. 1:

Table 2. 1 Industries and applications have token up SLM.

Dental dental prostheses, implants, bridges, crowns

Medical medical implants, surgical tools, endoscopy
Aerospace lightweight parts, combustion engines, heat exchanger
Automotive car seats, custom designed panels, gearbox, wheels
Fashion jewellery, clothing, watches

Machining/Mechanical parts  tools, mold making
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2.3.2. Process Variables

Some processing parameters that are critical for the part are controlled by the user. Therefore,

it is important to know of these parameters and their potential effect on the parts properties.

2.3.2.1. Powder

The composition, size distribution, shape, optical and heat transfer properties, and
microstructure are important parameters of the powder used for the SLM process. Powder
characteristics have direct impact on the part quality, and therefore the user needs to consider
these parameters when purchasing the powder. Ideal powder morphology for SLM can be
described in broad terms as spherically shaped powder with a size range of 20-85 um, and high-
packing and flow characteristics. Powder should also be free of internal porosity and impurities
[51]. Technologies used for metallic powder production for SLM include high-frequency
discharge of atomization, gas, water, plasma with a rotating electrode, and plasma in crossed
flows [52].

Figure 2. 9 SEM images showing characteristic morphologies of stainless steel powder: (a) gas
atomization (b) water atomization [53]
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Li et al. [53] compared the stainless steel powders, produced by gas atomization and water
atomization, which had different shapes and packing densities (Figure 2. 9). They found that
the parts built using spherical powder produced by gas atomization possessed a denser structure
than the parts built on irregular shaped water atomized powders, due to high packing density,
better wetting ability and lower oxygen content. Other studies demonstrated the benefits of
using spherical powders on apparent density of SLM parts [54] and mass flow rate [55]. Effect
of powder packing density on the melt pool stability was also simulated and it is found that by
increasing the packing density from 38% to 45%, the balling effect can be eliminated by

forming continuous melt pool (Figure 2. 10).

Molten pool Continuous
break-up 1o 18 Molten pool

Figure 2. 10 Melting of powder layer with 38% (left) and 45% (right) packing density [56]

2.3.2.2. Energy Density

The SLM process can be controlled by varying laser power (P), layer thickness (t) and scanning
speed (v). These parameters are combined in an energy density equation, called volumetric
energy density (VED), and can be used to evaluate the quality of the end-product for SLM [57-
59]. VED is defined as the amount of energy delivered per unit volume of powder deposited in

the bed and is expressed in Equation 2.1 [60]:

E — Plaser 21

VUscan - hspace Liayer
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Here, P is the laser power (in J s™), v is the scanning velocity (in m s2), h is the hatch spacing
(in m), t is the layer thickness (in m) and E is the volumetric energy density (in J m=). VED
values can be specifically used to identify a process window for each material system for a
specific SLM machine to achieve the best melting conditions. The majority of these studies are
focused on minimizing the residual porosity based on the energy density approach [61]. When

defining the precise VED window for any material, the user should consider two sides:

e What is the minimum VED point that leads to insufficient bonding of the layers and

therefore macroscopic pores?

e What is the maximum VED point that results in excessive energy and keyhole pore
formation [62]?

VED equation shows the importance of SLM process parameters including laser power, scan

velocity, hatch spacing and layer thickness, which are explained below in more details.

i.  Laser power must be carefully chosen in order to make sure it is enough power to melt
the powder and fuse the consecutive layers with each other. It is also as important to
define the maximum laser power to be used as the high laser energy can evaporate the
material and lead to porosity and poor surface quality. Most of the commercial SLM

machines are equipped with lasers ranging from 100W to 1KW laser power.

ii.  Scan velocities can range from 50-1100 mm/s [63, 64] and have a significant effect on
the quality of the part and the productivity of the machine. For instance, Thijs et al. [60]
showed that lower scanning velocity (50 mm/s and 100 mm/s) resulted in a better
alignment of grains with building direction as well as coarser microstructure for
Ti6AIl4V as compared to the scanning velocity of 200 mm/s. Generally, lower scanning
velocities result in higher energy densities and can cause keyhole pore formation.
Scanning velocity should be chosen considering the material, the design, and the other

process parameters given in the VED equation.

iii.  Hatch spacing influences the overlapping between two neighbouring scans in contour-
hatching scanning strategy. Pore formation due to insufficient melting was observed to

form when the hatch distance is larger than 70% of the laser beam diameter [65].
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However, it is also known that small hatch distances (<50 pum) can cause porosities due

to excessive energy input [60, 66] (Figure 2. 11).

Layer thickness determines the amount of powder needed to be melt by the laser.
Smaller layer thickness results in better melting of the powders and bonding of the
layers, however smaller layer thickness also results in longer processing time.
Therefore, the user needs to optimise the layer thickness based on the powder size
distribution and desired part quality. Suggested layer thickness ranges between 20-80
um [67-69].

In summary, the VED equation should be considered carefully when designing experiments
for SLM manufacturing. The laser power, scan speed, hatch and layer thickness should be
identified considering their effect on overall energy density. For example, Figure 2. 12
shows the influence of scanning velocity and hatch distance on the densities of SLM
Ti6AI4V. It can be seen that their combined effect is more influential than an individual
contribution. It is common to use design of experiment (DoE) approaches, such as Taguchi,

to understand and optimize the SLM process parameters for a given material system [70].
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Figure 2. 11 Influence of hatch spacing. Left images belong to the sample that was scanned with a
hatch spacing of 50 um: (a) top view; (b) side view; (c) front view; and (d) the scanning strategy and
parameters applied. Right images belong to the sample that was scanned with a hatch spacing of 100
um: (e) top view; (f) side view; (g) front view; and (h) the scanning strategy and parameters applied

[60].
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Figure 2. 12 Density of selective laser melting Ti6Al4V samples with different scanning speeds and
hatch spacings (Laser power = 400 W, Layer thickness = 200 pum) [71].

2.3.2.3. Scanning Strategy

The laser can follow different paths to solidify a material, as illustrated in Fig. 2.13. This is
known as laser scanning strategy and can be grouped into contour-hatching scanning strategy
or single-point-exposure scanning strategy. The contour-hatching is the most popular strategy
and involves the laser scanning of the contour (outer line) and filling the inside region of the
contour in a rastering manner. Hatching can be done in different paths, including uni-

directional, bi-directional and island scanning (Figure 2. 13).

The single-point exposure strategy exposes the laser to a small region of the material (spot) for
a short period of time before moving to the next location (Figure 2. 14). When moving between
the spots, the laser turns off. The main advantage of the single-point exposure over the contour-
hatching is that the user has direct control on the part dimensions at each layer [72]. This can
be particularly beneficial for lattice structures as the dimensions of the struts are very critical

in controlling the mechanical performance of the lattice structure. Another benefit of using
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single point scanning strategy for lattice structures is cutting down the computational cost.
Since there is no pre-defined strut thickness, scaffolds can be designed in single lines. This

significantly reduces the file preparation and model slicing times.

(a) (b) (c) / e
— | | = | \\ f\
- _— /
_ —— ‘é

Figure 2. 13 Illustration of (a) uni-directional, (b) bi-directional, (c) island scanning, for contour-
hatching scanning strategy [73].

A review of current literature revealed only a handful of studies on the single point exposure
scanning strategy [74-77]. The main focus of these studies was establishing a relationship
between the process parameters and the mechanical performance of the lattice structures. The
results show that single point exposure scanning strategy is capable of fabricating dense struts
and the mechanical properties of the lattice structures manufactured with this strategy is
comparable to those manufactured by contour-hatching scanning strategy. Fundamental studies
on the single point exposure scanning strategy is missing in literature, including studies on
laser-powder interaction, and process parameter-microstructure and defect relationship. These

concepts will be explained in-depth in Chapter 5 of this thesis.
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Figure 2. 14 Illustration of contour-hatching and single point exposure scanning strategy, showing the
laser path to achieve desired circular shape [76].

In summary, process variables including powder properties, laser power, scanning velocity or
exposure time, layer thickness and laser scanning strategy are critical in controlling the
morphology, density and mechanical performance of SLM lattice structures. The user needs to
carefully consider all these variables during the design stage of the lattices. The next section
covers the process limitations that the user should also consider for SLM processing of lattice

structures.

2.3.3. Process Limitations

While SLM process can produce intricate parts, it has also a number of limitations. For
instance, high surface roughness values and porosity formation can be limiting factors for some
applications. Although SLM is an advanced manufacturing method, these process limitations

should be considered and optimized for each material and application [78].

2.3.3.1. Surface Roughness

Surface properties of SLM fabricated porous Ti6Al4V lattices highly depend on the SLM
equipment used for their fabrication and the process parameters such as layer thickness, laser

power and scanning speed. SLM parts usually present an average surface roughness of 10-50
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UM Ra [79], whereas most of the machined parts have an average surface roughness of 0.9 um
Ra [80]. High surface roughness values of the SLM parts is caused by the ‘stair step’ effect,
which is the stepped approximation by layers and inclined surfaces in layer additive
manufacturing processes [72]. Another contribution to surface roughness includes un-molten
powders attaching to the melt pool during cooling. In addition to process parameters, the
fabrication orientation, sloping angles and the surface (bottom vs. top) also affects the surface
roughness. For instance, Figure 2. 15 shows that the bottom surface of a strut has almost double

the surface roughness values compared to the top surface.

Although high surface roughness is problematic in terms of mechanical properties, especially
fatigue, it can be beneficial for medical implants. A systematic review on the surface roughness
and bone healing published by Shalabi et al. [81] concluded that bone-to-implant contact (BIC)
enhances with increasing surface roughness. Post-processing surface treatments are also
available to modify the surface roughness of SLM parts if needed. For lattice structures,

available post-processing surface treatments include chemical etching or electropolishing due

to the intricate and small features.
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Figure 2. 15 (a) SEM image of a strut, T and B refer to top and bottom surfaces, respectively. (b) The
comparison of surface roughness between as-produced top and bottom surface. (Pa: the average
roughness, Pz: absolute difference between 10 highest peaks and deepest valleys) [82].
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2.3.3.2. Porosity

Pore formation is another commonly observed process limitation in SLM, both for bulk
materials and lattice structures. Similar to surface roughness, internal porosity formation can
be controlled or optimized by the processing parameters. Major reasons causing internal
porosity are insufficient melting, excessive energy causing a keyhole effect, presence of oxides

and oxidation, and the scattering of the condensate particles [83].

Insufficient melting is an outcome of low laser energy densities per powder volume, and can
be eliminated by choosing the right process parameters (see Chapter 2.3.2.2. for more details).
Keyhole melting occurs when excessive energy causes a gas entrapment in the melt pool [84]
and can be eliminated by optimising the process parameters. Keyhole pores are generally

irregularly shaped, continuous and located in the middle of the melt-pools.

Pore formation due to oxidation is material dependant and can be eliminated by working in the
right inert gas environment for a given material. The scattering of the condensed particles can
also cause internal porosity and occurs when the laser power is enough to both melt and
vaporise the material, disturbing the molten spot to scatter particles with vapour. If vaporisation
is eliminated by working with the right process parameters, the porosity formation due to the

particle scattering can be eliminated.

In conclusion, SLM is a popular and effective AM method for fabricating metallic lattice
structures, and although there are a number of processing limitations, such as surface roughness
and porosity, these can be eliminated or controlled by choosing the right process parameters.
In the next chapter, the literature review focuses on the morphology, mechanical properties and

biological response of SLM Ti6Al4V lattice structures.
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2.4. Selective Laser Melted Ti6Al4V Lattice Structures

Ti6Al4V ELI is the most widely used implant material due to being biocompatible and
lightweight with exceptional corrosion resistance. The chemical composition of Ti6Al4V ELI
is given in Table 2. 2. The addition of the alloying element Al tends to stabilize the a-phase,
whereas V tends to stabilize the B-phase. The a-B phase offers a wide range of properties

including good weldability, excellent strength and oxidation resistance (
Table 2. 3).

Table 2. 2 The chemical composition of Ti6Al4V [85]

Aluminium (Al)  5.5-6.5% Carbon (max) 0.08%
Vanadium (V) 3.5-4.5% Nitrogen (max) 0.05%
Iron (max) 0.25% Hydrogen 0.012%
Oxygen (max) 0.13% Titanium Balance

Table 2. 3 Mechanical properties of Ti6AI4V ELI outlined in the ASTM F136 Standard [85]

Property Ti6Al4V Property Ti6AI4V
Tensile strength (MPa) 860 Density (g/cm?) 4.43
Yield strength (MPa) 795 Melting point (°C) 1600-1660
Elastic modulus (GPa) 114 Hardness, Vickers 341
Elongation (%) 10 Elastic Modulus (GPa) 114

SLM Ti6Al4V lattice scaffolds are attaining a growing interest from researchers and global
medical device manufacturers (Figure 2. 16) such as Stryker, Zimmer Biomet and Johnson &
Johnson. Since SLM of metallic lattice bone scaffolds is a relatively new area, there are a lot
of questions to explore including optimum lattice design and reliable process conditions that

can be certified. The morphological, mechanical and biological behaviour of SLM Ti6Al4V
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lattice structures are reviewed, which aid in establishing optimum lattice designs and process

variables.

()

Figure 2. 16 Lattice Ti6Al4V bone implants are gaining interest from (a) industry (Image source:
Arcam) and (b) academia (Image source: RMIT University)

2.4.2. Morphological properties of SLM Ti6Al4V

2.4.2.1. Geometrical Controllability

Selective laser melting is capable of manufacturing complex lattice Ti6Al4V structures with
controlled architecture, however dimensional differences occur between the designed and
fabricated parts [86]. Morphological studies from the acquired micro-CT imaging of the
fabricated lattices showed an increase in the strut thickness (in the range of 100-150 um’s) as
compared to designed strut thicknesses [86, 87]. This increase in strut thickness causes a

decrease in pore size, and therefore porosity, as compared to designed values.

The morphological difference between design and reality comes from the nature of processing
and the lattice geometry. Firstly, un-molten particles attached to the melt-pool increases the
thickness of the struts [74] (Figure 2. 17). Secondly, the struts angled in the building direction
exhibit the staircase effect [88]. Finally, the melt pool size may be different than the designed

and given process parameters (laser spot size, scanning strategy, etc) [60].
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A number of research papers have shown that chemical etching and electro polishing is
effective to remove the unmolten particles from the surface of the fabricated lattices, which
will decrease the strut thickness and help to achieve designed dimensions. For example, Pyka
et al. [82] applied a combination of chemical etching and electrochemical polishing using HF-
based solutions. Chemical etching removed the unmolten powder from the struts and
electropolishing decreased the surface roughness further by almost 50% homogeneously
throughout the scaffold. Another study used chemical polishing of SLM porous structures in
HF acids and HF/HNOs acid mixtures [89]. Although these studies show that surface roughness
can be improved by chemical etching or polishing, the post-processed parts exhibited lower
compressive strength and elastic modulus as a result of thinning the struts. The sacrifice in
mechanical properties should be considered during the design stage if post-processing is
planned.
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Figure 2. 17 SLM porous Ti6A14V scaffold with designed pore diameter of 1000 um (indicated as
black circle) and the actual measurement of the pore diameters. The designed pore dimensions were
reduced to approx. 700 pm, indicating a defined processing overhang of approx. 150 um [87]

SLM process parameters can be optimized to achieve relative densities of above 98% in
Ti6Al4V samples [60, 90, 91]. Micro-CT imaging technique is reported to be more accurate in
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calculating the porosity compared to Archimedes method [90, 92]. Micro-CT studies
performed on lattice Ti6AI4V lattices show the tendency of pores to form in the middle of the
struts [93] (Figure 2. 18). Internal porosity can be controlled by optimized process parameters
or post-processing methods.

1 mm C mm 1 mm

Figure 2. 18 (a-c) 3D rendering of the micro-Ct volumes of diamond lattice cells with different strut
thicknesses, (d-f) the segmented pores for lattices [93]

2.4.2.2. Microstructure

SLM is characterized by a highly localized heat input in a short timeframe, and cooling of the
melt pool quickly [60, 94]. This rapid solidification yields to a very fine, non-equilibrium
microstructure in metallic alloys. For Ti6Al4V, an acicular martensitic structure is commonly
observed in SLM lattices as well as bulk structures. The observed martensitic phase or the o’

phase is hexagonally packed with lattice parameters a = 0.293 nm and ¢ = 0.467 nm [60].

At room temperature Ti6Al4V can exhibit equiaxed, lamellar or acicular microstructure

(Figure 2. 19), which is controlled by the cooling rate and heat treatments. Figure 2. 19b shows
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the solid state transformations of B-phase for Ti6Al4V, which was solution treated 1050 °C, at
specific cooling rates. According to the graph, if the cooling rate is between 1.5-20 °C/s, 20-
410 °Cl/s, 410-525 °C/s; B transforms into globular o, massive om and martensitic o’,
respectively. The microstructure morphology of Ti6Al4V has a direct control over the
mechanical properties of Ti6Al4V. For example, hard martensite o’ structure causes high
tensile strength and yield strength but leads to poor ductility (less than 10%) [95]. Whereas,
lamellar grains are more ductile and have higher fracture toughness and fatigue strength than
the acicular (Widmanstadten) structure [96, 97]. There has been a number of approaches to
control the microstructure of Ti6Al4V during the SLM process by controlling the process
parameters and part orientation [98-100]. However, post-process heat treatments are still the

most effective way to modify the microstructure of Ti6AI4V.

Texture studies show that SLM Ti6Al4V microstructure consists of fine acicular o’ grains
randomly located within the columnar prior  grain boundaries, which are aligned with the
building direction [101] (Figure 2. 20). This has been attributed to the fact that heat dissipates
away vertically towards the build plate [99] and is commonly observed in SLM Ti6Al4V
samples.
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Figure 2. 19 (a) Ternary phase diagram of Ti6Al4V [102], (b) Schematic graph to show the
relationship between phase selection and cooling rate during solidification (from 1050°C) [103],
Optical microscope images of (¢) equiaxed, (d) bi-modal, (e) lamellar [104], (f) acicular [105]
Ti6AI4V microstructure morphologies.
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Figure 2. 20 (a) Optical microscope image of SLM Ti6Al14V, (b) EBSD o’ orientation map (the black
arrow indicates the building direction), (¢) orientation map of the reconstructed p phase [101]

2.4.2.3. Heat Treatment

Post processing heat treatments and hot-isostatic-pressing (HIP) have been extensively studied
and reported to be successful in achieving desired mechanical properties, such as increased
ductility for SLM Ti6Al4V [106]. In addition, heat treatments reduce the thermal stresses that
build up during the SLM process [106]. The influence of heat treatment temperature, duration
and cooling rate on the final microstructure are available in literature. Below p-transus
temperatures, since the grain growth is prevented by the mixture of o and 3 phase, columnar
prior B grains remain the same after cooling. When treated above B-transus, the columnar f
grains grow extensively to form large and semi-equiaxed B grains [106, 107] (Figure 2. 21).
The duration time and cooling rate do not have significant effect on microstructure for sub-
transus treatments, but they can have an effect on the final dimensions of B grains for super-

transus treatments.

Hot isostatic pressing (HIP) is another popular SLM post-process method to modify the
microstructure and mechanical properties of as-fabricated parts. The HIP process involves a
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heat treatment of the part in a high pressure containment vessel to press the part in all directions.
The HIP process helps to reduce the porosity of the parts because of the isostatic pressing.
Studies have shown the microstructural change of martensitic a’-laths into o+ lamellar [90,
108] after HIPof SLM samples, which increased the ductility of the structure by 10-20%, but
decreased the maximum compressive strength by 15% [108]. Since the internal pores are closed
during the HIP process, HIPTi6AI4V samples showed higher fatigue strengths than as-
fabricated parts, which were comparable to wrought Ti6Al4V [92].

a) Reference b) SLM c) SLM, heat 700 d) SLM, heat 900 e) SLM, HIP

globular martensitic a’ marnensitic o elongated primary
a + B structure column width; < 0.5um  column width: < 1 pm a-grains in B-matrix

Figure 2. 21 Globular ‘Reference’ (a) and lamellar SLM (b) structures of TiAl6V4 alloy and the effect
of thermomechanical treatment on the microstructure of the SLM samples (c—e) [92].

2.4.3. Mechanical Response of SLM Ti6AIl4V lattices

2.4.3.1. Quasi Static Mechanical Properties

The mechanical properties of cellular solids are dependent on three dominated factors:
e The material of which the cellular structure is made,
e The topology and shape of the cell edges and faces,

e The relative density of the cellular structure [109].
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The relative density is defined as the density of cellular solid (p*) divided by the density of the
solid it’s made of (p°) [110].

Relative Density (RD) = p+/ 2.2

The deformation of lattice structures depends on the cell topology and is either bending-
dominated or stretch-dominated, based on Maxwell stability criterion [109]. The difference
between a bending-dominated and a stretch-dominated structure is similar to the collapse
response of a pin-jointed structure of the same morphology [10] (Figure 2. 22). The stability of
a three dimensional system of a pinned frame network, which is made up of b struts and j

pinned joints, is determined by the Maxwell rule, as given by equation 2.2 [111]:

M =b- 3j + 6 2.3

For pin jointed systems, if M<O0 the system will collapse, while if M>0 the frame will be stable
and its member will carry the load in tension or compression. Lattice structures can be thought
of as a frame in which the joints are locked. When M<Q0, the bars or struts of the frame will
bend instead of collapsing. When M>0, the members will carry the load as tension or
compression as in the case of pin-jointed frame, but this time, they become stretch dominated
structure. As shown in the following equations, stretch dominated structures have higher
structural efficiency than bending dominated structures since struts are much stiffer when

stretched compare to bending [109].

% o (Eym

p x (po) 2.4
2 o (Zym 2.5
£y PO '
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nand m are 1.5 and 2, respectively, for bending dominated cell topology, and both are 1 for

stretch dominated cell topology (Figure 2. 23). Where J; is the yield strength of the cellular
structure, 039 is the yield strength of the solid of which the structure is made, S; is the elastic

modulus of the cellular structure and sg’, is the elastic modulus of the solid material.

These results show that at the same relative density, both the modulus and the initial collapse
strength of a stretch-dominated structure are much greater than those of a bending dominated
structure, which makes the stretch-dominated structures more ideal for lightweight and strong

material applications [112].

strut
‘-__.__...-- -“H""'-.
. ./
joint

F F

(a) (b)

Figure 2. 22 Pin-jointed frameworks collapse when loaded (a) by struts rotating around the joints (if
joints are welded together, the struts bend), and (b) by stretching of the struts (stretch-dominated)
[113].

Stretch-dominated and bending-dominated structures present different stress-strain curves
under compression [109]. Deformation of the stretch-dominated structures involve plastic
buckling or brittle collapse (based on the material used) of the struts after the initial yield,
which results in a post-yield softening (Figure 2.24). In bending-dominated structures, after the
initial yield, comes a flat and extended stress plateau, which makes them a better choice for
energy absorbing applications over the stretch-dominated lattices. For both structures, the last

stage of stress-strain curve is the densification stage [114]. This stage involves the
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neighbouring struts coming together and merging, which gives a steep rise to stress at the

densification strain.

Relative density of lattice structures is another important parameter controlling the mechanical
behaviour of the lattices. Relative density of a lattice can be changed by changing the strut
thickness and the unit cell size. There are a number of reports in literature demonstrating the
effect of relative density on different mechanical properties: stiffness [115, 116], strength [117-
120], flexural strength [121] and fatigue life-cycle [122, 123]. The major findings of these
studies show that the higher the relative density, the increased mechanical properties.
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Figure 2. 23 (a) Relative strength vs Relative density on logarithmic scale for cellular structures,
bending dominated structures follow the trajectory of slope 1.5, whereas the stretch dominated
structures along the trajectory of slope 1. (b) Relative modulus vs Relative density on logarithmic
scale, bending dominated line structures follow the slope of 1, and the stretch dominated structures

follow the slope of 2 [112].
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Figure 2.24 Illustrated stress-strain curves demonstrating the deformation characteristics of stretch
and bending dominated structures [124].

Recently, a number of approaches have aimed to break the traditional link between relative
density and mechanical properties by introducing micro and nano scale lattice structures [125-
130], some of which are in an ordered hierarchical design (Figure 2. 25). These ultralight
structures are labelled ‘mechanical metamaterials’ to refer to materials with certain mechanical
properties defined by their geometry, rather than their composition [125]. Ultralight
‘mechanical metamaterials’ exhibit improved mechanical properties compared to macro-scale
structures, including higher recoverability when compressed [127, 128], as well as higher

strength and stiffness relative to density [129, 131]. However, manufacturing methods and the

applications of the ultralight lattices are limited.
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Figure 2. 25 Micro and nano scale ultralight lattice structures, (a) Octet-truss unit cells [125], and (b)
Tetrakaidecahedron unit cell [125]. (c) Hierarchical hollow microstructure, combined of tetrahedron
and octahedron [129].

For porous structures, literature shows that unit cell topology, porosity, pore size and
distribution, as well as the mechanical properties of the base material, govern the quasi-static
mechanical properties, including elastic modulus, yield strength and maximum compressive
strength [132]. Many unit cell geometries have been studied and compared against each other.
Mazur et al. [133] studied the failure modes of the crystalline lattice unit cells under
compression. Body centred cubic (BCC), Face centred cubic with vertical struts (FCCZ), Face
and Body centred cubic with vertical struts (FBCCZ), Face and Body centred cubic with
horizontal and vertical struts (FBCCXY Z) were the main geometries representing bending and
stretch dominated crystalline unit cells according to Maxwell stability criteria. They showed
that failure mode under compression occurred by bending of diagonal struts and buckling of

vertical struts (Figure 2. 26).
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Figure 2. 26 Failure modes of FBCCZ (representing diagonal shear band collapse), and FBCCXYZ
(representing horizontal layer collapse) [133]

Some of the other studied unit cells include diamond [134, 135], cubic [132, 136, 137], gyroid
[138], truncated cuboctahedron [137], octahedral [139] and TPMS (primitive, I-WP, gyroid,
diamond) [13]. The results show that for any given unit cell shape, the strength and modulus
increase with an increase in the volume fraction (Table 2. 4). Table 2. 4 also shows that
mechanical properties vary for each unit cell even at the same relative densities. Bending-
dominated unit cell topologies generally fail across diagonal shear bands, whereas stretch-
bending unit cells fail by horizontal sequential layer collapse [132]. Local strain analysis
studied by digital image correlation [140] showed the load distribution on the single struts of
bending-dominated structures consist of bending and uni-axial loads, whereas the load in
stretch-dominated structures is mainly carried by struts along the loading direction (Figure 2.
27). This study also presents higher stiffness and strength in the stretch-dominated structures
compared to bending-dominated ones.
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Table 2. 4 Unit cell geometries and their mechanical properties, reported in literature.

Unit cell

Diamond

Cubic

Truncated
cuboctahedron

Octahedral

BCC

Honeycomb

Relative
density (%)
36

18

11

22

35

20

33

40

10

58

Elastic modulus

(GPa)
43+0.1
1.2+01
1.5+0.1
3.2+0.1
4.840.1
22+0.1
3.85+0.1

4.2+0.1

0.1
0.4

141

Yield stress

(MPa)
90.1+2.6
25.6+2.6
29

48

118

41.4+20

110.1+10.4

174 + 2

18

692

Reference

[134]

[135]

[132]

[137]

[139]

[133]

[120]
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-3.9 %

Figure 2. 27 Local distribution of maximum (a, d) and minimum (b, €) principal strains in single struts
of the heat treated bcc (bending-dominated) and f2ccz (stretch-dominated) structure, respectively. The
images were obtained at a macroscopic strain of —1.5% (compressive force). The directions of the
local maximum principal strains are plotted as yellow lines in the enlargements (c, f) corresponding to
the areas marked by the red squares in (a) and (d), respectively [140]

An increasing number of studies reported functionally gradient structures that have various
porosity distribution within a scaffold [141-148]. Early studies on functionally gradient
scaffolds included gradient porous designs generated by abrupt changes between layers, by
either changing strut thickness or unit cell volume [146, 147]. These designs with discontinuity
between layers introduced negative effects on mechanical properties due to free nodes at the
strut junctions. Recent studies aimed to overcome this problem by utilizing continuously
gradient structures, which consists of gradually changing strut thickness between layers [143,
145]. Continuously gradient scaffolds showed higher stiffness (24% increase) [149] and energy
absorption capacities (~10% increase) [142, 143] than the uniform designs. Functionally

gradient structures also showed different failure mechanism than the uniform counterparts.
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More detailed comparison between gradient and uniform porous structures are presented in

chapter 4, which includes more reference to the related literature.

Auxetic designs that have negative Poisson’s ratios have also gained interest from researchers
in the recent years [150, 151]. Auxetic structures exhibit unusual mechanical properties, which
are extremely rare in nature [152]. They undergo lateral expansion when stretched
longitudinally and become thinner when compressed [151]. Auxetics also offer higher

indentation resistance, shear resistance, energy absorption and fracture toughness [153-155].

The literature includes analytical models of lattice structures developed using the Euler-
Bernoulli and rarely Timoshenko beam theories [152]. For each unit cell geometries, analytical
models derive power-law relationship between the elastic modulus, yield strength, and
buckling load with relative density and unit cell topology [19]. The exact values of the power
law component and coefficient can be derived for every type of unit cell. Relative elastic
modulus and yield stress values of each unit cell geometries can be different even at the same
relative densities (Figure 2. 28). Developed analytical models lack accuracy since the defects
and surface roughness of the struts are neglected in the models. FE models offer more accurate
results to establish the property-topology relationship if the actual as-fabricated geometry is
modelled by the acquired micro-computed topography (micro-CT) images of the lattice
structures [152, 156]. Nevertheless, both analytical and computational models can provide

access to fast calculation of the mechanical properties of lattices before manufacturing.
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Figure 2. 28 The topology-property relationships predicted by analytical models for a variety of beam-
based lattice structures. The elastic modulus (a) and yield strength (b) vs Relative density [19].
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2.4.3.2. Fatigue Behaviour

Fatigue properties of the lattice scaffolds for medical implant applications are critical as the
implants will be under musculoskeletal cyclic loading repeated millions of times per year [157].
Same as static mechanical properties, the fatigue behaviour highly depends on the unit cell
geometry, relative density and the base material [158]. Unit cell topology determines how the
loads are transferred to struts, i.e. compressive or tensile [137], which will eventually determine
the fatigue life of the structure. It is also known that an increase in relative density or volume
fraction of a porous structure increases the fatigue life [159].

Since bones and the implant bone scaffolds are generally under compressive cyclic loading
[152], most of the studies reported in literature on the fatigue properties of lattices focused on
compression-compression fatigue [134, 160, 161]. However, the localized stressed within the
struts can be different than the global loads and either face tensile or compressive loads based
on the unit cell geometry [122, 152]. Therefore, it is also important to study other fatigue

behaviours.

Lietaert et al. [162] used gradient diamond structure for compression-compression, tension-
tension and compression-tension fatigue tests and found that most of the fracture sites were
located near the strut nodes, where the highest tensile stresses are located (Figure 2. 29).
Another study [159] showed that the normalized fatigue life of SLM porous structures have
lower values than the normalized fatigue life of solid Ti6AlI4V under compression-compression
loading. It is proposed that the rough surface of the SLM structures, which is a result of the
printing process, combined with the notch sensitivity of Ti6AI4V, leads to early crack initiation

and growth from multiple sites within the porous lattice structure.
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Figure 2. 29 SEM images of fracture surface after fatigue tests: (a) Samples mostly fracture close to
the nodes. (b) A crack, which initiated and propagated close to a node for tension-compression
fatigue. (c) The fracture surface in tension-tension fatigue showed signs of both fatigue crack
propagation (upper right) and ductile overload fracture (lower left). (d) The fracture surface after
compression-compression fatigue failure [162].

The fatigue behaviour of porous structures can be divided into three stages [163, 164]: the first
stage includes the relative constant plastic strain accumulation, the second stage involves crack
initiation and propagation on the struts, and in the third stage the fatigue crack propagation rate
increases rapidly and fatigue failure occurs (Figure 2. 30). Strain accumulation in the first stage
is believed to be the cyclic ratcheting of the struts, driven by the mean stress during the fatigue
cycle [165]. This deformation of porous scaffolds is analogous to creep buckling in

compression and creep extension in tension [123, 165].
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Figure 2. 30 The cyclic loading curve exhibits three different stages during compression—compression
fatigue testing of porous titanium samples [163].

There are a number of studies on finite element analysis (FEA) of the lattice structures to
predict fatigue properties [139, 166]. Comparison of the simulated and experimental results
show that the difference in simulation results comes from surface roughness and internal
defects [167].

In summary, a bone implant should exhibit similar elastic modulus and higher mechanical
strength values compared to the host bone [168]. Lattice structures can provide matching elastic
modulus values while offering high strength (tensile, compressive or fatigue). Bones in human
skeleton have different mechanical properties based on the loading conditions (Table 2. 5).
Therefore, when designing a bone implant, the specific requirements for the bone type (cortical,
cancellous) and loading condition (patient’s age, weight, physical activity, and bone location)
must be considered. Designers should refer to the extended literature on the mechanical
behaviour of different unit cell geometries and relative densities to find optimized values for
each design. Zhang et al. plotted the mechanical properties of electron beam melted Ti6AlI4V
lattices and human bones vs. relative density. The main observations from the plotted graphs
are that mechanical properties of lattice structures are comparable to bone, and these properties
can be changed through adjusting porosity [168].
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Table 2. 5 Compressive properties of human cancellous bone [169]

Bone Age UCS Elastic Ultimate Density | Reference
(MPa) | Modulus(GPa) | Strain (%) | (g cm™)
Gender
Lumbar | 14-89 M 4.60 0.06 6.70 0.20 [170]
vertebra
14-89 F 2.70 0.04 6.10 0.20
Tibial 14-89 M 3.90 0.03 8.30 0.22 [170]
head
14-89 F 2.20 0.02 6.90 0.22
Tibia 16-39 10.60 | 0.65 2.48 - [171]
40-59 9.86 0.83 2.12 -
60-83 7.27 0.61 2.05 -
Proximal | 59-82 5.33 0.45 - 0.29 [172]
tibia
Femur 58-83 7.36 0.39 - 0.50 [173]
Lumbar | 15-87 2.45 0.07 7.40 0.25 [174]
spine (vertical)
15-87

2.4.4. Biological Response of SLM Ti6AIl4V lattices

The literature review on mechanical response of SLM Ti6AIl4V lattice structures show that
they are capable of matching the desired mechanical and morphological characteristics of bone.
However, the mechanics of medical devices are not enough by itself to commercialize the
medical device. Biological response, including in-vitro and in-vivo (animal tests) has to be

assessed and perform well for any medical device to be considered for implantation.
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When a biomaterial is exposed to cell culture environment or implanted into an organism, a
sequence of physico-chemical reactions occur on the surface. Within seconds, protein
adsorption onto material surface occurs, which mediates cell adhesion via integrins and
provides signals to the cells regarding the biochemical and mechanical properties of the
material [175]. Cells are able to adhere to the surfaces of biomaterials and release active
compounds for signalling, matrix deposition, proliferation and differentiation. In addition to
the surface of the biomaterial, factors including the material chemistry, mechanical properties,
topography and geometry affect the cell proliferation and differentiation. Macroscopically, the
biomaterial provides a structure for tissue growth, and microscopically, the biomaterial
provides a capillary network for local cell and tissue organization within a controllable micro-
environment [175]. Therefore, the biomaterial must be optimized to satisfy the requirement of
a hierarchical level of cell-material interactions and mimic the living environment of functional

cells.

Angiogenesis (new blood vessel formation), vasculogenesis (the formation of blood vessels
from pre-existing vascular structures), and new bone tissue formation are important to enhance
life-cycle of a bone implant [176]. Bone is a highly vascularized structure that provides
adequate oxygen and nutrient transport to cells, as well as waste removal from the cells [176].
In the case of implanting a scaffold to replace the bone tissue, the remaining vascular structure
of the bone attempts to remodel the removed vascular network. Therefore, the interconnected
porous network is important to provide a space for vascularization. Optimal pore size values
for vascularization process vary in the literature from 200-1000 um. [177, 178]. In addition to
vascularization, bone tissue ingrowth (osseointegration) is critical for adaptability and
mechanical stability of the implant. Osseointegration requires new osteoblast cells to lay down
directly on the implant surface and initial interlocking to occur between alveolar bone and the

implant [179]. Osseointegration includes three main stages [179]:
e Incorporation by woven bone formation,
e Adaptation of bone mass to load (lamellar and parallel-fibered bone deposition),

e Adaption of bone structure to load (bone remodelling).
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Factors that determine the success or failure of osseointegration of an implant are the surface
characteristics, implant biocompatibility and topographical structure. For porous implants,
literature suggests minimum pore size of 300 um for osseointegration [3]. However, as the pore
size increases, the mechanical strength of the scaffold decreases. Therefore, trade-off between

strength and bone ingrowth must be considered during the implant design stage.

Other factors controlling initial cell attachment and osseointegration are surface characteristics
or biocompatibility of an implant [3]. For example, average surface roughness of 1-2 um is
reported to promote bone in-growth and mechanical interlocking shortly after implanting [180],
as compared to lower roughness values. Surface topographies are also shown to effect cell
attachment, which motivated researchers to study implant surface modifications including
fabricating micro-patterns and nano-structures on the surfaces. Surfaces with a pattern of
microdents (9 um in diameter and 8 um in spacing) were reported to have more calcified matrix
than smooth surfaces [181]. In another study [182], the titanium implant surface that was
nanopatterned with semispherical protrusions showed diminished inflammatory response,
while enhancing mineralization during osseointegration, as compared to regular titanium
implant. In addition to surface modification, coatings of surfaces with hydroxyapatite (HAp)
is also reported to promote osseointegration [183]. Hydroxyapatite is a naturally occurring
mineral from calcium apatite and forms 70% of human bone by weight [184]. Therefore, HAp
coatings are more bioactive and compatible to bone as compared to other metals. Faster bone
formation, particularly during the early stages of implantation [185], and direct bonding
between the HAp-coated Ti implant and the newly formed bone [185], have been reported as

compared to non-HAp-coated Ti.

A literature review revealed studies that assessed the in-vitro and in-vivo behaviour of
additively manufactured lattice scaffolds in more detail, which can aid in the development of

guidelines for bone scaffold design. These studies are presented separately.

2.4.4.1. In-vitro Biological Response
The effect of pore size, shape and distribution on cell survival, attachment and proliferation
were studied on both osteoblasts and undifferentiated stem cells. Osteoblast cells are

specialized products of mesenchymal stem cells found in bone marrow regions [176]. Primary
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osteoblast cells have been found to react differently to porosity compared to osteoblast cells

[186]. Therefore, it is important to consider the type of cells when reviewing the literature.

Van Bael et al. [187] studied cell growth and differentiation of human-periosteum derived cells
(hPDC) on three different pore shapes (triangular, hexagonal, and rectangular) and two
different pore sizes (500 um and 1000 um). Pore size and shape effected the differentiation of
hPDC whereas only pore size was found to influence the growth of hPDC cells. Interestingly,
qualitative analysis showed a circular cell growth pattern independent from pore shape and
size. As a result of the circular cell growth, pore occlusion was found to be highest in 500 um
hexagonal pores due to higher curvature of the hexagonal geometry. Authors suggest that

triangular pores might be beneficial for both cell proliferation and differentiation.

Pore occlusion was also observed in tissue growth studies [188]. Thickness of the tissue created
by murine pre-osteoblast MC3T3-E1 cells was greater in a triangular channel, followed by
square and then hexagonal channel, in the order of decreasing local curvature. Therefore, a
rounding of the corners and the formation of a round opening were observed, regardless of the
original pore shape (Figure 2. 31). On the other hand, Nune et al. found [189] that there was
no apparent effect of pore size of 3D structures on differentiation and mineralization of
MC3T3-E1 cells.

(i) (ii) (iii) (iv)

200 pm

(i) (i)

Figure 2. 31 In-vitro Biological Response Top: New tissue formation in 3D matrix channels. Actin
fibres are stained with phalloidin-FITC and visualized under confocal laser scanning microscope.
Tissue formation is shown in the channels of (i) triangular, (ii) square, (iii) hexagonal and (iv) round
shape after culturing MC3T3-EL1 cells after 21 days. Bottom: Numerical simulation of tissue
formation in-vitro [188].
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Multiple tissue formation was also observed with different pore sizes and shapes of the scaffold
when human mesenchymal stem cells (hMSCs) were cultured [190]. Within the gradient
construct, squared pores were found to support chondrogenic differentiation whereas
rhomboidal pores showed better osteogenic differentiation. This study shows that functionally
gradient scaffolds have the potential to influence hMSCs differentiation. In addition, gradient
Ti6Al4V scaffolds were cultured with a pre-osteoblast MC3T3-E1 cell line to study pore size
distribution effect on cell adhesion, proliferation and mineralization [191]. It is shown that
when cells were seeded from large pore side, the transfer of nutrients was more efficient than
seeding cells from small pore side, leading to higher proliferation. Cells also bridge the pores
of the scaffold through numerous cytoplasmic extensions. This study also provides a

foundation for functionally graded scaffolds with an interconnected porous network.

Stevenson et al. [186] also studied the effect of porosity on proliferation with the MG63 human
osteosarcoma cell line. MG63s showed greater metabolic activity on 1.5 mm? porous lattices
(lower porosity) than on 2.5 mm? porous lattices (higher porosity) at 24h, however there was
no significant difference between the two lattices at 96h. Cheng et al.[192] also observed a
similar cell viability of MG63 on three scaffolds with different pore sizes.

In-vitro studies suggest that based on the cell line, the cell-porous material interaction can be
different. However, the general trend observed in porous titanium implants is that porous
structures provide ample space for cell adhesion and an interconnected network for cell
migration and proliferation, which promotes colonization of cells. In-vitro studies are good
indicators of biocompatibility of the biomaterials, but they are not adequate to say the
biomaterials behave well when implanted into body. Therefore, in vivo studies should be
performed for any biomaterial to assess their behaviour in the animal models and make better

assumptions before clinical trials.
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2.4.4.2. In-vivo Biological Response

The environment in-vivo, where the osteogenesis is influenced by additional processes such as
vascularization and immune response such as inflammation, is different than the environment
in-vitro [3]. Hence, the influence of porosity might be different, or even in some cases

contrasting, when implanted.

Fukuda et al. [193] implanted Ti implant with four square channels, representing pores, in sizes
of 500, 600, 900 and 1200 um into the dorsal muscles of eight mature beagle dogs. Significant
osteoinduction was observed in 500 pum and 600 pum size channels. The same research group
worked on diamond shaped lattice structures with pore sizes of 300, 600 and 900 um and
implanted them into the metaphysis of the tibia in mature Japanese white rabbits to evaluate
bone ingrowth [194]. The implant with 600 um pore size demonstrated a significantly higher
fixation at 2 weeks and the bone ingrowth was similar to the implant with 900 pm pore size
after 4 weeks. Because of higher mechanical strength, rapid bone ingrowth and high fixation

ability, the 600 um pore size was recommended for orthopaedic implants manufacture by SLM.

Another study on in-vivo response of a diamond unit cell is the work from Wang et al [195].
They designed diamond unit cells with three different pore distributions; uniform, gradient and
random, and implanted into rabbits. The in-vivo rabbit models showed that all groups were

suitable for bone ingrowth and integration.

Arabnejad et al. [11] implanted two stretch-dominated unit cell topologies, octet and
tetrahedron, into lateral cortices of canine femora. They observed more bone ingrowth in octet
unit cells (56.9 %) than tetrahedron (41.3 %). However, pore sizes were different in the two
cell topologies: 770 um and 500 pum respectively for octet and tetrahedron. Therefore, the two
topologies cannot be directly compared in regards to bone ingrowth since pore size might have

also been influential.

Zhang et al. [196] showed that a diamond-shaped lattice scaffold was able to promote both
cancellous and compact bone growth within the 4-months after the implantation of the scaffold
into the femur of a beagle dog, and within the 6-months post-surgery, bone marrow was

observed.
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Combined analysis of in-vitro and in-vivo studies suggest that porous scaffolds with pore sizes
larger than 300 um are beneficial for bone ingrowth and cell colonization, however the
mechanical properties should be also be taken into consideration when designing larger pores.
Having gradient pore distribution along a structure can be beneficial by offering both large and
small pores at different locations to meet the contrasting requirements of biological and

mechanical behaviour.

Pore shape is another influencing factor for cell activity and morphology as well as the
mechanical behaviour of the structure. Other factors that are significant in biological response
of porous titanium implants include surface characteristics and coatings, however they are out

of the scope of the thesis.

2.5. Case Studies

In the last decade, additively manufactured custom-designed implants have been preferred by
clinicians to treat complicated bone defects, mainly as a result of a bone sarcoma or trauma
[197]. Special CAD software packages, including Mimics from Materialise and open-source
3D-Slicer, are capable of reconstructing computed-tomography (CT) and magnetic resonance
imaging (MRI) images into 3D models. With the aid of these software and additive
manufacturing technologies, custom-designed implants which can anatomically fit into the
defected bone area are possible. The custom-designed implants are sometimes the preferred
option by clinicians for complicated unusual surgeries, for which off-the-shelf implants are not
feasible. There are reported clinical studies on additively manufactured custom implants with
post-surgery data in literature, and the ones with porous surfaces and structure are given in
Table 2.6.
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Table 2. 6 Clinical case studies reported on custom-designed porous implants

Location Disease Implant Outcomes Reference
Patient characteristics
Shoulder Pre-glenoid Custom-made At 2.5 years [198]
52-year-old replacement surgery | porous titanium | follow-up: no
Female causing severe pain | glenoid implant | complications and
to patient after 12 good function,
years of improved indexes
implementation. for shoulder pain
and disability
Clavicle Tumor Custom-made At 1 year follow- | [199]
(Collarbone) porous titanium | up, no
21-year-old prosthesis, complications and
Female manufactured by | proper placement
EBM of the prosthesis
Scapula Tumor Size-matched At 21 months [199]
35-year-old porous prosthesis | follow-up, proper | (Figure 2. 32)
Female articulation
Pelvic Tumor Partially porous | At 18 months [199]
56-year-old titanium implant | follow up, stable
Female manufactured by | fixation and good
EBM alignment was
observed.
Wrist Tumor Custom CoCrMo | At 9 months [200]
Secondary surgery | articular implant | follow up, good
with a porous grid | functioning and
part recovery
Hip acetabular | Revision Custom titanium | At ~67 months [201]
cages porous implants, @ follow up,
8 Male manufactured by | improved hip
16 Female direct metal | scores, excellent
sintering mechanical
stability
Knee (tibia) Treating giant cell | Custom  porous | At 12 months [202]
1 Male tumors titanium proximal | follow up, no (Figure 2. 33)
3 Females tibia prosthesis, | complications and
(aged 35-68 manufactured by | good functionality
years) EBM of the implant
Spine Ewing sarcoma Titanium, highly | At 12 months [203]
12-year-old porous implant, @ follow up, no
Male manufactured by & complications and
EBM evidence of

osseointegration
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The reported clinical studies and feedback from both patients and clinicians demonstrate that
additively manufactured porous implants offer great benefits and have the potential to reform
orthopaedic practices [197]. The porous structure decreases the weight and stiffness of the
implants and provides space for cell attachment and bone ingrowth. However, there are still
some concerns and room to be improved for porous bone scaffolds, including regulations,
ethical support, lack of long-term follow-up, the coordination between engineers and surgeons,
time required to design and manufacture implants restricting the emergency cases, and
biocompatibility of the material. Therefore, to further promote the use of additively
manufactured porous scaffolds [197]; more research should be done on material and design,
long term follow-ups should be reported with more case studies, engineers should be trained

with a medical background, collaborative platforms should be developed for engineers and

surgeons, and regulatory frameworks should be established.

Figure 2. 32 a) reconstructed 3-D scapular tumor model. b) The virtual 3-D model of scapular
prosthesis. ¢) The size of excised tumor and prosthesis was well matched. d) X-ray showed a proper
shoulder articulation at 21 months postoperatively [199]
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Figure 2. 33 (a) Custom designed tibia prosthesis, manufactured by EBM, (b) Successful implantation
of the prosthesis, the ligaments were preserved and sutured to the proximal tibia space through porous
structure [202]

2.6 Gaps in literature

The literature review outlines the background and recent clinical cases on additively
manufactured porous implants. Porous prosthesis have reported to function well and promote
osseointegration. They also benefit from adjustable mechanical strength, stiffness and
structure. Additively manufactured implants are gaining their popularity among clinicians,
researchers and orthopaedic companies; however, there are still some concerns and areas to be

improved as it is still a new technology.

Bone tissue engineering is a multi-disciplinary area in which fundamental sciences such as
chemistry, biology and engineering need to be integrated together. Without considering the
elements of engineering and medicine, a successful implant design is not possible. Therefore,
it is important to assess the biological and mechanical response of the orthopaedic implants in
parallel. Literature review revealed studies focused either on design, material or clinical aspect
and a relatively small number of studies focused on combined analysis of engineering and

medical studies.
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Specialized software packages for designing customized implants and additive manufacturing
technologies are also improving at a rapid rate, which helps the development and increased
usage of porous bone scaffolds. The advancement in manufacturing and design tools, and
clinical outcomes, brings new questions and areas to improve. For example, porous scaffolds
have the potential to incorporate drug delivery systems within the pores. The drug delivery

systems can be helpful in osteosarcoma cases or stopping infections after surgical procedure.
The literature review helped to identify three areas to focus our studies on:

I.  The interplay between mechanical and biological behaviour of functionally gradient

structures

ii.  Processability of lattices and exploring an alternative scanning strategy of SLM for

lattice manufacturing

iii.  Novel lattice designs with introduced channels and pores to create spaces to place drugs

or bone morphogenetic proteins

Reported design-related studies include investigation of the effects of pore size, shape, and
porosity on the mechanical and biological behaviour of the implants. However, there are still
largely unexplored scaffold designs and unit cell topologies, which can improve the
functionality of the implant. Identified gaps indicate the need to further investigate functionally
gradient porous scaffolds and hollow-beam lattice structures, which form two chapters of the
thesis. In terms of manufacturing, the majority of the reported literature focused on fabrication
of bulk specimens by selective laser melting technology. However, processing of complex and
intricate lattice structures are quite different than processing of bulk specimens. In order to
address this gap in literature, an alternative laser scanning strategy was investigated for
fabricating lattice structures. This work also aims to understand the fundamentals of laser-
material interaction during the SLM process. This thesis aims to contribute to advancement of

lattice structures as bone scaffolds by improving their design and their processing conditions.
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2.7. Conclusion of Literature Review

Architectured structures, particularly porous lattice structures, offer unique and interesting
properties, including adjustable mechanical properties, deformation behaviour, and improved
biological response. Additive manufacturing technologies have enabled the manufacturing of
these complex lattice structures with metallic materials at high resolutions. Selective laser
melting, which is the most popular metallic AM method, works on the principle of melting and

fusing of the metallic powders selectively based on the designed CAD model.

A literature review showed a growing number of papers on additively manufactured porous
implants. Published works include studies on the design, manufacturing, mechanical response
and in-vitro or in-vivo performance of the porous scaffolds. Clinical trial and results from
follow ups at 1-2 years’ timeframe are also present in literature. Reviewed works show that
additively manufactured porous implants have a great potential to reform the orthopaedic
industry as the next generation of implants with porous architecture offer improved
functionality and stability. Problems with the current orthopaedic implants, such as stress
shielding phenomena, mismatched anatomical designs and infection during the operation, can
be largely eliminated by these new implant designs. The literature review included fatigue
behaviour, in-vivo response and further post-processing of lattices. Although these studies are
important to understand the lattice bone scaffolds, they are out of the scope of this thesis since
this study aims to look at the interplay between processing, static mechanical behaviour and

in- vitro response.

The current study seeks to fill the gaps identified in literature in order to optimize the design
and manufacturing of lattice scaffolds. New design models, including functionally gradient
porosity and hollow-beam lattices, were developed and an alternative processing method was
investigated in order to enhance the performance of additively manufactured architectured

scaffolds for orthopaedic implant applications.
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In this chapter, the equipment and techniques used to generate the data for the following
chapters are explained. Manufacturing of the samples was performed by two SLM machines,
Concept Laser Mlab and Realizer SLM 125. For characterisation of the samples, the equipment
that was used include optical and electron microscopes, micro-computed topography machine,
hardness, density and roughness measurement machines and static compression testing
equipment. In-vitro biological testing was performed by osteoblast cells and cell attachment
and proliferation were assessed by MTS assay and fluorescent imaging. These techniques and
equipment are further explained.

3.1. Selective Laser Melting and Process Parameters

3.1.1. Concept Laser MLab Cusing Machine

MLADb Cuising SLM machine (Concept Laser, Lichtenfels, Germany), which is located at
Woodside-Monash Innovation Lab at Monash University, was used in manufacturing the
functionally gradient and hollow-beam lattice structures. This machine applied a fibre laser

with a maximum power of 100 W. The build envelope is 90 x 90 x 80 mm?3 (x,y,z).

Ti6Al4V-ELI powder supplied by Falcon Tech Co., Ltd. (Wuxi, China) that satisfies ASTM
F136 with diameter range of 15-53 um was used for the laser melting process. The Ti6AlI4V
samples were fabricated using the manufacturer’s recommended settings for Ti6Al4V ELI,

which is given in Table 3.1.

Table 3. 1 Process Parameters used for Concept Laser Mlab Cusing with Ti6Al4V ELI powders

Laser power B W

Scan speed 600 mm/s
Hatch distance 0.08 mm

Beam spot size 50 (-5 +25) um
Layer thickness 25 um
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The SLM process was carried in an argon atmosphere with oxygen content less than 0.2 %.
The samples were built on top of a solid titanium plate and were removed by using Electrical
Discharge Machining (EDM, AgieCharmilles CUT 30P, GF, Losone, Switzerland). After the
samples were removed from the build plate, they were washed in an ultrasonic bath containing
ethanol for 4 h to aid in removing the unmelted particles from the surface of the samples. No

further surface modifications or heat treatments were applied to the scaffolds.

3.1.2. Realizer SLM 125 Machine

SLM 125 machine (Realizer GmbH, Borchen, Germany), which is located at the
Biomechanical Engineering lab at the Technical University of Delft, was used to manufacture
specimens for the single point exposure study. The machine was equipped with a YLM-400-
AC Ytterbium fiber laser (IPG Photonics Corporation, Oxford, USA) with a maximum power
of 400 W and a wavelength of 1.07 4+ 10 um. The build envelope is 125 x 125 x 200 mm?

(x.y,2).

Ti-6Al-4V grade 23 powder supplied by AP&C (AP&C Advanced Powders and Coatings Inc.,
Boisbriand, Canada) with a particle size ranging from 10 to 40 um was used. The laser power
and laser exposure times were changed for each specimen. The SLM process was carried in an
argon atmosphere with oxygen content less than 0.2 %.

REALIZER

SLM-125

(o
e

Figure 3. 1 SLM machines used: Concept Laser Mlab Cusing and Realizer SLM 125
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3.2. Design of Scaffolds

3.2.1. Functionally Gradient Structures

Functionally gradient scaffolds were designed with Rhinoceros v5 in the RhinoPython
environment. A BCC unit cell was used in a custom-made parametric script to develop
continuously gradient structures. Continuous gradient was achieved by changing the strut
diameter of the BCC unit cell based upon a polynomial equation,see Equation 3.1. The diameter
of the strut is calculated at three locations, evenly spaced along its length based on the location

of the strut, and lofted to create a smooth transition between radii.

) (. n
Diameter = ¢ + 2231”) An(x,y‘z)(lp(x,y,z)l - P(x,y,z)o) 31

Here c is constant, Ay, is the gradient value in the current cardinal direction, [Py, s
the absolute current coordinate position in the relevant axis (X, y, Or z), Py, ), IS the gradient

origin in each of the relevant axes, defined over n polynomial terms.

In the case of a linear gradient in a single axis, only a single term (Ay) is required, simplifying

the Equation 3.2 to the following:
Diameter = ¢ + Ax(Px — Pxo) 3.2

It should be noted that adding y and z terms into Equation 3.2 will modify the nature of the
gradient and allow the design of 3D gradient scaffolds. It should be also noted that the
developed script is not limited to the BCC unit cell and a large library of common unit cells
was programmed, allowing the generation of a smooth gradient between layers and tailoring of

their size and local and total porosity.

3.2.2. Hollow-beam Lattice Structures

Hollow-beam lattices were also designed with Rhinoceros v5 in the RhinoPython environment.

BCC, zBCC and 2zBCC unit cells were used and hollow-tubes were achieved by Boolean
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operations of subtracting the inner truss from the outer truss. zBCC is a BCC unit cell with
extra trusses at the corner nodes, whereas 2zBCC is a BCC unit cell with trusses at corner and
centre nodes. The outer strut diameter was 1.5 mm for all specimens, and the inner strut
diameter was either 1.2 mm or 0.9 mm to achieve hollow-tube thicknesses of 0.3 and 0.6 mm.
In addition, to study the process-ability of extreme dimensions, BCC hollow-beam lattices with
different pore sizes and hollow-tube thicknesses were designed, which will be outlined in the

related chapter.

3.2.3. Single Struts for Single Point Exposure Study

In this study, as the dimension of the struts were controlled by the process parameters, the struts
and lattices were generated as lines in the software of the Realizer SLM machine by
determining x,y,z coordinations of the lines of the building plate.

For single struts, vertical lines of 15 mm were designed and the thicknesses were controlled by
a matrix of 50 conditions with exposure times ranging from 250 ps to 1150 ps in 100 ps
increments and laser powers of 88 W to 144W in 12 W increments, (Table 3.2). Additional
struts were also printed at higher laser powers and exposure times to explore the boundaries of

the single point exposure technique.

In addition to single struts, the effect of latent heat was studied by designing neighbouring
struts in circular fashion. Also, the effect of double-melting was studied by locating two lines
at the same point. Finally, a BCC scaffold was generated on the software to assess the ability

of this scanning strategy to manufacture lattice scaffolds successfully.
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Table 3. 2 The laser power and exposure time values used to manufacture struts by single point
exposure strategy.

Exposure time (ps) Laser power (W)

88 96 112 128 144 160 176 224 272 304 384

250 e

350 * x % x =

450 * % ® x x

550 N

650 * % ® x x

750 S

850 * % ® x x

950 S

1050 * % ® x %

1150 * % ® x %

2500 * e =
2950 % x

3.3. Morphology Characterization

3.3.1. Dimensional Analysis

Dimensional analysis was performed by scanning electron microscope (SEM) FEI Nova
(NanoSEM, Thermo Fisher Scientific, Hillsboro, OR, USA). Dimensional analysis included
strut thickness and pore size measurements, which were then assessed against the designed
values. Generally, at least 5 measurements were taken to calculate the mean and standard
deviation (SD) of the dimensions. In addition to SEM, a digital microscope (Keyence VHX-
100, Itasca, IL, U.S.A.) was used to image the surface and internal porosities of struts.
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3.3.2. Micro-Computed Tomography

A micro-CT scanner (Zeiss Xradia 520 Versa, Zeiss, Oberkochen, Germany) was used in
hollow-beam lattice and single point exposure studies. For hollow-beam lattice structure, the
micro-CT was performed to assess any residual powder or pore blockage within the
tubes/channels. The following scanning parameters were used: 22.8 um voxel size, 140 kV
source power, 72 pA, 95 mm distance between the source and the sample, 190 mm distance

between the detector and the sample.

For the single point exposure study, micro-CT was used to measure the relative density of the
struts and to visualize the porosity. The following scanning parameters were used: 1.0 um voxel
size, 60 KV source power, 84 HA, 15 mm distance between the source and the sample, 35.5 mm

distance between the detector and the sample.

In both studies, micro-CT images were reconstructed to create a 3D models, which was then
further analysed using the software tools Mimics and 3-Matic (Materialise, Leuven, Belgium).

3.3.3. Density Measurements

The volume fraction of the samples was measured by gas pycnometry and digital densitometry,
(Figure 3.2). A digital densitometry (SD-200L, AlfaMirage, Osaka, Japan) adopts the
Archimedean principle with liquid displacement. A gas pycnhometry (AccuPyc 1330,
Micromeritics, Norcross, GA, USA) measures the density of solid materials by employing gas

displacement and Boyle’s Law of gas expansion.

The volume fraction takes into account the porosity due to the design of the porous structures,
whereas the relative density refers to the porosity within the total bulk volume of the scaffolds.

The volume fraction values were calculated based on the following equations:
V = (Wa -We)/0.807 3.3

Vi (%) =V / Vq 3.4
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Here, V is the volume of the scaffolds, Wa is the weight measured in air, We is the weight
measured in ethanol, 0.807 is the density (g /ml) of the ethanol used at 25 °C and 1 atm, V¢is
the volume fraction in percent, Vt is the total volume obtained from the outer dimension of the
scaffolds. Relative density values were calculated using the following equations:

P =Wa/V 35
RD (%) = (p" / p°) *100 3.6

Here, p” is the density of the scaffolds, p° is the density of the Ti-6Al-4V alloy used (4.43
g/cm3, as provided by the manufacture) and RD (%) is the relative density in percent. The
volume fraction values measured by gas pycnometry and digital densitometry were compared
with the values obtained from the CAD designs. At least 3 measurements were taken per

specimen to measure the mean and SD.

Figure 3. 2 Apparatus used for density measurements: (a) digital densitometry, (b) gas pycnometry.
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3.3.4. Microstructure Analysis

The microstructure of the as-fabricated Ti6Al4V specimens were observed under an optical
microscope (Olympus GX51, Olympus Corp., Tokyo, Japan). The specimens were grinded and
polished with 3 um and 1 pum diamond solutions, and with an oxide polishing suspension
(OPU). Finally, the struts were etched with the Kroll’s etchant for 30 s to reveal their

microstructure.

A transmission electron microscope (TEM) was used in the single point exposure study to
investigate the microstructure of the surface layer of the struts. The TEM foils were prepared
using the in situ focused ion beam (FIB) milling and lift-out technique was performed with an
FEI Quanta 3D SEM (FEI, Eindhoven, The Netherlands). FIB lamellas with a width of 4 mm
and a depth of 10 mm were prepared and the microstructure was then observed with a FEI
Tecnai F20 microscope (FEI, Eindhoven, The Netherlands) at an accelerating voltage of 200
kV in the TEM, STEM, and SAED modes to determine the morphology and crystal structure
of the phases.

3.3.4. Texture Studies

EBSD analysis was performed using a JEOL 7001F SEM (JEOL, Tokyo, Japan) at an
accelerating voltage of 15 kV and a probe current of 15nA. The software package AZtecHKL
(Oxford Instruments, UK) was used to acquire the EBSD data, while the software CHANNELS
(Oxford Instruments, UK) was used for post-acquisition analysis of the data. Areas of around
90 pum %380 um along the longitudinal (i.e. build) direction of the struts were scanned with a

step size of 0.1 mm to collect data from more than 5000 individual grains per condition.

3.4. Mechanical Testing

3.4.1. Compression Test

A minimum of three specimens of each functionally gradient and hollow-beam structures were

mechanically tested under compression using an Instron 5982 universal testing machine with
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a 100 kN load cell. In the cases where the 100 kN load cell was not enough, the structures were
tested using Instron 8803 testing system with a 500 kN load cell. Following the standard for
compression testing of porous and cellular metals (ISO 13314:2011), a constant cross-head

velocity was utilized in accordance to a compression strain rate of 102 s,

The engineering compressive stress was calculated by normalizing the applied compression
load with the initial cross-section area of each sample (15 x 15 mm?) and the engineering strain
was calculated by the displacement of the cross-heads. The stress-strain curves of each sample
were analysed and the following mechanical properties were calculated based on the guidelines
of the ISO Standard 13314:2011: maximum compressive strength (omax) (the first local
maximum in the stress-strain curve), 0.2% offset yield stress (ay), the elastic gradient (E). The
elastic gradient (also known as the elastic modulus) was calculated between stresses of 20-70
MPa, 50-150 MPa and 100-200 MPa based on the stress-strain values that gave the best
representation of the elastic straight line. A series of images were captured every 1 s during

compression testing to record the deformation response of the samples.

3.4.2. Hardness Test

Hardness measurements were performed following the HV 0.5 protocol (DuraScan-70, Struers,
Maassluis, Netherlands) using polished samples. At least five measurements were taken for

each sample, which were used to find the mean and SD.

3.5. In-Vitro Assessments

MC3T3-E1, Subclone 4, preosteoblast cells (ATCC® CRL-2593™) were used for in-vitro
biological analysis. The as-fabricated porous specimens had to be sterilized carefully before
they were seeded with cells. They were cleaned by successive washes with ethanol and

phosphate buffer saline (PBS) and then placed in a well plate with 3 repeats and seeded at an
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optimum cell density. Positive control wells containing SLM-fabricated solid samples were

also set up in parallel.

MC3T3-E1 cells were cultured in a-MEM medium (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco™, USA) and 1% antibiotic/antimycotic solution (Gibco, USA) in
a humidified incubator at 37 °C, 5% CO,. Cell viability was assessed at 4h, 4 days and 7 days
after cell culture using the MTS assay (Cell Titre 96 Aqueous One Solution Cell Proliferation
Assay, Promega, Madison, WI, USA). After 2.5 h incubation with MTS reagent, 100 ul of
solution from each well were transferred into 96 multi-well plates and the optical absorbance
(OD) was measured at 490 nm with a micro plate reader (Thermo Scientific™ Multiskan
Spectrophotometer, Vantaa, Finland). The degree of cell attachment and spreading was studied
by immunofluorescence staining. Samples were fixed with 4% paraformaldehyde (PFA) for 20
mins and stained with ActinRed™ 555 ReadyProbes® Reagent (Molecular Probes™,
Gaithersburg, MD, USA) following the manufacturer’s instructions and Hoechst 33342
(10pg/ml) (Thermo Scientific ™, Rockford, IL, USA) for 30 min. After immunostaining, the
top and bottom of the specimens were examined by fluorescence microscopy (Nikon Eclipse
Ti, Tokyo, Japan).

Cell morphology was characterized by SEM at 4h, 4 days and 7 days of cell culture. Cells on
the specimens were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 2 h
and postfixed in 1% osmium tetroxide for 1.5 h at room temperature. Specimens were
dehydrated with a gradient series of ethanol (50%, 70%, 80%, 90%, 95% and 100%) followed
by a hexamethyldisilazane (hmds) drying procedure. The specimens were sputter coated with

gold and inspected using a FEI Nova NanoSEM.
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4.1. Introduction

Nature provides a great inspiration for engineers and many plants and leaves make use of lattice
structures [204, 205]. Among these structures it is common to find gradient lattice structures
which adopt their geometry to a particular loading condition or other functional requirement,
(Figure 4. 1). Despite these observations, the majority of the 3D printed lattice structures
explored so far are based on uniform lattice unit cells [206]. Recently, a number of studies have
been published which focus on functionally gradient structures that have various porosity
distributions within a scaffold [141-148]. The design of the functionally gradient structures
presents multiple challenges and often these structures are generated through artificial joining
of different unit cells [146, 147]. This design strategy was shown to negatively affect

mechanical properties of the lattice structure due to free nodes at the strut junctions.

F -

(a)

Figure 4. 1 a) Madagascar lace leaf [205], b) lattice structure cocoon [207], c) bone structure [208].

Recent studies aimed to overcome this problem utilise continuously gradient structures, which
consist of gradually changing strut thickness between layers [143, 145]. It was shown that such
gradient scaffolds possess higher stiffness (24% increase) [149] and energy absorption
capacities (~10% increase) [142, 143] than the uniform designs. Functionally gradient

structures also showed different failure mechanisms than their uniform counterparts.
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This chapter of the thesis is based on the paper published in Metals journal [116] in 2018. In
this papers the mechanical and biological behaviour of the functionally graded Ti6Al4V porous

structures manufactured by SLM are studied.

While the literature review on the additively manufactured lattice structures revealed that there
were a number of studies on the gradient porous structures, the majority of these studies were
based on the combination of non-continuous unit cells. These designs included abrupt changes

between layers, and this effected the mechanical properties in a negative way.

In order to improve the mechanical properties of the gradient structures new design strategies
for the scaffolds are proposed based on gradually and continuously changing strut thicknesses
along a scaffold, thus enabling a smooth transition between layers. Additionally, the need to
study both biological and mechanical behaviour of the functionally gradient structures
simultaneously was identified. As the requirements for improved mechanical or biological
response can be conflicting, the optimized structures should be identified by considering both

of the requirements. Therefore, the motivation for this study was two-fold:
e Exploring continuously gradient porous structures

e Assessing mechanical and biological properties of these structures to establishing

optimised gradient structures.

4.2. Preliminary Study

Before deciding on using the BCC unit cell for the gradient porous design, a range of unit cell
types were designed as uniform cubic scaffolds with different strut thicknesses (changing from
0.4-0.8 mm), and manufactured by Mlab SLM machine. Their mechanical properties were
assessed by static compression testing. Sercombe, octet, and BFCCz unit cell types were
created by Python lattice generation script within the Rhinoceros software, and dodecahedron
and octahedron were created using Materialise 3-Matic STL commercial software package.
Unit cell topologies are given in Figure 4. 2. 10x10x10 mm?® cubes were manufactured for each

unit cell with the Ti6AL4V ELI powder using the following process parameters:
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e Laser power: 95 W
e Scan speed: 600 mm/s

e Layer thickness: 25 pm

A Ao A

2vavava”

Sercombe Octet BFCCz Dodecahedron Octahedron

Figure 4. 2 Selected unit cell topologies to manufacture and mechanically test as a preliminary study.
The compression test was performed with an Instron 5982 mechanical testing machine with a load
capacity of 100 kN and compression rate of 0.06 mm/s. Elastic modulus for each sample was
calculated from the initial linear-elastic region and are given in below table.

Table 4. 1 Elastic modulus of the uniform scaffolds with different unit cell geometries and strut
thicknesses.

Sample Name Relative Density (%0) Elastic Modulus (Gpa)
Octet_0.4mm 37 0.02
Octet_0.6mm 68 0.27
Octet_0.8mm 90 0.62
Sercombe_0.4mm 20 0.02
Sercombe_0.6mm 40 0.17
Sercombe_0.8mm 57 0.38
zBFCC_0.6mm 57 0.20
zBFCC_0.8mm 79 0.45
Dodecahedron_0.4mm 22 -
Dodecahedron_0.6mm 32 0.06
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Octahedron_0.4mm 14 0.02

Octahedron_0.6mm 24 0.08

Elastic modulus results show that as the strut thickness or relative density increases, elastic
modulus increases. Elastic modulus values also changed the unit cell topologies. This
preliminary study on the mechanics and manufacturing of different unit cell topologies show
that elastic modulus can be altered with the porosity and topology. The elastic modulus results

are comparable to the modulus of cancellous bone, that is around 0.2-0.4 GPa [3].

For in-vitro testing, preliminary studies included assessing the cell viability and optimizing the
cell seeding method. For this work, dodecahedron and octahedron were selected and
manufactured in a plate form with dimensions of 10x10x2 mm? that included one layer of unit
cells in z-direction (Figure 4. 3). The reason for designing the samples in a plate form was to
simplify the design for the initial in-vitro testing. Cell viability was assessed both on porous
and solid plates and aimed to verify whether there are any leachable parts of the specimens
affecting the cell viability. After sterilization with ethanol, the plates were placed in a multi-
well plate with a complete medium for 24 hours in the incubator. In the meantime, MG63 cells
were seeded in another multi-well plate with a density of 1x10* cells per well and incubated
for 24 h. The next day, when the multi-well plate had a confluent monolayer of cells, the
medium was replaced with the medium that had been incubated with the specimens and with

the control medium. The following treatment was applied in triplicate:

1. Untreated cells (fresh medium)

2. 100% conditioned medium (porous Ti6AIl4V plate)

3. 50% conditioned medium (porous Ti6AIl4V plate) with 50% fresh medium
4. 25% conditioned medium (porous Ti6Al4V plate) with 75% fresh medium
5. 100% conditioned medium (solid Ti6AI4V plate)

6. 50% conditioned medium (solid Ti6AIl4V plate)
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7. 25% conditioned medium (solid Ti6AIl4V plate)

8. Dead control- cells were killed by replacing the medium with 80% EtOH for 5 min before
the MTS reagent.

&
&
®

Figure 4. 3 Dodecahedron, octahedron and solid plates manufactured for preliminary in-vitro testing.

The treated cells were incubated for 24 h further and cell viability was assessed by MTS.
Results show that there was no significant difference in terms of MG63 cell viability between
conditioned mediums and the controlled medium, whereas reading from the negative control
medium was significantly lower than the readings of all of the conditioned medium and the
control medium. This MTS assay indicates that there is no damage to cells from the specimens

or no harmful leaching from the specimens that can kill the cells.

After confirming no negative effect of the specimens on the cell viability, we aimed to optimize
the cell seeding method. Cell seeding can be challenging onto porous scaffolds. Static seeding
methods and several dynamic seeding methods such as spinner flasks, perfusion bioreactors
have been used by many research groups [209]. Herein, two seeding methods, called Method
A and Method B are proposed. For both methods, cells were seeded with a density of 5x10*
cells/well in the 12-well plate onto the sterilized porous and solid plates as well as onto

coverslips as a control. The experiments were set up in triplicates. In method A, a highly
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concentrated cell mixture was initially seeded onto the specimens and incubated for 30 mins to
let the cells attach to struts of the porous specimens before they flush down to bottom of the
well plate. After 30mins of incubation, enough complete medium was topped up gently and the
plate was incubated for 24h. In method B, the cells and complete media were seeded at the
same time and the plate was incubated for 24h. The degree of cell attachment and spreading

was assessed by staining and imaging the cell nuclei and actin cytoskeleton.

* MTS Assay
35 3 * i
e I 1
o=
w
~N 3
:
™ 25
£
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§ 2
®
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£ i
g % %
8 o0s
o
3 [
< 0

m %100 P u %50 P m%25P %100 S m %50 S m%25S ® %100 CM = %100 EtOH

Figure 4. 4 Cell viability measured by MTS assay for the eight treatments. P refers to porous
specimens, S refers to solid specimens and CM is control medium. Values presented are mean average
+ SD (n=3). Horizontal bars (*) and (**) denote the statistically difference when compared using
One-Way ANOVA with Tukey-Kramer post-hoc analysis (at p<0.05).

As seen in Figure 4. 5, it can be said that Method A results in more efficient cell seeding than
Method B. The coverslips in both methods look similar, hence, the images of two methods are
comparable. The solid samples seeded with Method B showed almost no cell attachment on
the top surfaces of the specimens as most of the cells attach onto the bottom of the well plate.
Note that the porous (which here refers to the dodecahedron plate) and the solid plates were
taken out from the initial well plate and put into the new well plate in order to avoid the signals

of the cells attached to the bottom of the initial well plate.
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Figure 4. 5 Low and high magnification fluorescence micrographs representing cell attachment of
MG63 after 24 h incubation when cells were seeded by Method A and Method B on solid and porous
plates and coverslips.

Dodecahedron and octahedron plates were then seeded by following Method A to investigate
the effect of pore size and shape on cell attachment. The diagonally shaped pore size of the
dodecahedron unit cells were 670 um, whereas the spherically shaped pore size of the
octahedron unit cell was 1500 um. Fluorescent images (Figure 4. 6) shows that there was no
significant difference between the two unit cells. The reason for that can be the scale of the

pore size (>500 um) being much bigger than the average cell size (10-15 um). The other reason
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can be due to the MG63 cell line itself, as other cell lines such as MC3T3-E1 pre-osteoblast

cells showed a difference in proliferation even at mm scale pores [188].

Octahedron Dodecahedron
Max pore size 1500 um Max pore size 670 um
Surface area 285 mm

2 2

Surface area 350 mm

Figure 4. 6 Fluorescent micrographs showing cell attachment on the octahedron and dodecahedron
plates.

The mechanical and biological results of the preliminary studies indicate that for the gradient
porous study, simple unit cell geometries, such as BCC, can be chosen to eliminate complicated
results and to bring the focus on the effect of the gradient porosity. As there was no difference
in cell attachment between the two pore shapes, it was chosen to study only one unit cell to
investigate the difference between the uniform and gradient structures. Further, the MC3T3-
C1 cell line was proposed to be used in the following study as it might be more responsive to

mm scale pore size [210].

Preliminary studies show a roadmap for the published paper in terms of the sample designs,
cell seeding method and what type of osteoblast cells were to be used. The following subchapter
presents the published paper, which includes the related literature review at the time of

publication, motivation of the study, methods, study design, results and discussion.
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Abstract: Functionally graded lattice structures produced by additive manufacturing are promising
for bone tissue engineering. Spatial variations in their porosity are reported to vary the stiffness and
make it comparable to cortical or trabecular bone. However, the interplay between the mechanical
properties and biological response of functionally graded lattices is less clear. Here we show that by
designing continuous gradient structures and studying their mechanical and biological properties
simultaneously, orthopedic implant design can be improved and guidelines can be established.
Our continuous gradient structures were generated by gradually changing the strut diameter of
a body centered cubic (BCC) unit cell. This approach enables a smooth transition between unit
cell layers and minimizes the effect of stress discontinuity within the scaffold. Scaffolds were
fabricated using selective laser melting (SLM) and underwent mechanical and in vitro biological
testing. Our results indicate that optimal gradient structures should possess small pores in their core
(~900 um) to increase their mechanical strength whilst large pores (~1100 um) should be utilized in
their outer surface to enhance cell penetration and proliferation. We suggest this approach could be
widely used in the design of orthopedic implants to maximize both the mechanical and biological
properties of the implant.

Keywords: selective laser melting; gradient structure; porous biomaterial; Ti6Al4V; mechanical
properties; osteoblast

1. Introduction

Recent advances in additive manufacturing have revealed new possibilities for the design of the
next generation of metallic biomedical implants based on lattice structures. Generally, a bone scaffold
should possess four essential characteristics [1,2]: (i) biocompatibility; (ii) mechanical properties
matching those of the host tissue; (iii) an interconnected porous structure for cell migration and
proliferation and nutrient-waste transportation; (iv) suitable surface characteristics for cell attachment.
Traditionally, large bone defects are treated with metallic implants. Several metals have been shown
to fulfil the requirement of biocompatibility including cobalt-based alloys, stainless steels as well as
titanium alloys [3]. However, metallic implants possess higher elastic moduli than bone, e.g., Ti6Al4V
and 316 L stainless steel have a modulus of around 110 GPa and 210 GPa [4] respectively, whereas the
modulus of cortical bone is in the range of 3-20 GPa [5]. The mismatch between the modulus of the
bone and the implant results in the failure of the implant in the long-term due to the stress-shielding
problem [6]. Therefore, matching the mechanical properties of the implant to the host bone and
simultaneously providing the implant with biological performance remains a challenge. One potential
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strategy is to create porous metallic scaffolds where the porosity, the pore size and shape are optimized
collectively to reduce the modulus while maintaining the strength of the scaffold [7].

Porous Ti6Al4V scaffolds are ideal candidates as bone scaffolds since they comply with the
aforementioned requirements: they are biocompatible [8,9] and their mechanical properties can be
adjusted by porosity [10]. Porous structures with an interconnected pore network are of particular
interest for promoting cell migration and colonization [11] as well as tissue in-growth [12,13].
Interconnected pore network enables the flow of nutrients and oxygen to cells and tissue and
promotes the formation of blood capillaries [14]. When the vascular network is not sufficient, nutrient
and oxygen deficiencies cause hypoxia or necrosis [15,16]. Therefore, open-porous structures with
adequate pore sizes are critical for vascularization and tissue growth. However, the optimum porous
structure for orthopedic scaffolds is yet to be established and there is conflicting information regarding
an optimum pore size for both enhanced bone ingrowth and mechanical strength of the scaffold.
Recent reviews [17-19] summarize that optimum pore size should be 300 um or larger for bone
ingrowth and vascularization. However, whilst high porosity and/or large pore size (>800 pm)
promotes flow of nutrients, vascularization and tissue growth [14,15,20], highly porous structures lack
the required mechanical strength and integrity and decrease the cell seeding efficiency [15,21]. At the
same time, in vitro studies have shown that scaffolds with small pore sizes (<500 pm) or low porosities
are prone to pore occlusions [22].

Gradient structures present a potential solution to the opposing requirements of an optimal
pore size for biological response and mechanical properties. Given an optimal pore size distribution,
there is potential to develop structures that exhibit both adequate mechanical strength and tissue
in-growth rate. In addition, gradient structures can mimic the natural bone in terms of its structure
and mechanical properties [23]. The structure of the bone changes with the amount and direction of
the applied stress [24] resulting in differences in the internal structure (porosity and composition) and
mechanical properties of the bone along its dimensions. For example, the elastic modulus of trabecular
bone at the ends of long bones or within the interior of vertebrae is around 0.5 GPa [25]. This variation
in elastic modulus depending on the location in the bone indicates the need for development of
gradient structures in bone scaffolds.

The gradient and uniform porous scaffolds can be designed using traditional CAD (Computer
Aided Design) and include the use of open cellular foams [26,27] and periodic uniform unit cells
based on platonic solids [28-30]. Other techniques, such as implicit surface modelling [31-33]
and topology optimized scaffolds [18,34], are also gaining in popularity. The fabrication of such
complex structures has recently become feasible with the advances in additive manufacturing [35].
Traditional manufacturing of porous metals such as solid or liquid state processing has limited
control over the shape and size of the pores achievable through adaptation of the processing
parameters. These shortcomings can be overcome through additive manufacturing which builds
a three-dimensional object in layer-by-layer fashion. Selective laser melting (SLM) and electron beam
melting (EBM) have both been utilized to successfully fabricate porous scaffolds [36]. Both methods
rely on a computer-controlled high power energy source to selectively melt a metallic powder on
each layer.

A number of studies have investigated the mechanical or biological response of metallic-based
gradient porous designs produced by additive manufacturing [37-45]. The majority of these studies
focused on gradient structures generated by abrupt changes between layers based on change in
strut diameter or unit cell volume. For instance, Li et al. [37] studied the deformation behavior of
radial dual-density rhombic dodecahedron Ti6Al4V scaffolds fabricated by EBM. They achieved radial
dual-density by altering the rhombic dodecahedron unit volume between two layers which resulted
in discontinuity between layers. Their finite volume method simulations revealed that the inherent
discontinuity between layers resulted in stress concentration and maximum stresses at the interfaces.
They concluded that continuous variation between layers are ideal to minimize the stress concentration
at the interface. Nune et al. [38,39] investigated the osteoblastic functions of the scaffolds designed
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using Li et al. [37] work, based on gradient rhombic dodecahedron created by changing the unit
volume between layers. Although their work showed promising results on cellular activity when cells
were seeded from large pore side (1000 um), there was no complementary study on the mechanical
properties and therefore the adverse effect of discontinuity between layers on the mechanical properties
were not covered.

Another study [40] of multiple-layer gradient structures based on changing unit cell volume also
showed the mismatch between two layers. They designed gradient BCC and diamond cylinders where
two different unit cell volumes were used in the outer and inner parts of the cylinder. This design
approach resulted in free nodes of outer layers that are not connected to inner layers, which caused a
negative effect on the mechanical properties. Another approach frequently used to generate gradient
structures is based on a sharp change in strut diameter between layers [41,42]. This design principle
also results in a mismatch between layers negatively effecting the mechanical properties as well as
tissue ingrowth and mineralization [42].

Recently, there have been a few investigations aiming to overcome the problem of a mismatch
between layers by designing continuous gradient structures which consists of gradually changing
strut diameters between layers. For example, Han et al. [43] reported the mechanical properties
of SLM-fabricated pure titanium Schwartz diamond unit cell and demonstrated the layer-by-layer
sequential failure of these gradient scaffolds. Maskery et al. [44] also showed the layer-by-layer gradual
collapse of gradient scaffolds using SLM-fabricated AlSi10Mg gradient BCC structures. These two
studies highlighted that the deformation and energy absorption of gradient lattices is more predictable
than the uniform lattices due to the lack of diagonal shear band formation during deformation.
In another study Ti6Al4V cubic and honeycomb lattice structures [45] were combined to a gradient
structure with a continuous density change and it was shown that this design had a superior energy
absorption properties compared to their uniform counterparts. Although the aforementioned studies
on the mechanical properties of continuous gradient structures indicate promising results; the selection
of unit cells, materials as well as their in vitro and in vivo response need to be better understood.

In this work, we introduce a concept of generating continuous gradient structures by changing
the strut diameter linearly across cell layers which enables a smooth transition between layers.
To demonstrate the benefit of this design principle, we apply it to the BCC unit cell and create
gradient structures with rising or decreasing pores sizes. These gradient structures were mirrored
from the central horizontal axis to obtain a symmetrical sample. Their mechanical properties were
obtained by uniaxial compression tests and cell attachment and proliferation were assessed with murine
pre-osteoblast cells. It will be shown that gradient scaffold can be tailored to fulfil the mechanical
properties required and simultaneously improve biological response.

2. Materials and Methods

2.1. Design and Fabrication of Ti6Al4V Gradient Cellular Structures

The lattice structures were designed with Rhinoceros v5 in the RhinoPython environment.
A custom-made parametric script was developed to create the lattice models with continuous gradient
structures. The scaffold structure is defined by its type (BCC) (Figure 1a) and size in each of the cardinal
directions, and has a changing strut diameter based upon a polynomial equation, see Equation (1).
The diameter of the strut is calculated at a minimum or three locations, evenly spaced along its length
based on the location of the strut, and lofted to create a smooth transition between radii.

n,(x,y,z)

Diameter = c + Z An(w,z) (‘P(x,y,z)

n
Py ) M
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P(x,y,z) is the
absolute current coordinate position in the relevant axis (x, y, or z), P(y ; »)  is the gradient origin in
each of the relevant axes, defined over n polynomial terms.

In the case of linear gradient in a single axis, only a single term (A,) is required, simplifying the
Equation (1) to following;:

Here c is constant, A, (292) is the gradient value in the current cardinal direction,

Diameter = ¢ + Ax(Px — Px,) )

It should be noted that by adding y and z terms in Equation (2) will modify the nature of the
gradient and allow to produce 3D gradient scaffolds.

(a)

BCC

Dense-In Dense-Out

% L
Loe Lol o N
* * o
* ¢ ¢ ¢ o

Figure 1. (a) Gradient BCC unit cell showing continuous transition at the unit cell junctions, (b) CAD
view of the gradient BCC lattice scaffold; the arrows show the gradual increase in strut diameter and the
highlighted areas show the gradually changing pore size and strut diameter along the scaffolds” height;
Dense-In scaffold has increasing strut diameter towards the center, whereas Dense-Out follows the
opposite trend; (c) SLM-fabricated specimens with dimensions of 10 x 10 x 12 mm?, from left to right:
uniform BCC lattice scaffold with 0.6 mm strut diameter, Dense-In and Dense-Out scaffolds.
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To demonstrate the benefit of this concept, we designed two gradient structures with dimensions
of 6 x 10 x 10 mm?3, mirrored in the x-axis to create lattices of 12 x 10 x 10 mm?. In this case a gradient
value Ay was set to 0.07 (mm/mm) and a constant ¢ equal to 0.4 mm. The choice of the parameters
is motivated by manufacturability of the struts and leads to a minimum diameter of 0.4 mm and a
maximum of 0.82 mm over the 6-mm lattice. When gradient design was mirrored from the thinner
strut plane, it is named as Dense-Out and when mirrored from the thicker strut plane, it is named
as Dense-In. For comparison of the mechanical and biological response of gradient structures, we
also created three uniform BCC structures which utilize the same strut diameters as present in the
gradient structure, namely 0.4, 0.6, 0.8 mm. These uniform BCC structures are denoted U0.4, U0.6 and
U0.8, respectively.

It should be noted that the developed script is not limited to the BCC unit cell and a large library
of common unit cells was programmed allowing us to generate a smooth gradient between layers and
tailor their size and local and total porosity.

The uniform and gradient BCC structures were fabricated by selective laser melting (SLM) process,
described in [46], using a MLab Cusing machine (Concept Laser, Lichtenfels, Germany). Ti6Al4V-ELI
powder supplied by Falcon Tech Co., Ltd. (Wuxi, China) that satisfies ASTM F136 with diameter range
of 15-53 um was used for laser melting process. The Ti6Al4V samples were fabricated using a laser
power of 95 W, scan speed of 600 mm /s with a hatch distance of 0.08 mm, the beam spot size of 50 (-5,
+25) um, with oxygen content less than 0.2% in an argon atmosphere and the layer thickness of 25 um.
The samples were built on top of a solid titanium plate and were removed by using Electrical Discharge
Machining (EDM, AgieCharmilles CUT 30P, GF, Losone, Switzerland). All samples were 12 mm in
height with a cross-section of 10 x 10 mm?. After the samples were removed from the build plate, they
were washed in an ultrasonic bath containing ethanol for 4 h to aid in removing the unmelted particles
from the surface of the samples. No further surface modifications or heat treatments were applied to
the scaffolds.

2.2. Morphological Analysis

Morphological properties were characterized by three methods: scanning electron microscope
(SEM), digital densitometry and gas pycnometry. Pore size and strut diameter were measured using
SEM (FEI Nova NanoSEM, Thermo Fisher Scientific, Hillsboro, OR, USA) images. The average of
four pore sizes and strut diameters was calculated for each specimen. The volume fraction of the
samples was measured by both gas pycnometry and digital densitometry. A digital densitometry
(SD-200L, AlfaMirage, Osaka, Japan) adopts the Archimedean principle with liquid displacement.
Three specimens of each sample were used to measure the volume fraction. In addition to densitometry
measurements, the volume fraction of each sample were measured by a gas pycnometry (AccuPyc
1330, Micromeritics, Norcross, GA, USA) with helium gas in 3 repeats. The pycnometry measures
the density of solid materials by employing gas displacement and Boyle’s Law of gas expansion.
The volume fraction values measured by gas pycnometry were compared with the values obtained
from the CAD designs.

2.3. Measurement of Mechanical Properties

A minimum of five specimens of each uniform and gradient structure were mechanically
tested under compression using an Instron 5982 universal testing machine with a 100 kN load cell.
Following the standard for compression test for porous and cellular metals (ISO 13314:2011), a constant
cross-head velocity of 0.72 mm/min was utilized corresponding to a compression strain rate of
1073 s~1. The measurements were recorded after a preload of 50-70 N to avoid the initial settling of
the samples between plates. A series of images were captured every 1 s during compression testing to
record the deformation response of the samples.

The engineering compressive stress was calculated by normalizing the applied compression
load with the initial cross-section area of each sample (10 x 10 mm?) and the engineering strain
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was calculated by the displacement of the cross-heads. The stress-strain curves of each sample were
analyzed and the following mechanical properties were calculated based on the guidelines of the
ISO Standard 13314:2011: first maximum compressive strength (omax) (the first local maximum in the
stress-strain curve), 0.2% offset yield stress (oy), the elastic gradient (E(520-550)) (the gradient of the
elastic straight line between stresses of 20 and 50 MPa). The ISO Standard recommends determining
the elastic gradient between stresses of 20 and 70 MPa; however, since 70 MPa was higher than the
0.2% yield stress point for some of the samples, 50 MPa was adopted for all samples.

2.4. Cell Viability, Proliferation and Morphology

MC3T3-E1, Subclone 4, preosteoblast cells (ATCC® CRL-2593™, Manassas, VA, USA) were
cultured in a-MEM medium (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%
antibiotic/antimycotic solution (Gibco) in a humidified incubator at 37 °C, 5% CO,. As-fabricated
Ti6Al4V uniform and gradient porous structures were cleaned by successive washes with ethanol and
phosphate buffer saline (PBS). Subsequently, specimens with dimensions of 10 x 10 x 12 mm?
placed in a 24-multiwell plate with 3 repeats and seeded at a density of 1 x 10° cells per specimen.
In parallel, positive control wells containing SLM-fabricated solid samples were set up. Before any
evaluation, all scaffolds were transferred into a new 24-multiwell plate.

Cell viability was assessed at 4 h, 4 days and 7 days after cell culture using the MTS assay (Cell Titre
96 Aqueous One Solution Cell Proliferation Assay, Promega, Madison, WI, USA). After 2.5 h incubation
with MTS reagent, 100 uL of solution from each well were transferred into a 96-multiwell plate and the
optical absorbance (OD) was measured at 490 nm with a microplate reader (Thermo Scientific™
Multiskan Spectrophotometer, Vantaa, Finland). The degree of cell attachment and spreading
was studied by immunofluorescence staining. Samples were fixed with 4% paraformaldehyde
(PFA) for 20 min and stained with ActinRed™ 555 ReadyProbes® Reagent (Molecular Probes™,
Gaithersburg, MD, USA) following the manufacturer’s instructions and Hoechst 33342 (10 pug/mL)
(Thermo Scientific™, Rockford, IL, USA) for 30 min. After immunostaining, the top and bottom of the
specimens were examined by fluorescence microscopy (Nikon Eclipse Ti, Tokyo, Japan).

Cell morphology was characterized by scanning electron microscope (SEM) at 4 h, 4 days and
7 days of cell culture. Cells on the specimens were fixed with 2.5% glutaraldehyde in 0.1 M of
sodium cacodylate buffer for 2 h and postfixed in 1% osmium tetroxide for 1.5 h at room temperature.
Specimens were dehydrated with a gradient series of ethanol (50%, 70%, 80%, 90%, 95% and 100%)
followed by a hexamethyldisilazane (hmds) drying procedure. The specimens were sputter coated
with gold and inspected using a FEI Nova NanoSEM.

were

2.5. Statistical Analysis

Statistical analyses were performed using SPSS Statistics 20.0 (SPSS, Inc., Chicago, IL, USA).
Data were presented as mean + standard deviation (SD). One-way analysis of variation (ANOVA)
together with Tukey-Kramer post-hoc analysis were used to identify significant differences
(significance threshold: p < 0.05).

3. Results

3.1. Morphology of Porous Scaffolds

The key morphological parameters of the scaffolds, such as pore size and strut diameter, were
measured by SEM and presented in Table 1. The measured strut diameters were larger than the original
designs for all samples due to the adhesion of the semimolten powder on the surface (Figure 2b).
We measured average surface roughness, R,, using a Mitutoyo Surftest S]400 and found it to be
around 10 um. This is in agreement with the reported values of surface roughness of SLM printed
lattice structures [47]. In addition, volume fraction was quantified using the gas pycnometry and
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densitometry (Table 1). The volume fraction values were derived directly from the pycnometry and
calculated from the densitometry, based on the following equations:

V = (Wy — Wy)/0.9971 3)

Vi(%) = V/Vi (4)

Table 1. The morphometric parameters of uniform and gradient BCC structures based on CAD designs,
gas pycnometry, digital densitometry and SEM.

Porosity (%) Pore Size (mm) Strut Diameter (mm)
Scaffold G Diff
N . as . ifference . .
ame Design Pycnometry Densitometry (%) Design SEM Design SEM
U0.4 82 71.87+0.01  71.45+0.02 13 1.51 1.14 +0.03 0.40 0.57 £0.01
U0.6 64 53.06 £0.01  51.11 £ 0.01 17 1.26 0.94 £0.05 0.60 0.77 £0.01
Uo0.8 44 33.78 £0.01  31.86 £ 0.01 23 1.02 0.73 £0.03 0.80 1.06 + 0.02
1.33 1.04 +0.02 0.40 0.59 £0.01
Dense-In 62 50.73 £0.01  49.38 = 0.01 18 1.13 0.83 £0.01 0.61 0.72 +£0.01
0.94 0.74 £ 0.07 0.82 0.92 £0.03
0.94 0.62 +0.02 0.82 0.91 +0.02
Dense-Out 62 51.90 £0.02  50.01 £ 0.01 16 1.13 0.82 £ 0.02 0.61 0.74 £0.01
1.33 0.98 £ 0.03 0.40 0.59 &+ 0.01

Figure 2. SEM image of (a) a gradient Dense-Out structure, demonstrating the change in strut

diameter and pore size along the scaffold, (b) higher magnification view of the struts showing attached
semi-molten powders.

Here, V is the volume of the scaffolds, W, is the weight measured in air, Wy, is the weight
measured in water, 0.9971 is the density (g cm~3) of distilled water at 25 °C and 1 atm, Vris the volume
fraction in percent, V; is the total volume obtained from the outer dimension of the scaffolds, which is
1.2 cm? for all. The porosity of the scaffolds is defined as 100-Volume fraction (%).

The measured values of volume fraction were smaller than the designed volume fraction values
for all samples. The difference between the original designs and pyconometry results was around
13-23%. These deviations are as expected since the as-fabricated strut diameters were larger than
the original designs, resulting in smaller pore sizes than the intended geometry. This difference
is characteristic to SLM process and is caused by effects such as staircase stepping due to layered
manufacturing and melt pool variation due to residual stresses [48].

Strut diameter change along the gradient BCC scaffolds was noticeable in SEM images, (Figure 2a),
confirming that the desired graded porosity was successfully achieved by the SLM process. The pore
size of gradient Dense-In scaffold was varied from 1.14 mm to 0.74 mm, whereas it was between
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0.62 mm to 0.98 mm for gradient Dense-Out scaffold. Measured porosity of the gradient Dense-In and
Dense-Out scaffolds were almost identical due to symmetric design along the horizontal center plane.

3.2. Mechanical Properties of Porous Scaffolds

The compressive nominal stress—strain plots of uniform and gradient BCC structures are
presented in Figure 3. The stress—strain curves exhibit characteristic stages of deformation for cellular
solids [10,49], including linear elastic region, followed by plateau region with fluctuating stresses.
The uniform structures showed similar behavior under compression; however, they reached different
levels of maximum stress and possess different elastic moduli. The stress—strain curves for gradient
structures also showed initially similar behavior to the uniform scaffolds. After the onset of plasticity
an abrupt structural collapse was observed in uniform scaffolds, but not in the gradient scaffolds.
Furthermore, the fluctuating degree of plateau region was more distinguished for the uniform scaffolds
than the gradient scaffolds.
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Figure 3. Nominal stress—strain curves for uniform and gradient structures.

The elastic gradient between stresses of 20 MPa and 50 MPa (E 420-450)), the 0.2% offset yield stress
(0y) and the first maximum compressive strength (omax) of the scaffolds are summarized (Table 2).
Elastic modulus, yield stress and compressive strength increases with extension in strut diameter
of the uniform structures or decrease in porosity. Aligned with the expectations of composite rule
of mixtures [50], the values of elastic modulus, compressive strength and yield stress of gradient
structures lie between those values of the uniform structures. No significant difference between elastic

modulus of gradient structures and Uniform 0.6 sample was observed (Supplementary document
Figure S1).
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Table 2. The summary of the mechanical properties of uniform and gradient BCC structures measured

by compression tests. (Mean + SD).

Scaffold Name E 520-050 (GPa) oy (MPa) Omax (MPa)
U0.4 1.6 0.2 53+4 74+ 2
U0.6 46 +04 192 + 14 256 + 4
U0.8 9.0+ 0.6 392 + 14 532 £ 11

Dense-In 3.9+08 114 £ 8 150 &+ 17
Dense-Out 3.5+05 86 + 11 128 £8

Relative modulus (E/Ej) against the measured volume fraction (%) is plotted in Figure 4.
Elastic modulus was normalized relative to the values of solid Ti6Al4V (110 GPa). The observed
average trend shows a positive power relation with the volume fraction and this trend corresponds to
theoretically expected behavior of bending-dominated structures [10,51]. Results of a similar study
from the literature were used to support our data [52]. The gradient structures were not considered for
the power law curve since their volume fraction is similar to U0.6 specimen.

10 4

= Uniform BCC
A  Gradient BCC .

g 4|8 Uniform BCC [52] ’
~ ||- - - Power fit Ji
I ’

/
ERry .
3 /
el /
§ /
0, y=0.0019x2"" pud
& R’=0.999 P
x p
(]
o v, ’
rd
2 .
_
0 = 'nl ’n' T T T T T L] T
0 10 20 30 40 50 60 70

Volume Fraction (%)

Figure 4. Relative elastic modulus vs volume fraction (%) of uniform and gradient BCC structures.

Power law curve and equation was fitted on the uniform BCC structure data and demonstrates

bending-dominated behavior.

Images of the initial stage and the progressive failure of uniform and gradient structures recorded
during the compression tests (Figure 5) show that the major failure bands were formed at a 45° angle
from the loading direction for all uniform BCC structures. For the gradient structures, the fracture
initiated from the thinnest struts, that is at the top and bottom plane for Dense-In and in the
middle for Dense-Out. This diagonal shear collapse of uniform structures is typical behavior of
BCC structures [52-54] and other structures with different cell geometries [55,56] owing to strut

bending at lattice joints [51].



Metals 2018, 8, 200 10 of 21

Figure 5. Failure modes of (a) U0.4, (b) U0.6, (c) U0.8, (d) Dense-In, (e) Dense-Out structures.
Left images (subscript 1) represent the initial state and middle (subscript 2) and last right images

(subscript 3) present the progressive failure. Highlights represent the observed regions of deformation
and failure. (Scale bars = 10 mm).

3.3. Cellular Response to Porous Scaffolds

In order to determine the ability of the scaffolds to interact with cells, the adhesion of MC3T3-E1
preosteoblast cells on the gradient, uniform and solid scaffolds were determined by MTS assay after
4 h of incubation and showed no significant difference in cell seeding between the scaffolds (Figure 6).

In order to determine the extent of cell proliferation on the scaffolds, an MTS assay was performed
after 4 and 7 days of culture. The uniform scaffolds showed a trend of decreasing cell number with
increasing strut diameter at both days 4 and 7 (Figure 7). For the U0.4 and U0.6 scaffolds the number
of cells approximately doubled across this time period whilst there was only a 70% increase on the
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U0.8 scaffold (Figure 8), further extending the difference in cell number between the samples. For the
gradient scaffolds, there were no significant differences in cell number on day 4. However, from
day 4 to day 7, there was almost a 400% increase in cell numbers on the Dense-In scaffold but only
20% increase in cell numbers on the Dense-Out scaffold, resulting in significantly fewer cells on the
Dense-Out scaffold as compared to the Dense-In scaffold on day 7. Although solid control sample
showed the highest cell number at day 7, the percentage increase from day 4 to day 7 was largest for
Dense-In scaffold. The final cell number on the Dense-Out scaffold was comparable to that of the
U0.8, with both scaffolds having similar diameter of the outermost struts of the design. These results
suggest that the scaffolds having thinner struts or larger pores on their outside surface (such as U0.4
and Dense-In) were more favorable for cell proliferation than the scaffolds having thicker struts or
smaller pores on their outer surface. Given that the surface area of Dense-In and Dense-Out is identical
as a result of their symmetrical design, it can be said that the cell viability was independent of surface
area in this study.

Further to cell proliferation, cell distribution on the uniform and gradient scaffolds was studied by
staining and imaging the cell nuclei and actin cytoskeleton. After 4 h of incubation, all of the scaffolds
had similar cell distribution on their top surface (i.e., the surface onto which the cells were seeded)
(Figure 9). The lack of cells at the bottom of the scaffolds suggests that most of the initial attachment
was on the top surface. After 4 days, substantially more cells were observed both on the top and
bottom surfaces of the U0.4 and Dense-In scaffolds, whereas there were no noticeable differences on
the other scaffolds between 4 h and day 4 time points (Figure 10). At day 7, all the scaffolds had high
density of cells on their top surface; whilst, the bottom surface of U0.6, U0.8 and Dense-Out scaffolds
had almost no cells. In contrast, the bottom surface of U0.4 and Dense-In scaffolds had visibly higher
cell densities.

1.5+
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3 T T
<
o 0.5-
(@)
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O > © ? ¢ &
SN s O

Figure 6. Adhesion of cells to uniform and gradient porous structures and to solid control sample as
measured by MTS assay after 4 h. The optical absorbance (OD) was measured at 490 nm. Data are
presented as mean & SD (n = 3). No statistically significant differences were observed between scaffolds.
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Figure 7. Cell proliferation measured by MTS assay after culturing 4 and 7 days on the uniform and
gradient porous structures. The optical absorbance (OD) was measured at 490 nm. Data were presented
asmean £ SD (n =3). (* p <0.05, ** p <0.01, *** p < 0.001 when compared using ANOVA Tukey—Kramer

post-hoc test).
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Figure 8. Percentage increase in od absorbance of the scaffolds from day 4 to day 7.
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Figure 9. Fluorescence micrographs representing merged Hoechst stained nucleus (blue) and actin
cytoskeleton (red) of MC3T3-E1 preosteoblast cells on the uniform and gradient BCC structures after

culturing for 4 h. Top represents the side where cells were seeded onto the samples.
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Figure 10. Fluorescence micrographs representing merged Hoechst stained nucleus (blue) and actin
cytoskeleton (red) of MC3T3-E1 preosteoblast cells on the uniform and gradient BCC structures after

culturing for 4 days and 7 days. Top represents the side where cells were seeded onto the samples.

Despite the difference in cell proliferation and migration on the different scaffolds, cell morphology
was similar for the scaffolds when the images were taken from the top surface (Figure 9). SEM images
taken from the middle and bottom part of the scaffolds supported the findings of fluorescent images
showing differing cell penetration depth profiles for the varying scaffold structures (Supplementary
document Figures S2-56). The number of cells decreased in the middle and bottom parts of the U0.8
and Dense-Out scaffolds, as compared to U0.4 and Dense-In scaffolds. Cells were noticed to form a
sheet-like elongated matrix (dashed line) (Figure 9). Moreover, the morphology of cells presented a
high density of filopodia-like projections (red arrows) extending from the leading edges of cells and
interacting with the substrate. The interaction between cells and substrate observed by SEM (Figure 11)
shows that cells attach both on and between the unmelted powders, indicating that SLM process are
beneficial to cell attachment and colonization.
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/
@
Figure 11. SEM images of the MC3T3 preosteoblast cells after culturing for 7 days on the top surfaces
of (a) U0.4, (b) UO0.6, (c) U0.8, (d) Dense-In, (e) Dense-Out, (f) solid scaffolds.

4. Discussion

In this work, the effect of gradient porous structures on both biological response and mechanical
behavior is investigated. The generated gradient structures, denoted as Dense-In and Dense-Out,
utilize gradual change in diameter and therefore minimize the stress concentration at the lattice
junctions. The designed pore sizes changed from 940 pm to 1330 um for the gradient scaffolds.
The deviation of pore size and strut diameter between CAD design and fabricated scaffolds were
within an expected range [57] and was attributed to surface irregularities [58]. The deviation for each
scaffold was similar, demonstrating the consistency of the SLM fabrication process. Porosities of the
uniform scaffolds varied from 32% to 72%, and both gradient structures had a porosity of 50%. SEM
images revealed that all scaffolds had unmelted powder attached to the surface of the struts due to
layered manufacturing and melt pool variation during the SLM process.

The stiffness of the tested scaffolds varied in the range of 1.6 to 9.0 GPa, which aligns with the
stiffness range of the trabecular (0.4 GPa [59,60]) and cortical bones (3-20 GPa [5,24]). The yield stress
values of the scaffolds were in the range of 53 to 392 MPa, which lies in the range of cortical bones
(33-193 MPa [24,61]), but it is not suitable for a replacement of trabecular bone, 2-17 MPa [60].
Considering the scaffolds presented in this study aim to be used as load-bearing implants for
replacement of cortical bones, the yield stress and elastic modulus values satisfy the mechanical
property requirements.

Table 2 shows that the elastic modulus, yield stress and maximum compressive strength values
increase as the strut diameter increases or porosity decreases. The mechanical properties of gradient
structures lie in the range of representative values of uniform structures and can be predicted based on
an assumption that gradient structures are composites of uniform layers of the same diameter struts.
Based on this assumption, the elastic modulus of gradient structure in uniaxial compression can be
calculated through the general rule of mixtures [42,50]:

11 1 1
EGradient  3Euos  3Euoe 3Euos

©)
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Using Equation (1), elastic modulus of gradient structure was calculated to be 3.2 GPa,
which is comparable to the measured values of 3.9 and 3.5 GPa for Dense-In and Dense-Out
scaffolds, respectively.

The deformation response of uniform BCC structures follows the bending-dominated behavior
with diagonal shear collapse. Interestingly, the failure mechanism of gradient structures was
different due to sequential layer collapse and various deformation stages occurring simultaneously.
Thinner struts reached the densification stage (when two opposite cell walls come together as the pore
size decreases) while the thicker struts were still in the plateau region during the compression test.
The predominant fracture band of gradient structures was initiated at the thinnest struts due to high
stress concentrations on the thin strut junctions. This failure mechanism has also been noted in other
studies [44,45].

Further to mechanical behavior studies, we analyzed the in vitro response of the scaffolds with
preosteoblast cells. The degree of cell attachment was similar for all scaffolds, but cell proliferation
and colonization were significantly different. Scaffolds with a thin strut diameter on the periphery
(U0.4 and Dense-In) allowed cells to populate throughout the scaffold whereas those with a thicker
outer strut (U0.6, U0.8 and Dense-Out) did not allow cells to migrate to the bottom surface, suggesting
that cells were entrapped at the smaller pore size region (top surface). Consequently, the proliferation
rate of cells on these scaffolds was markedly less. Although this immobilization behavior of the
preosteoblast cells when seeded from small pore size region was observed in the previous studies
of Nune et al. [38,39], the underlying reason for this behavior is still unknown. The smallest pore
size in our scaffolds were 940 um which is larger than the suggested pore size (100-300 pm) for cell
colonization and migration [62,63]. In addition, the smallest pore size is much larger than an average
size of a MC3T3-E1 pre-osteoblast cells (2040 pum, Figure 9). It is not yet clear why thicker struts on
the scaffold periphery inhibit cell activity whilst the thick struts on the interior of the Dense-In scaffold
did not deter colonization of cells through the whole structure.

Our results suggest that the surface area does not affect the cell attachment and proliferation.
The large surface area of the U0.8 scaffold, due to its large strut diameters, was expected to promote
cell attachment and growth; however, it showed the lowest cell number at day 7. Similar behavior was
observed for the gradient structures, which possessed equal surface area but showed a large difference
in cell number. It is therefore likely that, parameters other than the surface area of the scaffold affected
the cell colonization. Identification of the specific factors would require further clarification but could
include the flow conditions and cellular aggregation [39]. In addition, it would be interesting to assess
whether vascularization happens more quickly or easily with larger pores on the periphery than the
smaller pores on the periphery.

In recent years, additively manufactured gradient structures for tissue engineering have been
studied [37-39,41,44,64,65]; however these studies either focused on the mechanical properties or
biological response independently. In this work, the biological and mechanical responses were
assessed simultaneously allowing us to study the overall impact of the designed geometry of the
scaffolds. Our results suggest that when designing a porous gradient structure, both biological and
mechanical requirements must be considered concurrently, since their requirements are opposing.
The compression test results demonstrate the benefit of utilizing smaller pore size in increasing the
stiffness and strength of the porous scaffolds; whereas, the cell proliferation data suggests that scaffolds
with larger pore size in their outer surface favors cell proliferation. Therefore, it can be concluded
that gradient scaffolds provide a possible solution for overcoming the conflicting requirements of
bone tissue implants. Gradient structures with decreasing pore size towards their center can provide
the required strength and stiffness, while simultaneously promoting cell colonization throughout the
whole scaffold. The Dense-In scaffold fabricated in this study has an elastic modulus of 3.9 GPa which
is in the range for those of cortical bone [5]. Furthermore, this scaffold has a varying pore size ranging
from 1330 pm on the outside to 940 pm at the core. These values have been previously reported to be
favorable for cell colonization as well as bone ingrowth and vascularization [66-68].
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In summary, an ideal scaffold for bone regeneration should facilitate cell attachment, infiltration
and matrix deposition to guide bone formation [69] as well as providing initial mechanical support
to the surrounding bone [70]. Porous titanium scaffolds can meet the mechanical strength and bone
formation requirements without osseoinductive biomolecules [68]; however, the pore size of the
scaffolds needs to be high for bone-ingrowth whereas, as the porosity increases, the mechanical
strength and integrity of the structure decreases [71]. Gradient structures represent an ideal candidate
to overcome these opposing requirements of high porosity and mechanical strength.

Our study demonstrated the benefit of the gradient scaffold with larger pores in its outer surface
in terms of gaining optimum mechanical strength and promoting cell attachment and colonization.
In addition, this framework demonstrates that mechanical properties can be tailored through gradient
structure design and simultaneously improve the biological response. This approach therefore holds
significant promise in the development of orthopedic implants, where the location of the implant and
the corresponding loading condition can dictate the implant topology.

5. Conclusions

This work combined and assessed the in vitro behavior and mechanical response of gradient and
uniform porous scaffolds for bone tissue engineering. For this purpose, five different BCC structures
were fabricated using selective laser melting technology. Static mechanical properties of the gradient
structures followed the rule of mixtures and the obtained values are in the range of those corresponding
values for uniform structures. The mechanical properties of all studied scaffolds are comparable to
the reported mechanical properties of the cortical bone. Quantitative analysis of cell viability showed
higher cell colonization and proliferation rates for scaffolds with large pores (1000-1100 pm) in their
outer surface after 4 and 7 days of culturing. However, when comparing the mechanical properties of
structures with this comparable biological activity, the uniform U0.4 scaffold showed less than half of
the respective mechanical properties for the Dense-In scaffold. The combined results of compression
tests and in vitro biological analyses indicate that the Dense-In scaffold is an ideal porous structure to
balance mechanical and biological performances to meet the requirements of load-bearing implants.
Based on the results presented in this work, optimal gradient structures should possess small pores
in their core in order to increase their mechanical integrity and strength while large pores should be
utilized in their outer surface to avoid pore occlusion. We suggest that this approach could be widely
used in the design of orthopedic implants to maximize both the mechanical and biological properties
of the implant.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2075-4701/8/4/200/s1,
Figure S1: Mechanical properties of the scaffolds; Figures 52-S6: Observation of cell morphology and distribution
along the scaffolds by SEM.
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4.4. Supplementary Data

The supplementary data file was submitted and published together with the manuscript and
includes extra images and graphs to represent the data presented in the paper in other forms.
Figure 4. 7 shows the mechanical properties of the structures in bar graphs to present statistical
difference between the structures. The real values of compressive mechanical properties are
given in the manuscript (Table 2). Figure 4. 7 shows that there is no significant difference in

elastic modulus of Uniform 0.6 and gradient BCC structures.

Mechanical properties of the Scaffolds
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Figure 4. 7 Compressive mechanical properties of uniform and gradient BCC structures. Data were
presented as mean + SD (n=5). (**** p<0.0001 when compared using ANOVA Tukey-Kramer Post-
Hoc) (Supplementary Figure 1).

Cell Morphology and Distribution along the Scaffolds

SEM images taken from the top, middle and bottom surfaces of all of the structures supported
the findings about the cell penetration profiles presented in Figure 10 of the manuscript.
However, as the SEM images needed to be presented in larger size for better visibility of the
attached cells, these SEM images were found to be more suitable to be included in
Supplementary data. These images shows that cell penetration is deeper in U0.4 and Dense-In
scaffolds, supporting the idea that scaffolds with thinner struts in their outer surface allow
higher cell migration throughout the scaffold.
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Figure 4. 8 SEM images of U0.4 scaffold incubated with MC3T3-E1 cells for 7 days. Images from top
to bottom refers to respectively the top, middle and bottom surface of the scaffold along the vertical
plane. Sells were seeded from the top surface. Cells were observed in all surfaces (Supplementary
Figure 2).
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Figure 4. 9 SEM images of UO0.6 scaffold incubated with MC3T3-E1 cells for 7 days. Images from top
to bottom refers to respectively the top, middle and bottom surface of the scaffold along the vertical
plane. Sells were seeded from the top surface. The number of cells decreased towards to the bottom
surface. Highlights were used to point out cells when they are not visible (Supplementary Figure 3).
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Figure 4. 10 SEM images of U0.8 scaffold incubated with MC3T3-E1 cells for 7 days. Images from
top to bottom refers to respectively the top, middle and bottom surface of the scaffold along the
vertical plane. Sells were seeded from the top surface. The cell distribution was non-uniform in all
surfaces and there were less number of observed cells throughout the scaffold (Supplementary Figure
4).
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Figure 4. 11 SEM images of Dense-In scaffold incubated with MC3T3-EL1 cells for 7 days. Images
from top to bottom refers to respectively the top, middle and bottom surface of the scaffold along the
vertical plane. Sells were seeded from the top surface. Cells were observed in all surfaces, but the
distribution of cells was non-uniform on the bottom surface (Supplementary Figure 5).

138 of 223



Chapter 4. Functionally Gradient Porous Structure

Nova NanoSEM

Figure 4. 12 SEM images of Dense-Out scaffolds incubated with MC3T3-EL1 cells for 7 days. Images
from top to bottom refers to respectively the top, middle and bottom surface of the scaffold along the
vertical plane. Sells were seeded from the top surface. There were no visible cells in the scanned
regions (Supplementary Figure 6).
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4.5. Conclusion of the Chapter

In this work, the effect of gradient porous structures on both biological response and
mechanical behaviour was investigated. The gradient designs were termed “Dense-In” and
“Dense-Out”. Both designs had gradually changed pore sizes from 940 um to 1330 um. The
mechanical properties, stiffness and strength of these scaffolds were found to be comparable
to the properties of cortical bone. The rule of mixture was proposed to calculate the mechanical
properties of gradient designs based on an assumption that gradient structures are composites
of uniform layers of the same diameter struts. The deformation mechanism of gradient
structures was by sequential layer collapse, whereas uniform BCC scaffolds failed by diagonal
shear collapse.

In-vitro tests with MC3T3 preosteoblast cells showed that the degree of cell attachment was
similar for all scaffolds, however cell proliferation and colonization were significantly
different. Scaffolds with a thin strut diameter on the periphery (U0.4 and Dense-In) allowed
cells to populate throughout the scaffold whereas those with a thicker outer strut (U0.6, U0.8
and Dense-Out) did not allow cells to migrate to the bottom surface, suggesting that cells were

entrapped at the smaller pore size region (top surface).

Combined results of biological and mechanical studies suggest that optimal gradient designs
for bone implant use should have decreasing pore size towards their centre, which can provide
the required strength and stiffness, while simultaneously promoting cell colonization
throughout the whole scaffold. This study also demonstrates the importance of assessing the

biological and mechanical performance of the bone scaffolds simultaneously.

In summary, this work provides important insights into the design and manufacturing of
functionally gradient porous bone scaffolds. Following this work several new studies adopted
gradient designs with continuous and gradual change. For example, Zhang et al. [211, 212]
investigated the effect of functionally graded structure on permeability and mechanical
properties of the scaffolds for bone tissue engineering. Functionally graded diamond structures
exhibited a low density (1.9 g/cm®), a moderate Young’s modulus (10.44 GPa), a high yield
stress (170.6 MPa), a high maximum stress (201 MPa) and favourable ductility, being superior
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to the uniform diamond structures in comprehensive mechanical properties [212]. Functionally
gradient structures were also found to show comparable permeability values to those of human

proximal tibia [211].

Mahmoud et al. [213] investigated the manufacturability of porosity-graded triply periodic
minimal surfaces (TPMS) lattice structures and looked at different laser scanning strategies.
They showed that the effect of different scanning strategies on the morphological quality relies
highly on the design volume fraction of the unit cell design. Liu et al. [214] manufactured
gradient scaffolds based on the gyroid and diamond unit cells and suggested that with gradient
designs, the porous surface area can be altered without sacrificing the relative density and

mechanical properties.

Overall, it can be concluded that the functionally gradient structures with continues gradient
change are promising candidates for bone scaffolds. Future work in this field can be extended
to investigate in-vivo performance of the gradient scaffolds to assess their osseointegration and

mechanical performance.

141 of 223



Chapter 5. Single Point Exposure Scanning Strategy for SLM

Chapter 5. Single Point Exposure Scanning

Strategy for SLM

142 of 223



Chapter 5. Single Point Exposure Scanning Strategy for SLM

5.1. Introduction

As presented in Chapter 1, lattice structures offer unique benefits to a part, including high
stiffnes-to-weight ratio, superior energy absorption capability, open porous network for tissue
growth, enhanced thermal management and many more. AM technologies have made it
possible to fabricate the complex lattice scaffolds with high-performance materials, i.e.
Ti6Al4V. Most of the research literature on additive manufacturing of lattice stuctures have
focused on topology optimisation, porosity and mechanical properties [133, 159, 215-217].
Static mechanical and fatigue behaviour characterisation are among the most popular studies
due to their importance for biomedical and aerospace products. These studies on the lattice
structures, as well as Chapter 4 and 6 of this thesis, show that unit cell shape, size and porosity
distribution are important design parameters controlling the mechanical response of lattice
properties. However, other parameters such as manufacturability, quality and microstructure
are as significant as topology and density in controlling the mechanical properties. The limited
understanding between manufacturing process parameters, defects and microstructure of lattice
structures motivated us to study SLM process optimisation for lattice structures and formed the

basis of this chapter.

In literature, the most common utilized scanning strategy for SLM is contour and hatching [60,
218, 219], in which the laser beam scans a pre-defined contour and hatches the area inside the
contour to achieve a given geometry based on the 2D slice. Contour and hatching strategy is
proven to work well for fabricating solid parts and lattice structures. However, there are several
problems observed with this scanning strategy. The laser scan may jump and bypass some
hatching scans randomly, which might result in lack of fusion of the powder and pore
formation, and therefore lower part quality. Furthermore, contour and hatching strategy can be
computationally costly for large builds with lattice structures and can cause delays in the file
preparation stage [76].

Alternative strategies such as the single point exposure strategy are largely unexplored in the
literature. A small number of studies [72, 74-76] reported the use of the single point exposure
strategy for fabrication of lattice structures. While these studies have focused on the

relationship between process parameters and mechanical properties, a better understanding of
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some fundamental phenomena such as laser-power interaction, process parameter-
microstructure relationship, and defect formation, is lacking for the SLM of porous structures
with single point exposure strategy. Therefore, this study aims to investigate the influence of
single point exposure strategy on the microstructure formation in Ti6Al4V struts fabricated by

SLM. The work focused on two major points:

e Understanding of laser-powder interaction through a series of >50 sets of processing

parameters for the SLM fabrication of vertical struts made of Ti6Al4V, and

e The effects of (partial) re-melting and latent heat on hardness and developed
microstructure. Re-melting occurs at the strut junctions during SLM and strut junctions

are critical in controlling the mechanical properties of the scaffolds.

The presented work was partially performed at Delft University of Technology, Delft,
Netherlands. Realizer SLM125 was utilised in a point exposure mode to produce vertical
struts. The result of this study is published in Additive Manufacturing journal [220]. Some of
the preliminary work which was not included in the manuscript is presented in Chapter 5.4.2.
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ARTICLE INFO ABSTRACT

Keywords: Single point exposure scanning strategy is a largely unexplored selective laser melting (SLM) technique to
Selective laser melting fabricate lattice structures without an STL file. In this work, we used a series of > 50 sets of processing para-
Microstructure meters to systematically study the SLM fabrication of vertical struts made of Ti-6Al-4 V. In addition, the effects of
Texture

(partial) re-melting and latent heat on hardness and developed microstructure were investigated. We demon-
strate that the strut dimensions could be controlled by the processing parameters with higher energy inputs,
resulting in larger strut diameters up to a saturation point (i.e. 520 um corresponding to 0.5 J energy). The single
point exposure method yielded keyhole shaped pores that were up to 4 times smaller than those observed,
typically when the hatching and contour technique is used. Transmission electron microscopy (TEM) images
revealed ultrafine ("200-300 nm) and homogeneous microstructure in the double-melted specimens as compared
to the classic microstructure of SLM Ti6Al4V observed in the single melted strut: hierarchical o'-laths with
varying sizes (0.1-1 pm). Finally, we investigated the texture and identified the retained (3 phase, which enabled
us to check the Burgers orientation relationship (BOR) between o' and (B phases. This is the first attempt to
systematically study the microstructural features resulting from the single point exposure SLM technique for
lattice structures made from Ti6Al4V, and exhibits the processability window that could be used to engineer the

High performance titanium alloys
Lattice structure

microstructure of such structures.

1. Introduction

The rational design principles [1,2] and advanced additive manu-
facturing (AM) techniques [3-5] have enabled the emergence of a new
class of designer materials [6] where complex topological designs at
smaller scales are used to create unusual properties at larger scales.
These types of designer materials are sometimes collectively referred to
as metamaterials and usually target very specific values of the me-
chanical [7-10], acoustic [11-13], or biomedical [14-17] properties.
Materials with negative values of mechanical and physical properties
(i.e. negative Poisson’s ratio [18,19] or negative stiffness [20-22]),
ultralight materials exhibiting ultrastiff behavior [23], bone-mimicking
mechanical and material properties [24,25], and programmable me-
chanical behavior [26,27] are all examples of such rare properties and,
thus, functionalities.

The topological design of a large number of mechanical metama-
terials, acoustic metamaterials, and meta-biomaterials are based on
lattice structures. It is thus crucial to be able to additively manufacture
complex lattice structures from high-performance materials such as

* Corresponding authors.

high strength metallic alloys. The fact that the porous structure of lat-
tice structures translates into significantly reduced elastic modulus
[28-31] and fatigue life [32-36] highlights the importance of an ef-
fective and defect-free AM process. Many groups are therefore in-
tensively researching AM of metallic lattices made using a variety of
AM technologies, including powder bed fusion techniques such as se-
lective laser melting [37-42] and electron beam melting [3,34,43-45].
One of the most widely used materials is the high strength titanium
alloy Ti-6Al-4V, which has many applications in the aerospace and
biomedical industries due to its exceptional properties, such as bio-
compatibility, corrosion resistance, and excellent fatigue behavior [46].
In this study, we will focus on the lattice structures made from Ti-6Al-
4V using the selective laser melting (SLM) process.

SLM processes could be categorized into two major categories de-
pending on the type of laser source and scanning strategy. While the
first category (contour and hatching) is based on continuous laser
scanning of a pre-defined contour and hatching the area inside the
contour [47-50], the second category of SLM processes works on the
basis of pulsed exposure to the energy source and is sometimes called
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Fig. 1. (a) Laser scanning strategies for the SLM process: Contour hatching and point exposure; (b) A schematic view of the struts in a circular arrangement; (c)
consecutive slices of a BCC scaffold show how individual struts come closer and eventually some overlapped areas form; (d) The fabricated single struts on the build

plate.

the single point exposure method (Fig. 1a). There is evidence suggesting
that for both of those categories the density, microstructure, and me-
chanical properties of the resulting metallic parts are dependent on the
laser processing parameters and build direction [41,51-54]. However,
the vast majority of the studies investigating the microstructure and
mechanical properties of SLM Ti-6Al-4V [49,55] are focused on the
first category. While bulk parts made by the first category of SLM
techniques have received the most attention [46,56], there are also

some studies [47,53,57,58] on the lattice structures made by the con-
tour and hatching technique.

The relationship between the processing parameters and the re-
sulting density, microstructure, and mechanical properties of the lattice
structures made with the single point exposure technique are mostly
unexplored, save for a handful of studies [59-62]. This lack of under-
standing is a major limiting factor hindering the practical applications
of the single point exposure technique for fabrication of lattice
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structures, despite the inherent advantages of low computational cost
and increased productivity. Most importantly, it is relatively straight-
forward to establish a direct relationship between the parameters of the
SLM process on the one hand and the spatial distribution of energy
within the individual struts of the lattice structure on the other. Such
direct relationships open up the possibility of producing lattice struc-
tures with arbitrarily complex topological designs. For example, the
complex geometry of penta-mode mechanical metamaterials was re-
cently realized for the first time through careful planning of the spatial
distribution of energy enabled by the single point exposure method
[63].

Here, we take a systematic approach to study the effects of the
processing parameters in the single point exposure SLM process on the
geometry, density, microstructure, and hardness of the resulting ma-
terials. Separate studies analyzing the fatigue performance and strength
are out of the scope of this work and will be presented in a follow-up
publication. We fabricate single struts with different laser powers and
exposure times to precisely control the temperature profiles, while
isolating the effects of involved parameters as much as possible. A
number of strut arrays are also used to study the effects of (partial) re-
melting and latent heat on the morphology and microstructure of the
resulting materials.

2. Materials and methods
2.1. Study design

We designed a matrix of 50 conditions with exposure times ranging
from 250 ps to 1150 ps in 100 ps increments and laser powers of 88 W
to 144 W in 12W increments (Table 1). Additional struts were also
printed at higher laser powers and exposure times (Table 1) to explore
the boundaries of the single point exposure technique.

In addition to single struts, and to simulate the effects of strut
proximity, latent heat, and (partial) re-melting, three conditions (96W-
1150us, 128W-750us and 144 W-1150us) representing low, medium,
and high energy inputs were selected from Table 1 to fabricate arrays of
struts (d = strut diameter) with different distances between them in a
circular arrangement (D = distance between the center of the middle
strut and the center of the surrounding struts) (Fig. 1b). In the case of
D = 3d/2, the center strut is surrounded by six other single struts with a
distance of 3d/2. When D = d, the surrounding struts are touching each
other and the center strut. With D = d/2, the surrounding struts and the
center strut have an overlapping length of d/2. In addition to the three
conditions mentioned above, the laser beam was fired twice to achieve
double-melted struts (called A2 struts). Double-melted struts represent
the neighboring struts in lattice structures that overlap with each other
in some areas and are therefore double-melted (e.g., strut junctions)

Table 1
The laser power and exposure time values used to manufacture struts by single
point exposure strategy.

Exposure time

(us)

Laser power (W)

88 96 112 128 144 160 176 224 272 304 384

250 o x
350 s ox s x w

450 * * * * *

550 * * * * *

650 s ox s s w

750 * * * * *

850 * * * * *

950 s ox s

1050 * * * *

1150 %* * * %* *

2500 ow
2950 L
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(Fig. 1c).
2.2. Materials and additive manufacture (AM) method

All specimens were fabricated on an SLM 125 machine (Realizer
GmbH, Borchen, Germany) equipped with a YLM-400-AC Ytterbium
fiber laser (IPG Photonics Corporation, Oxford, USA) (max. 400 W,
A = 1070 = 10nm) using Ti-6Al-4 V grade 23 powder supplied by AP
&C (AP&C Advanced Powders and Coatings Inc., Boisbriand, Canada)
with a particle size ranging from 10 to 40 um. The build chamber was
vacuumed and filled with argon gas to maintain the oxygen level <
0.2% while manufacturing the specimens. The length of the struts was
15mm, while their diameter was controlled by the energy input
(Fig. 1d). The energy input (J) was defined by the product of the laser
power (W) and exposure time (s).

2.3. Morphological characterization

The single struts were cleaned in an ultrasonic bath with ethanol
and were then imaged with a scanning electron microscope (SEM) (FEI
Nova NanoEM, Eindhoven, The Netherlands) to measure their dia-
meters. A total of 10 measurements were taken along the length of each
strut to find the mean and standard deviation (SD) of their diameters
(Fig. 2a).

2.4. Hardness

Hardness measurements were performed following the HV 0.5
protocol (DuraScan-70, Struers, Maassluis, Netherlands) using polished
samples. At least five measurements were taken for each sample along
the build direction, which were used to find the mean and SD.

2.5. Micro-computed tomography (micro-CT)

A micro-CT scanner (Zeiss Xradia 520 Versa, Zeiss, Oberkochen,
Germany) was used to measure the relative density of the strut and to
visualize the porosity. A single strut fabricated with 144 W and 1150 ps
was scanned over a height of 3.7mm with a voxel size of
1.0 x 1.0 x 1.0 pm>. The following scanning parameters were used:
60kV/84 uA source power, 1um?> voxel size, 15mm distance of the
source from the sample, 35.5mm distance of the detector from the
sample. CT images were reconstructed to create a 3D model of the strut,
which was then further analyzed using the software tools Mimics and 3-
Matic (Materialise, Leuven, Belgium). The 3D model was segmented out
using an automatic segmentation function available in Mimics. The
inner pores were then segmented using the segmentation and Boolean
functions available in the same software. The volumes of the part, Vja,
and the inner pores, Vores, Were taken from the software to calculate
the approximate porosity of the struts using Vpores/
(Vpores + Vparp) X 100%. Moreover, a digital microscope (Keyence VHX-
100, Itasca, IL, U.S.A.) was used to scan the surface of the polished
struts along the build direction to observe the internal porosity of the
struts. In the case of extremely low masses (i.e., < 0.01 g), measuring
porosity according to the Archimedes principle requires special means,
which were not available.

2.6. Optical microscopy (OM)

The microstructure of the single struts, the middle struts in the
circular arrangements, and the double-melted struts were observed
under an optical microscope (Olympus GX51, Olympus Corp., Tokyo,
Japan). The struts were ground along the build direction and were
polished with 3 pm, 1 pm diamond solutions and with oxide polishing
suspension. Finally, the struts were etched with the Kroll’s etchant for
30 s to reveal their microstructure.
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Fig. 2. (a) An SEM image demonstrating the measurement of the diameter of the struts; Strut diameters for (b) laser powers of 80-144 W and exposure times of
250-1150 ps, (c) for the higher energy inputs (Energy input (J) =Laser power (W) X Exposure time (s)); (d) a strut reconstructed from pCT images (grey) and the
pores within the struts (red); (e) a digital microscope image of the double-melted strut showing the pores in the center; (f) a SEM image revealing a keyhole-shaped
pore; (g) Digital microscope images of the struts to show the distribution of the pores along their lengths; The Vickers hardness values (h) of the struts for the given
laser power and exposure time, (i) of the struts in circular arrangement and for the double-melted one.
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2.7. Transmission electron microscopy (TEM)

The TEM foils were prepared using the in situ focused ion beam (FIB)
milling and lift-out technique performed with an FEI Quanta 3D SEM
(FEI, Eindhoven, The Netherlands) to study the microstructure of the
surface layer of the struts (transverse direction). FIB lamellas with a
width of 4 mm and a depth of 10 mm were prepared for two conditions
of single and double-melted struts fabricated with 144 W and 1150 ps.
The microstructure was then observed with an FEI Tecnai F20 micro-
scope (FEL, Eindhoven, The Netherlands) at an accelerating voltage of
200 kV in the TEM, scanning transmission electron microscopy (STEM),
and selected area electron diffraction (SAED) modes to determine the
morphology and crystal structure of the phases.

2.8. Electron backscattered diffraction (EBSD) analysis

EBSD analysis was performed using a JEOL 7001 F SEM (JEOL,
Tokyo, Japan) at an accelerating voltage of 15kV and a probe current
of 15nA. The software package AZtecHKL (Oxford Instruments, UK)
was used to acquire the EBSD data, while the software CHANNELS
(Oxford Instruments, UK) was used for post-acquisition analysis of the
data. Areas of around 90pum X 380 um along the longitudinal (i.e.
build) direction of the struts were scanned with a step size of 0.1 mm to
collect data from more than 5000 individual grains per condition.

2.9. Analysis of the orientation relationship between a and prior f3 phase

We also studied the characteristics of o'-laths precipitation in the
prior B-grains. In AM materials, such an analysis is complicated by the
fact that the amount of the residual beta in most cases is negligible and
not sufficient for a meaningful analysis. The methodological challenge
was addressed, as originally proposed by Humbert et al. [64], and later
adopted by other researchers [55,65-67], by converting the orientation
of the a-platelets into a possible B-phase orientation based on the well-
known Burgers orientation relationship [68]:

(111)]1 (1120,
{110}]1 {0001},

This orientation relationship (OR) theoretically allows for only 12
different variants that a-phase can precipitate within a single 3 grain,
all of which are characterized by five specific misorientation angles
between each other [69] (Table 2). In practice, it may be challenging to
discern between 60° and 63° misorientation angles (particularly in pole
figures) due to a certain degree of local lattice orientation variability. It
is therefore useful to reduce the number of possible groups to three (i.e.,
10°, 60-63°, and 90°).

3. Results
3.1. Morphological characterization

The strut diameter increased with exposure time and laser power
(Fig. 2b). However, the increasing trend saturated for delivered

Table 2
Possible misorientation angles between neighboring a-platelets within an in-
dividual prior-p grain.

Misorienation angle Rotation axis

10°529 < = [0001]

60° @ = [1210]

60°832 E; at 80°97 from ¢ in (E;, ) plane
637262 E; at 72°73 from € in (&, ©) plane
90°

E; at 5°26 from ¢ in @ in basal plane
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energies above 0.5 J (Fig. 2¢). The maximum achievable strut size with
the single point exposure scanning strategy was therefore around
520 um (Fig. 2¢). The 3D model reconstructed from the micro-CT scans
revealed a continuous pore formation at the center of a single strut
(fabricated with 144 W-1150 ps) along the build direction (BD)
(Fig. 2d). The average pore size was =25 * 5um, w while the relative
density of the bulk material constituting the struts of the BCC cubic
scaffold was =96.7%. The variability observed in the porosity of the
models created using the micro-CT images of the struts was within
"0.5% (Table S2). The pore size, pore shape, and pore distribution were
also inspected by a digital microscope (Fig. 2e) and SEM (Fig. 2f)
images. Frequent pore formation at the center of struts was also ob-
served with a digital microscope for the double-melted struts as well as
for D = d and d/2 struts, all of which were fabricated with the same
processing parameters (Fig. 2g) (144 W, 1150 ps).

3.2. Hardness

The struts fabricated with an exposure time of 250 ps exhibited
smaller microhardness values (270-340 HV) as compared to the rest of
the single struts (350-420 HV) (Fig. 2h). Struts that were double-melted
(A2), overlapped (D = d/2), and touching struts (D = d) showed higher
values of microhardness (400-440 HV) than the middle strut in a cir-
cular arrangement with D = 3d/2 (340-400 HV) (Fig. 2i).

3.3. Optical microscopy

The optical microscopy images of the single struts fabricated with
different energy inputs revealed martensitic a'-laths (Fig. 3a). The mi-
crostructure of the struts fabricated with 144 W and 1150 ps in a cir-
cular arrangement with a distance of d and d/2, as well as of the double-
melted struts, showed the martensitic a'-phase (Fig. 3b). The energy
input and the spacing between the struts did not affect the main char-
acteristics of the microstructure. However, the prior f§ grain alignment
was more pronounced for the overlapping struts (D = d/2) and double-
melted struts (Fig. 3b).

3.4. Microstructure of the surface of the struts with a single and a double-
melting cycle

Some uncharacteristic relief was observed on the surface of the
struts that resembled basket-weave morphology, with interleaving o
laths exhibiting a quadrangular symmetry [70] (Fig. 4a). These struc-
tures were observed on the surface of unpolished, as-fabricated struts.
These features have been reported in SLM bulk Ti-6Al-4V [71]; how-
ever, have never been observed in SLM Ti-6Al-4V lattice struts. To
investigate this further, we prepared a cross-section lamella from the
surface of the strut to determine the underlying structure of the surface
layer and estimate its uniformity. We also studied the structure of
double-melted struts, since it also exhibited similar surface features
(Fig. 4b).

The microstructure of the struts made with the single point exposure
technique was represented by martensitic o'-laths of varying sizes
(Fig. 5a). Selected area diffraction confirmed the formation of a hex-
agonal martensitic crystal structure (Fig. 5c, inset). In addition, twin-
ning seemed to be present within the martensite laths, particularly in
the regions annotated by red arrows (Fig. 5c). The size of separate a'-
platelets decreased from 1 pm (A and B in Fig. 5a) to almost 100 nm in
diameter (A in Fig. 5c) when moving towards the surface of a single
strut.

The structure of the surface layer of the double melted struts was
notably more uniform (Fig. 5b). The lath size across the area of interest
was very consistent regardless of the depth. At the same time, the actual
size of the laths was somewhere between the extrema observed in the
first sample, having an average thickness of 200-300 nm (Fig. 5d). Si-
milar to the single strut, the phase was identified as hexagonal o
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Fig. 3. The microstructure of (a) the single struts fabricated with laser powers of 96W-450 ps and exposure times of 144 W-1150 ps, (b) circularly arranged struts (D

= d and d/2), and double-melted struts (A2).

144 W — 1140 ps
Single-melted

* 144'W — 1140 ps
Double-melted

Fig. 4. SEM images presenting the surface microstructure of the (c) single-
melted and (d) double-melted struts. The red circle shows the magnified image
of a basket-weave like structure, observed on the surface of unpolished as-
fabricated double-melted struts.

(Fig. 5d, inset).
3.5. Effects of re-melting on the crystallographic texture in the struts

In single struts, several prior B-grains could be discerned (based on
the acicular o' pattern) with a size varying between 70 and 150-200 um
(Fig. 6a). The majority of a'-platelets within the prior-f grains were
either 45° inclined or perpendicular to the building direction (BD). The
pole figures of the hexagonal lattice indicated very weak a'-texture in
all directions, including the BD (Fig. 6b). Residual B-phase was detected
within some of the prior B-grains (see Section 3.6). The pole figures
built based on this data showed that there is a strong {100} texture
component directed at approximately 15-20° to the BD (Fig. 6¢).

The double-melted struts shared many of their microstructural
features with the single-melted struts (Fig. 6d). The overall shape and
orientation of o'-laths were very similar in both processing conditions
(Fig. 6a, d). The overall texture of the o' phase did not exhibit any
preferential orientation (Fig. 6e), which is consistent with observations
for the single-melted struts. There were several prior-f grains that could
be discerned in the map and were inclined at an angle with respect to
the BD as well as coincided with a {100} orientation of the residual
texture (Fig. 6f). The overall 3 phase texture appeared to be very similar
to that of the single-melted struts.

We also performed additional mapping along the strut length to
clarify the homogeneity of texture and microstructure (Fig. 7). For both
single- and double-melted struts, the crystal texture was similar in all
the mapped areas (Fig. 7a and b, respectively), indicating that the
structure shown in Fig. 6 represents the entire strut.

3.6. Orientation relationship between a and prior 8 phase

Residual 3-phase was detected in some of the prior-f grains in
single- and double-melted struts. EBSD map of a single prior-p grain,
taken from the region in Fig. 6a (single-melted strut), showed a com-
bined data for a'-laths (Fig. 8a) and residual (-phase (Fig. 8b). A
comparison between the texture plot in Fig. 8a and b shows identical
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Fig. 5. TEM analysis of the surface layer of (a) single strut and (b) double-melted strut, showing the size and uniformity of individual o'-laths. Detailed view of the
surface layer of (c) single strut and (d) double-melted strut, with insets showing zone axis diffraction patterns consistent with a/a' phase. ND — normal direction; BD —

building direction; TD - transverse direction.

pole figures for {0001}, and {110}, indicating that the o'-laths pre-
cipitation strictly follows the Burgers orientation relationship [68]:

(111)51(1120),

{110}5]| {0001},

The analysis of individual o'-laths orientation within the prior-f
grain revealed that three major values of misorientation were present,
namely, around 10° (shown by arrows in the intensity plot in Fig. 8a),
60° (circled in {0001}, plot) and 90° (marked by an oval) degrees. The
misorientation angle histogram (Fig. 8e) showed prominent peaks at
respective angle values, which were similar to previously reported re-
sults [69,72].

The EBSD map of the double-melted struts also showed a single
prior [3-grain map with a'-laths (Fig. 8c) and -grain (Fig. 8d). The pole
figures for both phases looked very similar to those of the single-melted
strut (Fig. 8a,b). The position (Fig. 8c) and distribution of misorienta-
tion values between separate a'-laths (Fig. 8f) was also consistent with
the single-melted strut.

Despite similarities between both conditions, the characteristic
BOR-related correlation between {0001}, and {110}3 was no longer ap-
parent in the case of double-melted specimens. Furthermore, there was
no relationship between the pole figures (and orientation) of both
phases, suggesting that the formation of o' in this case may not have
been related to the orientation of the observed residual 3-phase.

4. Discussion

We studied the microstructural features resulting from an alter-
native scanning strategy, namely single point exposure scanning
method, used for AM of metallic lattice structures. Another approach
that is widely adopted in the literature is the contour and hatching scan
strategy, in which the melt-pool is controlled by the laser power,
scanning speed, and hatch spacing [73]. Conversely, in single-point
exposure method, the melt-pool is controlled by laser power and ex-
posure time. Although both methods are based on the similar thermal
processing principle of melting the powder using a laser and creating a
melt pool interaction [60], the single point exposure has a number of
advantages over the commonly used contour-hatching technique. For
example, the long file preparation times and high computational cost of
complex STL files could be avoided while preventing the bypassing of
laser scans in random places. Moreover, it might be possible to decrease
the minimum achievable strut size. Finally, a direct relationship be-
tween the processing parameters and the geometry of the resulting
struts and, thus, the lattice structure, could be established. A similar
relationship was also recognized for contour-hatching using statistical
approaches [74,75]. However, these studies have mainly focused on
dimensional accuracy, since the geometry is mainly controlled by the
CAD model in this technique. Due to the aforementioned reasons, the
single point exposure can be considered as an ideal scanning strategy
for the fabrication of lattice structures. The systematic study reported
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Fig. 6. o' EBSD IPF maps and pole figures for major plane families in a'- and -phases of single (a, b, ¢) and double (d, e, f) exposure struts. (a,d) IPF maps of a'-phase;
(b,e) texture contour plots for a'-phase; (c,f) texture contour plots for residual B-phase. TD - transverse direction; ND — normal direction; BD — building direction.

here enabled us to reveal some important microstructural features of
the vertical AM fabricated struts resulting from this scanning strategy.
Varying the building angle typically results in struts with increased
diameter and higher roughness [73,76], as well as increased porosity.
These behaviors has been reported for both hatch-contouring [73] and
single point exposure [60] scanning methods. In this work, we de-
monstrate that single point exposure can produce complex scaffolds
such as cubic scaffolds with BCC unit cells (Figure S.1 in the Supple-
mentary document). A more detailed study of the effects of the building
angle with the single point exposure is outside the scope of the current
study and will be presented in a follow-up publication.

4.1. Morphological characterization of single struts

Our study covered a wide range of laser power and exposure times,
thereby allowing us to determine the relationship between the proces-
sing parameters and the dimension of the single vertical struts. It was
observed that there is a limit to the maximum achievable strut size that
could be obtained with the single point exposure strategy using only
one scanning line of the laser beam. It should be noted that this is not an
inherent limitation of the single point exposure technique, as more
complex designs of laser scanning lines could be used to create struts
with very complex shapes (e.g., struts with a varying thickness [63])
and arbitrarily large thicknesses. For one single beam, however, we
observed a saturation point of 520 pm in the strut diameter approxi-
mately at 0.5 J laser beam energy. Similar trends have been reported in
the literature [60] for 316 L stainless steel where the strut diameter
starts to saturate around 420 um at a laser energy of 0.35 J. As the strut

diameter is directly linked to the diameter of the melt pool, the sa-
turation point in the diameter indicates that the width of the melt pool
does not change when the laser beam energy exceeds 0.5J. Further
increase in the laser beam energy can therefore only yield an increase in
the melt-pool depth. A similar behavior has been also observed in the
contour-hatching strategy, whereby the weld pool shape at a slow
scanning speed (2000 mm/s), hence higher energy density, was deeper
than at a higher scanning speed of 4000 mm/s [77]. Excessive energy in
the melt pool depth may cause a keyhole-mode melting [78] and pore
formation. Keyhole-mode melting occurs when the excessive energy
causes evaporation of the material and formation of plasma. Evaporated
material yields a vapor cavity, which increases the laser absorption of
the melt-pool [79]. Therefore, the laser beam reaches higher depths of
the melting pool. This unstable condition eventually causes the collapse
of the cavity walls, which are named keyhole pores [79]. We also ob-
served keyhole pores in the micro-CT scans, SEM, and OM images. The
pores were irregular in shape, continuous and located in the middle of
the struts, which are the attributes of keyhole porosity [46,80]. How-
ever, the observed size of the pores was 25 um, which is much smaller
than the expected size of the keyhole pores (> 100um) [37]. This
might be due to the morphology and scanning strategy of the samples
reported in the literature, which are usually bulk samples fabricated
through the hatching-contour strategy. The fact that keyhole pores are
significantly (i.e. by a factor of four) smaller in the case of the single
point exposure scanning strategy is an advantage of this technique as
compared to the hatching-contour technique. In general, not only the
total volume of the pores, but also their absolute size, is expected to
affect the mechanical properties of the struts, with smaller pores
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Fig. 7. EBSD a'-phase IPF map and pole figures for an additional scanning along the strut length for single (a) and double (b) melted samples.

favored over large pores that could span a large fraction of the strut
diameter.

4.2. Effect of laser parameters and latent heat on hardness

The hardness of SLM Ti-6Al-4V usually varies between 350 and
500 HV, depending on the processing parameters [49,81]. We observed
hardness values of 350-450 HV, which confirms the processability of
Ti-6Al-4 V with the single point exposure method. The only exception
(270-340HV) to the stated range of microhardness values was ob-
served when the struts were fabricated with an exposure time of 250 ps,
at any laser power. This might be due to insufficient energy input
causing localized unmolten regions and less integrity in the overall
structure, and therefore decreased hardness values. The hardness values
increased slightly with an increase in the exposure time for the given
laser powers, suggesting that a higher energy input results in a higher
hardness value. Similar observations have also been reported by Ah-
madi et al. [62] for the single point exposure method, where lower
microhardness values were observed when the exposure time was 350
us or lower. This relationship between the energy input and hardness
has also been established in some previous studies [49,82] where the
contour-hatching scanning technique was applied.

We also observed differences in the microhardness values between
the single-melted and re-melted regions for the same energy inputs.
Struts that were double-melted (A2), overlapped (D = d/2), and
touching (D = d), all of which had re-melted regions, showed higher
values of the microhardness (400-440 HV) than the middle strut in a

circular arrangement with D = 3d/2 (340-400 HV), which had only
single-melted regions and minimum latent heat effect. Yasa et al. [83]
also observed higher microhardness values in the laser re-melted zones
as compared to single-melted regions. They concluded that the higher
microhardness values in the re-melted regions are due to a finer and
more homogeneous microstructure. We also observed finer micro-
structures in the STEM images of the double-melted struts (Fig. 5b,
compare with the microstructure of single-melted struts in Fig. 5a). As
the finer microstructure contains more o'-laths, which are harder
structures, than higher hardness values are expected in the finer mi-
crostructures [81,84]. Moreover, according to the Hall-Petch relation-
ship, a finer grain structure increases the yield stress and, thus, the
microhardness of the material (the grain boundary strengthening phe-
nomenon).

4.3. Effect of laser processing parameters and latent heat on microstructure

Optical microscope analysis of all samples with a wide range of
energy inputs (0.02-1J) revealed the similar microstructure of the
martensitic a'-laths. This suggests that the energy input does not fun-
damentally change the type of the microstructure in SLM Ti-6Al-4 V
material processed with the single point exposure technique.

As lattice structures consist of numerous individual struts that are
close enough to heat each other, it is important to understand the ef-
fects of the latent heat on the morphological parameters and micro-
structural features of the AM material. Mullen et al. [59] have shown
that the latent heat increases the strut diameter due to the fact that the
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latent heat can heat the powder bed sufficiently to reduce the required
energy to melt the powder, hence increasing the strut diameter. How-
ever, there have been no studies in the literature investigating the ef-
fects of the latent heat on the microstructure. To study the effects of the
latent heat, we arranged a number of struts in circular arrays with
different interspacing. The microstructures of the circular arrays with
different sizes of interspacing were generally similar, re-affirming the
observation that the general microstructure of SLM Ti-6Al-4 V remains
the same regardless of the processing and design parameters. However,
given that the number of the struts present in each array was limited,
one could argue that the latent heat was not sufficient to alter the
temperature of the powder bed and the surrounding struts.

4.4. Microstructure of single and double-melted struts: the homogenization

effect

Due to the high proximity of the adjacent melt pools, there are many
re-melted zones in lattice structures particularly close to the strut
junctions. Moreover, strut junctions play a key role in controlling the
mechanical properties of the lattice structures because they are usually
the stress concentration points [85]. It is therefore important to un-
derstand the possible effects of re-melting on the microstructure of SLM
Ti-6Al-4 V.

In general, TEM images revealed more homogeneous micro-
structure, regarding o'-lath sizes, in double-melted struts as compared
to single-melted struts. In the single strut, the prior p-grain consists of a
hierarchical acicular o'-laths, with the thickness of secondary o'-laths
(A in Fig. 5c¢) and length of the primary a'-laths (B in Fig. 5c) varied
from 0.1um to 1pm, respectively. In contrast to the hierarchical
structure in single-melted struts, the homogeneous packets of fine a-
lamellae (thickness 200-300 nm) were observed in double-melted
struts.

The more homogenous microstructure observed here is consistent
with what has been reported elsewhere for the re-melted regions made
using the contour-hatching scanning technique [83]. The homogeneity
of the double-melted struts can be explained by the additional thermal
effect of the second laser pulse. Usually SLM of Ti-6Al-4 V powder re-
sults in martensitic a'-laths within prior-f grains due to the fast cooling
rates (103-108 K/s [86,871]) during the solidification stage. This type of
microstructure is composed of hierarchical martensite with a high
density of dislocations and twins [88] and tends to promote inter-
granular failure [89], anisotropic mechanical behavior [90], and lower
ductility [71]. In the literature, there are a few studies [71,91] on the
in-situ transformation of martensitic a' to lamellar a + 3 during the
SLM process to improve the ductility and isotropic mechanical behavior
of the resulting material. However, all these studies have been focused
on bulk Ti-6Al-4 V samples made using the contour-hatching scanning
technique. Due to the smaller melted area and limited latent heat, the
cooling of lattice structures during SLM occurs at a faster rate than bulk
specimens, and the resulting microstructure could be very different.
There is currently no study on the microstructural transformations oc-
curring during SLM of lattice structures. Here, we demonstrated that
with double exposure, uniform ultrafine (200-300 nm) lamellar a mi-
crostructure can be achieved in lattice structures.

4.5. Grain alignment and the effects of remelting on texture

Analysis of the microstructure of the single- and double-melted
struts revealed that, for the most part, the microstructure formation
follows similar rules, including prior- grains growing along their (100)g
direction. The a' laths within the prior B grains were randomly oriented
with no significant texture observed for both single- and double-melted
struts.

Most grains were angled (18-20°) towards the BD for both types of
struts, which is a usual outcome of SLM processes for lattice structures
[58]. It is known that the columnar prior-f grains tend to tilt with
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respect to the hatching scanning direction [55]. It is, however, sur-
prising to observe such behavior in the process where the scanning is
replaced by static single point laser exposure. Since grain growth is
controlled by the temperature gradient and melt pool evolution [92],
this deviation of the columnar grains from the BD during the single
point exposure of laser suggests that maximum heat flow is 18-20° off
from the BD (based on the melt bool boundary). It is also shown that the
high-energy laser causes a directional heat transfer and therefore di-
rectional solidification [93]. Other researchers have shown that
a < 100 > grain texture can result from repeating the deposition of
layers upon layers also for other materials [94].

4.6. Burgers orientation relationship for the double-melted struts

The effects of double laser exposure on the microstructure of ma-
terials can primarily be studied based on the microstructural properties
of o'-martensite. However, given that the re-melting process causes
several combinations of a'<>f and B<>L transformations within a short
timeframe, it is also important to study the effects of such processing on
the properties of B-phase, as well as on the specifics of the transfor-
mations. Such analysis is complicated by the fact that the amount of p-
phase available for the analysis is, in most cases, insufficient. In the
literature, this complication has been resolved by converting the or-
ientation of o'-platelets into a possible B-phase orientation based on the
Burgers orientation relationship (OR):

(111)][(1120)a;

{110}3//{0001},

Unlike the previous works, in this study we were able to observe the
B-phase directly in the form of residual (-phase between o'-laths.
Assuming the residual 3 inherited the orientation from the prior-f§
grains, this allowed us to directly check the validity of the Burgers OR
under the severe conditions of melting and solidification during the
laser processing.

In single point exposure strut all major three groups of o'-laths
misorientation were observed within the prior-f grain (Fig. 8a). Laths
with 10.53° misorientation were characterized by a common {0001},
plane and a rotation around T = [0001],, which could be seen in {1120},
and {1010}, plots. The other two groups (60-63° and 90°), which were
due to the mutual misorientation of {110} planes in B-phase, were also
present.

To summarize, we confirmed the validity of OR for the single point
exposure strut, which is evidenced by an ideal correlation of a'-laths
orientation with respect to the parent f3, with evidence of all 12 possible
o'-variants with different mutual orientation that could theoretically
occur.

At the same time, the analysis of a double-melted specimen in-
dicated a lack of a correlation between a'- and B-phases that is char-
acteristic of the Burgers OR - similarity of the {0001}, and {110}z pole
figures. However, there were no indications that any other type of OR is
possible between these phases due to the lattice geometry and the
correlation between them. In fact, a more detailed analysis of the grain
orientations showed no meaningful correlation between the phases.
There are two possible explanations for this. The first explanation
suggests that the data is of low quality and/or is misinterpreted. This
seems unlikely since the fit of the experimental data to the simulated [3-
phase data was found to be high. A more probable explanation is that
the double laser exposure has occurred at different times during the
solidification/B—a' transformation processes. This might have dis-
rupted the natural way in which the microstructure is formed and have
resulted in unconventional arrangements of the phases with respect to
each other. It can be hypothesized that the single exposure technique
might provide a new avenue for local microstructure control in the SLM
process.
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5. Conclusions

This study is the first of its kind to understand the fundamentals of
the single point exposure method and the microstructure of SLM Ti-6Al-
4V lattice structures fabricated using this technique. Struts with over
50 processing conditions were fabricated to study the effects of the
processing parameters in the single point exposure SLM process on the
final geometry, density, microstructure, and hardness of the struts. The
major findings of this research are:

1 We found that the strut dimensions can be controlled through the
SLM processing parameters, with higher energy inputs resulting in a
larger strut diameter up to a saturation point (i.e., 520 ym corre-
sponding to 0.5J energy).

2 The single point exposure method yielded a keyhole shaped pores
that were up to 4 times smaller than those observed in the hatching
and contour technique. The holes were positioned in the middle of
the struts and had an average size of 25 um. The pores were ob-
served for all specimens, regardless of the process parameters and
conditions. The relative density of the BCC cubic scaffold calculated
by Archimedes principle was around 96.7%.

3 The general microstructure of the specimens remained the same
regardless of the processing parameters, the amount of the latent
heat, and the number of exposures (i.e., single vs. double). That said,
re-melting resulted in a finer, more uniform, microstructure and,
thus, higher hardness values. In particular, the STEM images of the
cross-section of the single and double-melted struts revealed that
while classic hierarchical a'-laths with varying lath sizes (0.1-1 pm)
are observed in the single-melted struts, ultrafine (200-300 nm)
homogeneous a-lamellar microstructure could be achieved after re-
melting, which could be beneficial for improving the mechanical
properties of the lattice structures.

4 The textures of single- and double-melted struts were similar, with
randomly oriented a'-laths within the prior columnar f grains. The 3
grains were angled 18-20° off the build direction as dictated by the
maximum heat flow during the solidification process.

5 Finally, we were able to observe the (3-phase directly in the form of
residual B-phase between o'-laths, which allowed us to check the
validity of the Burgers orientation relationship for the single- and
double-melted struts. Although single-melted struts showed the ex-
pected BOR between the a' and 3 phases, there was a lack of cor-
relation between both phases for the double-melted struts. This
suggests the occurrence of a disruptive change during the second
melting and solidification process.
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5.4. Supplementary Data

5.4.1. Supplementary Data to the Published Paper

10 mm

Figure 5. 1 A lattice cubic specimen with BCC unit cells was fabricated to demonstrate the capability
of the single point exposure strategy to make angled struts and complex lattices (Figure S1).

Table 5. 1 Relative density calculation of the of the bulk material constituting the struts of the BCC
cubic scaffold using Archimedes principle (Table S1).

Weight in | Weight in | Density of | Density of | Density  of | True density of
Air (Wa) Ethanol (We) | Ethanol (o) | BCC reference BCC scaffold ((os
g g glem? scaffold” | Ti64 [221] / priea)*100) (%)
(%) (poriea)
g/lcm?® glcm®
1.082 0.8827 0.789 4.28 4.43 96.7
* _ (pexWq)
Ps = — 0~
(Wa—We)
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Table 5. 2 Porosity measurements calculated from the micro-CT images of the specimens. The values
do not represent the real volume values as they are based on the 3D model. The ratio of the volumes
should be taken into consideration (Table S2).

Sample ID Pore Solid Total Vp/Vt Vp/Vi  x100
volume (Vp) | volume (Vs) | volume (Vy) (%)

144W _1100us | 4051681 770485076 | 774536757 | 0.005231 0.52311

144W 950 us | 30956 5667144 5698100 0.005433 0.543269

144W _550us | 27401 5965992 5993393 0.004572 0.457187

144W _350us 22801 3254902 3277703 0.006956 0.69564
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144W_950us

144W_550ps

144W_350ps

Figure 5. 2 The 3D models of the struts reconstructed using the micro-CT images. The red colored
parts are the internal pores and the grey parts are the specimens (Figure S2).
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5.4.2. Additional Supplementary Data

In addition to the data presented in the publication and the supplementary data published with
the original paper, we performed other experimental work to study roughness of struts and

chemical composition neat the internal pores.

A Mitutoyo Surftest SJ400 machine was used to measure the surface roughness. The data
obtained by this measurement includes surface roughness parameters (e.g. Ra, Rg, Rz, Rsk, Rku)
and surface height profile over the measurement length (2.5 mm). A cut-off length (Ac) of 2.5
mm is chosen for all the roughness measurements. For each sample, 5 different measurements
were taken to calculate mean = SD. Figure 5. 3 presents the surface profile of the single struts
fabricated with laser powers of 128 W and 144 W, respectively, as well as the surface profile
of the neighbouring struts fabricated at process parameters of 128 W-750 ps and 96W-1150 ps.
Average values of Surface Roughness (Ra), Kurtosis (Rk) and Skewness (Rsk) showed no
significant difference between the struts fabricated at different laser powers and process
parameters. Surface height profiles of the neigbouring struts are shown in Figure 5. 4. Although
there was no significant difference in the data obtained, SEM images of the neighbouring struts
showed different surface profiles, i.e. the number of attached un-melted particles (Figure 5. 5).
For example, the number of attached un-molten particles on the single strut (with a lateral
difference of ‘d’ to another strut (d=d)) and on the double-melted struts (A2 and B2) are
observed to be different in the SEM images (Figure 5. 5). It is therefore hypothesised that the
Mitutoyo Surftest machine is not capable of measuring small features (< 5 um). Further
investigation on the surface roughness of the struts fabricated by single point exposure strategy
is proposed to understand the effect of process parameters and build angle on the surface

roughness.
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Single Strut Surface Profile
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Figure 5. 3 Surface profile of the single struts fabricated at the laser power of (a) 128 W and (b) 144
W, and neighbouring struts at the process parameters of (c) 128 W-750 ps and (d) 96W-1150 ps. Here
A2 and B2 refers to double-melted struts.
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Figure 5. 4 Surface height profiles of neighbouring struts fabricated at 128W-750 us and 96W-1150
us. The profiles were obtained by the Mitutoyo Surftest equipment. A2 and B2 refer to double-melted
struts.
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Figure 5. 5 The surface of the neighbouring struts and double-melted struts (A2 and B2), fabricated at
96W-1150 ps, observed under the SEM.
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Additionally, EDX elemental analysis was performed on one of the fabricated struts to analyse
chemical composition near the pore. Figure 5. 6 shows the SEM image of the area mapped, and
the elemental mapping (Ti, Al and V), as well as a line analysis. These images show that there
is significantly less Ti, Al and V inside the pores and Al values almost drops to zero. This is
most likely due to the evaporation of Al near and inside the pores. However, EDX analysis
may not be reliable near the pores but can still provide indicative values. Further investigation

of the chemical analysis of pores can provide insights into the causes of pore formation.

Figure 5. 7 shows a SEM image of unpolished surfaces from a Ti6Al4V bulk sample and strut.
The bulk cube was fabricated prior to this study with contour-hatching scanning strategy. The
SEM image of the bulk sample shows similarity of features observed on the surfaces of both
bulk and strut samples. Although these features resemble the topology of basketwave Ti6Al4V
microstructure, there is no additional data to support whether the observed microstructure is
Widmanstatten a. A study on these features observed on the unpolished surfaces of SLM
Ti6AIl4V is proposed as future work, which could be beneficial to understand the laser-material

interaction.

In summary, the additional supplementary data on the surface roughness, EDX analysis and
surface SEM image from a bulk sample unfolded questions around the laser-material
interaction, pore formation and un-molten particles on the surface. These questions will be

presented as future work in Chapter 7.
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Figure 5. 6 (a) SEM image of internal pore in the double-melted strut, (b-d) EDX elemental mapping,

(e) EDX line analysis of the same area.
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Figure 5. 7 Ultra-High-Resolution mode under the SEM, images of unpolished (a) single strut and (b)
bulk Ti6AI4V cube.
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5.4. Conclusion of the Chapter

In this chapter, single point exposure strategy was investigated as an alternative strategy to

fabricate lattice structures. Single vertical struts were produced by testing more than 50 process

conditions by varying laser power and exposure time. Furthermore, lateral heat effect and

double-melting effect were studied by manufacturing struts in circular arrangements. The

major findings of this work can be summerised as follows:

The strut diameter increases with energy input up to a saturation point with single point
exposure strategy. It is demonstated that a maximum achievable strut size of 520 um is
achieved at 0.5 J energy input. Changing the processing parameters can help tailor the size

of a strut.

Continuous pore formation was observed in the centre of the struts along the build direction.

The morphology and the consistency of the pores suggest that they are keyhole pores.

The amount of energy input and latent heat did not affect the microstructure of the struts;
they all had martensitic a-laths. However, some unusual relief, resembling basketweave
microstructure, was observed on the unpolished surfaces of the struts when analysed with
SEM. These features were further investigated by performing TEM on a cross-sectional
area of the surface. TEM images showed that a more uniform structure with consistent a.-
lath sizes (200-300 nm) were observed in double-melted struts, whereas single-melt struts
had varying size a-laths. (10nm to 1um). The homogeneity of the double-melted struts can

be explained by the additional thermal effect of the second laser pulse.

The overall shape and orientation of a'-laths (randomly oriented) and prior 3-columns (18-
20° off the build direction) were very similar in both double and single-melted struts.
However, the characteristic BOR-related correlation between {0001}« and {110} was no
longer apparent in the case of double-melted specimens. It is hypothesised that double laser
exposure has occurred at different times during the solidification/f—a' transformation

processes. This might have disrupted the natural way in which the microstructures were
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formed, thus resulting in unconventional arrangements of the phases with respect to each
other.

This study investigated microstructural features of struts fabricated by single-point exposure
strategy. The results of the study contribute to the existing literature by exhibiting novel
microstructural features observed on the surfaces of the struts and by demonstrating the
maximum achievable strut (or melt-pool) size with this strategy. The findings of this work can

be used to tailor the processability to engineer the microstructure and morphology of the struts.
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6.1. Introduction

The results from Chapter 4 highlighted that functionally gradient designs can be tailored to
possess suitable mechanical and biological properties. Specifically, it was shown that large
pores (>1000 um) at the surface support effective migration of the cells. Examples from nature,
such as vasculature systems in humans and animals (arteries, veins, capillaries), make an
effective use of tubular structures, see Figure 6. 1. These tubular structures have been
successfully adopted in the field of architecture [222] and are a hot topic in tissue engineering
[223].

Figure 6. 1 Hollow lattice structures in (a) biology [224], (b) architecture [222] ,and (c) micro/nano
size [225].

Here, we propose to incorporate the hollow-tube lattices for functional implants, and have
adopted the knowledge on the size of the struts and internal channels from our results reported
in Chapter 4. Designing hollow-tube lattice structures have been reported previously in
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literature [127, 128, 226]. However, most of these studies are focused on either micro/nano
size hollow lattices based on electroplating of polymer tubes [127, 128, 226], or on analytical
and simulation models [227-229]. Some recent studies investigated the manufacturing of
hollow-tube lattice designs using selective laser melting or sintering [230-233], focusing on
their mechanical properties. Specifically, these structures have improved energy absorption
capacities and strength compared to their solid counterparts at the same relative densities [230].
It should be noted that the use of hollow lattice structured manufactured by selective laser

melting process for bone scaffold application is new and has not been fully explored yet.

Hollow-tube lattices are also referred to as shell-based lattices and referenced to triply periodic
minimal surfaces in literature [233-235], due to their topology. Hollow-tube lattices and
TPMS’s are found to be stretch-dominated; whereas most of the strut-beam lattices tend to be
bending-dominated structures [236]. According to the Gibson-Ashby model [110], stretch-
dominated porous structures exhibit higher stiffness and strength than the bending-dominated
structures for the same weight. Bonatti et al. [235] investigated the mechanical performance of
SC, BCC and FCC shell- and truss- lattices and found that shell-lattices (which are similar to
TPMS) exhibit substantially higher stiffness and strength than the truss-lattices of equal mass.
They also exhibit high specific energy absorption for large strain compression. Yan et al. [237]
and Bobbert et al. [13] fabricated Ti6Al4V TPMS structures and showed that their mechanical
performance and structure mimic the human bones and offer potential to be used in orthopaedic

implants.

Al-Ketan et al. [232] examined the effect of architecture on mechanical properties of SLM
printed maraging steel. They studied BCC, primary, secondary and sheet-based IWP structures.
Since sheet-based IWP structures resemble hollow-beam BCC structure, this study gives
insights into comparison of the solid and hollow-beam BCC unit cells. They found that sheet-
based IWP structure had the highest stress distribution when compressed due to absence of
connecting nodes or sharp edges compared to other structures. Therefore, it can be concluded
that hollow-beam structures have good stress transferring capabilities as they are free from
nodes or stress concentrations. Sheet-based IWP, or hollow BCC, was also found to have
significantly higher stiffness values (1.2 GPa) than the BCC structure (0.8 GPa) at 21% relative

density. Bonatti et al. [235] also compared solid- and hollow-BCC structure and referred the
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hollow-BCC to Schoen’s IWP, as they share the same boundary conditions and symmetries as
triply periodic minimal surfaces. The main difference between hollow-beam BCC and TPMS
IWP structure was the local curvature measure, which is always zero for any TPMS, but found
to be 14% for the hollow-BCC shell. They also reported that TPMS, like hollow-BCC, had
40% higher stiffness than the strut-based BCC at relative density of 30%; however, the

pronounced stiffness advantage was diminished at lower densities (<10% relative density).

Another study on the effect of unit cell topology in terms of hollow vs. solid beams or strut vs,
sheet-based lattices on the mechanical properties and deformation was reported by Bonatti et
al. [230]. In this work, FEA and experiment testing were performed on the solid and hollow
FCC structures, which were manufactured by SLM using stainless steel 316L. Both simulations
and experimental work showed higher strength and stiffness values for the hollow FCC when
compared to solid FCC of the same density. This work highlighted the difference in failure
mechanisms between the solid and hollow-beam structures. The solid FCC lattice structure
showed an oscillating stress-strain curve when compressed, and failed by shear collapsing of
the unit cells. On the other hand, the hollow FCC lattice structure showed a monotonically
increasing stress-strain curve. The deformation response for hollow-FCC included a
concentration of plastic deformation at the spherical nodes. These nodeswhich were compacted

by folding that resulted in macroscopically a smoother deformation.

Micro and nanofabrication techniques are also emerging for fabrication of sheet-based (or
hollow-beam) lattices in addition to aforementioned AM technologies. Schaedlar et al.
produced nickel thin hollow octahedral scaffolds with strut lengths of a few millimetres (1-4
mm) and hollow-tube thicknesses of a few hundred micrometres (100-500 pm) using combined
techniques of self-propagating photopolymer waveguide (SPPW), electroless nickel plating
and polymer etching [226]. This technique enables manufacturing of ultralight structures with
a relative densities of 10#-10 %. Another emerging process method for micro and nano
fabrication is multiphoton lithography (or direct laser writing), which relies on multi-photon
absorption of photosensitive material that is transparent at the wavelength of the laser used.
Hollow nanolattices with dimensions spanning from 100 nm to 1000 nm were reported in
literature for cubic [238], kagome [239], octahedron and octet forms [240]. The ultralight

hollow micro or nano lattices have exceptional mechanical properties. For example, Jang et al.
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[239] reported tensile strength of 1.75 GPa for nano and hollow TiN structure at relative density
of 0.013, and Bauer et al. [238] showed compressive strengths of 280 MPa for hollow nano
alumina structure at relative densities below 1,000 kg/m®. Although micro and nano fabrication
techniques offer multi-scale manufacturing, they are still under development and their
applications are limited. AM is still the most promising method to manufacture the complex

lattices for industrial or clinical applications.

The literature review demonstrates that hollow-beam lattices can offer higher stiffness, strength
and energy absorption capacity compared to the strut-based lattices with the same relative
density. In addition, due to absence of nodes which act as stress concentration points, hollow-
lattices fail by folding of the hollow beam junctions and exhibit a monotonous and smooth
stress-strain curve, which is associated with their high energy absorption capacity. Whereas,
solid-beam lattices fail suddenly by diagonal shear collapse and have a fluctuating stress-strain

curve after yield point.

The advantages of hollow-beam lattices also include use of the additional pores for biological
purposes, including targeted drug-delivery. For example, Mueller et al. [241] showed a femoral
stem implant with inner channels that was manufactured by SLM. The channels within this
implant can be loaded with antibiotics to treat possible infections after surgery. According to
Bezuidenhout et al. [242], infections acquired from the implant are difficult to treat, and the
antibiotics administrated orally or intravenously do not always reach the implant area. To solve
this problem, implants can be functionalized by incorporating antibiotics inside the channels
of the implant, so as to administer the antibiotic directly to the site of infection. Burton et al.
[243] developed a lattice structure that could be used in the design of therapeutically loaded
orthopaedic hip implant, which can be used as an alternative to the commercially available

traditional cement spacer.

Although lattice structures and inner channel designs were studied and proposed to be used in
therapeutically loaded implant designs, there has been no effort to combine channel designs in
lattice structures. In this chapter, hollow-beam lattice structures that can be functionalised by
therapeutic agents and used in implant designs, are investigated. It includes the study on the
processability and mechanical and biological response of hollow-beam lattice structures and

aims to establish design guidelines for functional implants.
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6.2. Methods and Materials

6.2.3. Study Design

We designed hollow-beam lattice structures based on BCC, zBCC and 2zBCC unit cells. BCC
structure is selected for the sake of simplicity and consistency with designs in Chapter 4. The
other two are selected since zBCC is a BCC unit cell with extra trusses at the corner nodes;
whereas 2zBCC is a BCC unit cell with trusses at corner and centre nodes. Hollow-tube
designs were achieved by Boolean operations by subtracting the inner truss from the outer
truss. Therefore, the hollow tube thickness can be found by finding the difference of the outer
and inner truss radius. The outer truss radius of 1.5mm was kept same for all samples and the
inner truss radius’ values were 1.2 mm and 0.9 mm, generating hollow-tube thicknesses of 0.3
and 0.6 mm, respectively (Figure 6. 2c,b). The inner to outer radius ratios for the designs with
hollow-beam thicknesses of 0.3 and 0.6 mm were 0.8 and 0.6, respectively. The solid
counterparts of all of the lattice structures were also generated (Figure 6. 2a). The inner to outer
radius ratios for solid lattice structures were zero. Cubic scaffolds were constructed by merging
an array of 4 unit cells in x-, y- and z-directions (Figure 6. 2d). The dimensions of the cubic

scaffolds were 15x15x15 mm since the edge length of each unit cell was 3.75 mm.

In addition to the given scaffold designs, we designed hollow-tube BCC lattice structures with
different values of hollow-beam thicknesses and inner/outer radii to study the processability of
extreme dimensions. The unit cell size was kept the same and the edge length was selected to
be 3.75 mm. The first scaffold had hollow-tube thickness of 0.2 mm to study the minimum
achievable tube thickness, the second scaffold had inner channel radius of 0.5 mm and the third
scaffold had outer channel radius of 1.8 mm to assess if there is any pore blockage. These
values are summarised in Table 6. 1, which also includes the dimensions of the scaffolds from

the original study.
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Table 6. 1 Hollow-beam lattice structure design parameters

Scaffold ID Outer Truss Radius  Inner Truss Radius Hollow-tube
(Ro) (mm) (Ri) (mm) thickness (t) (mm)
Original Study 1.5 1.2 0.3
(BCC-zBCC-2zBCC)
1.5 0.9 0.6
Process-ability 1.3 1.1 0.2
Study (BCC) 1.3 0.5 0.8
1.8 1.0 0.8

All specimens were fabricated on a Mlab Cusing machine (Concept Laser, Lichtenfels,
Germany) equipped with a fibre laser 100 W using Ti-6Al-4V-ELI powder supplied by Falcon
Tech (Falcon Tech. Co., Ltd.Wuxi, China) with a particle size ranging from 15 to 50 pum. The
specimens were fabricated using a 95W laser power, 600 mm/s scan speed with a 0.08mm
hatch distance, 50 (-5,+25) um beam spot size and 25 um layer thickness. After the specimens
were removed by electrical discharge machining, they were washed in ultrasonic bath for 2 h
to aid in removing the residual particles from the pores. No further surface modifications and

heat treatments were applied to the specimens.
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Figure 6. 2 CAD illustrations of (a) solid unit cells and unit cells with hollow-tube thickness of (b) 0.6
mm and (c) 0.3 mm for the BCC, zBCC and 2zBCC topologies. (d) Cubic scaffolds made of 4x4x4
unit cells with scaffold edge length of 15mm.
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6.2.3. Morphological properties

The specimens were photographed by Nikon D5200 digital single-lens reflex camera with
macro lens (AF-S micro-nikkor 105mm 1:2.8G ED) to visually inspect the channels and make
an initial assessment whether the pores were blocked or were free after the manufacturing
process. In addition to imaging, several specimens were investigated by a micro-CT scanner
(Zeiss Xradia 520 Versa, Zeiss, Oberkochen, Germany) to visualize the inner channels. The
BCC and 2zBCC specimens with hollow-tube thicknesses of 0.6 mm were scanned with a voxel
size of 22.8 um. The scanning parameters used were: 140 kV/72 pA source power, 22.8 pum
voxel size, 95 mm distance between the source and the sample, and 190 mm distance between
the detector and the sample. CT images were reconstructed to create a 3D model of the
specimen using Mimics 21.0 (Materialise, Leuven, Belgium). Moreover, the 2zBCC specimen
was scanned with a voxel size of 5 um to inspect the internal porosity within the trusses, which
is a characteristic result of the additive manufacturing process. For this scan, the source power
was 140 kV/71 A, the distance from of the source from the detector was 55 mm and, and the

distance of the detector from the sample was 320 mm.

The volume fraction and relative density of the specimens were measured by digital
densitometry (SD-200L, AlfaMirage, Osaka, Japan), which adopts the Archimedean principle.
Three samples for each specimen were used to measure the volume fraction and relative

density.

As-fabricated morphology of the specimens were inspected using SEM (FEI Nova NanoSEM,
Thermo Fisher Scientific, Hillsboro, OR, USA) imaging to observe the pores and beam-wall
thicknesses. The microstructure of one of the specimens was observed under optical
microscope (Olympus GX51, Olympus Corp., Tokyo, Japan). The specimen was grinded from
the top section perpendicular to the building direction and was polished with 3 pm, 1 pum
diamond solutions and with an oxide polishing suspension. Finally, the struts were etched with

the Kroll’s etchant for 30 s to reveal the microstructure.
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6.2.4. Mechanical Properties and Deformation Response

A minimum of three specimens of each hollow-beam structure were tested under compression
using an Instron 5982 universal testing machine with a 100 kN load cell. The solid-beam
structures were tested using an Instron 8803 testing system with a 500 kN load cell. Following
the standard for compression tests for porous and cellular metals (1SO 13314:2011), a constant
cross-head velocity of 0.9 mm/min was utilised corresponding to a compression strain rate of
102 s, The engineering compressive stress was calculated by normalizing the applied
compression load with the initial cross-section area of each sample (15 x 15 mm?) and the
engineering strain was calculated by the displacement of the cross-heads. The stress-strain
curves of each sample were analysed and the following mechanical properties were calculated
based on the guidelines of the ISO Standard 13314:2011: maximum compressive strength
(omax) (the first local maximum in the stress-strain curve), 0.2% offset yield stress (oy), and the
elastic gradient (E). The elastic gradient was calculated between stresses of 20-70 MPa, 50-
150 MPa and 100-200 MPa for the hollow-beam structures with tube thickness of 0.3 mm,
0.6mm and solid-beam structures, respectively. The range of stresses was chosen according to
the best representation of the elastic straight line. A series of images were captured every 1 s
during compression testing to record the deformation response of the samples.

6.2.5. In-Vitro Study

In this study, MG63 mouse osteoblast cells were used to assess cell viability and proliferation
in solid BCC and 2zBCC, and hollow BCC and 2zBCC with hollow-beam thickness of 0.3
mm. These four designs are chosen to compare solid vs. hollow structures as well as BCC vs.
2zBCC structures, so that both the effect of hollow-beams and z-vertical channels on the cell
migration can be assessed. The hollow structures are named and used as hBCC and h2zBCC,
whereas BCC and 2zBCC represent the solid-beam lattices. MG63 cell line was used instead
of MC3T-EL1 cells. We anticipated that there is no significant difference between the two cell

lines for the planned study.

The scaffolds were seeded with 1x10° cells/scaffold by using Method A, as explained in
Chapter 4.2, in 12 multi-well plate. Empty wells were also seeded with cells as positive

controls. MTS assay was performed at 24 hour and 7-day time points, following the
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experimental method given in Chapter 3.5. Fluorescent images were taken from the bottom and
top of the scaffolds at two time points, following the same procedure described in Chapter 3.5.
The scaffolds and controls were set in triplicates. One-way analysis of variation (ANOVA),
together with Tukey—Kramer post-hoc analysis, were used to identify significant differences
(significance threshold: p < 0.05).

6.3. Results

6.3.1. Morphological Properties

Initial images taken by digital camera showed that all of the hollow-specimens including the
trial ones for the processability study, have unblocked clear channels (Figure 6. 3a). Fusing of
the neighbouring struts was not observed at the designed dimensions. In addition to digital
imaging, micro-CT scans showed no blockage of the hollow tubes and pores were free of
residual powder after ultrasonic washing (Figure 6. 3b). The micro-CT scans were used to
create a 3D model of the 2zBCC_t0.3 scaffold (Figure 6. 3c), and sliced at random layers to
observe the inside of the hollow-tubes (Figure 6. 3d). The combined results of digital camera
imaging and micro-CT scanning proved that SLM is capable of manufacturing hollow-tube

lattices with pores as small as 0.5 mm and hollow-tube thicknesses of 0.2 mm.
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Figure 6. 3 (a) As-fabricated cubis scaffolds imaged by digital camera, (b) micro-CT images of
2zBCC with voxel size of 22.8 um from different locations, (c) constructed into a 3D model, (d) and
sliced in the half. () Micro-CT image of 2zBCC with voxel size of 5 um, showing internal porosity.
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Micro-CT images with voxel size of 5 um showed the internal pores that are smaller than the
voxel size. Pores were located in the middle of the struts/ sheets, which is an expected
characteristic of SLM lattices [244]. Pores were observed to be micron size and less than 0.5%
of the overall structure (Table 6. 2). Table 6. 2 also presents the difference between designed
and measured volume fractions of the structures. The observed difference was found to be 5-

10% and is consistent with our previously reported studies and literature.

Table 6. 2 The volume fraction and relative density of the specimens.

Seaffold 1D Volume Fraction (%) Rel_ative
CAD Design Experiment  Difference Density (%)
BCC(t0.3) 16.0 26.7+0.2 10.7 99.7+0.2
zBCC(t0.3) 16.6 27.5+0.2 10.9 98.0+2.2
2zBCC(t0.3) 17.3 27.5+x0.4 10.2 99.9+0.2
BCC(t0.6) 31.1 44.0+0.2 12.9 96.5+3.4
zBCC(t0.6) 32.9 44.0+0.2 11.1 98.9+0.7
2zBCC(t0.6) 34.7 43.4+0.3 8.7 99.2+0.1
BCC 55.7 60.1+0.2 4.3 99.6+0.5
zBCC 60.3 65.2+0.3 4.9 99.7+0.4
2zBCC 64.9 68.6+0.2 3.7 99.9+0.1

SEM images (Figure 6. 4a-c) also show that the pores are free from residual powder and not
blocked. The pore shapes can be also distinguished by SEM images. The additional vertical z-
struts to the BCC structure introduce spherical pores to the structure, as well as diamond and
square-shaped pores. These pores are identified by lines that are color-coded. It is known that
pore shape controls the cell attachment [188] and it will be interesting to investigate in-vitro
cell behaviour of BCC, zBCC and 2zBCC to assess the extent of pore shape effect on cell
proliferation. SEM images also reveals the surface characteristics of as-fabricated structures,

which is similar to the surface of functionally gradient scaffolds that were manufactured on the
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same SLM machine with the same powder. The surface roughness can be attributed to the
attached non-molten particles. The microstructure of all the specimens (Figure 6. 4d) included

martensitic o’-laths, which is characteristics to SLM Ti6Al4V lattices.
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Figure 6. 4 SEM images of hollow (a) BCC, (b) zBCC, (c¢) 2zBCC scaffolds. Each coloured line
represents different pores, introduced by the design. (d) Optical microscope image of hollow BCC
scaffold, the white boxes show the martensitic a-laths.
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6.3.2. Mechanical Properties

The compressive nominal stress-strain plots of hollow-beam and strut-based lattice structures
are presented in Figure 6. 5. The stress-strain curves of strut-based BCC, zBCC and 2zBCC
lattices exhibit characteristic stages of deformation for cellular solids, including a linear-elastic
region, followed by a plateau region with fluctuating stresses. Although these strut-based
lattices showed similar deformation behaviour, they reached different levels of maximum stress
and possessed different elastic moduli due to additional z-struts. For example, zBCC structure
exhibited elastic moduli and yield stress values of almost twice that of the BCC structure (Table
6. 3). This shows that vertical corner columns carried as much load as the BCC structure. The
additional centre z-strut in 2zBCC structure also increased the stiffness and strength as

compared to zBCC.

The stress-strain curves for hollow-beam structures initially showed similar behaviour to the
uniform scaffolds; however, they didn’t have the fluctuating plateau region. Instead, the

deformation continued monotonously and smoothly (Figure 6. 5).

Elastic moduli, yield stress and maximum compressive stress values of the hollow-beam
lattices were lower than those of solid-beam lattices for any unit cell topology due to the
difference in relative densities. However, when they were compared to each other at the same
relative densities, the hollow-beam lattices showed higher stiffness and strength. For example,
literature reported [116, 245] elastic moduli of 1.6 GPa and 1.9 GPa, and yield stresses of 53
MPa and 42 MPa, for BCC structures with relative densities around 26%. Here, hollow-BCC
structures with relative density of 26% exhibited elastic moduli of 2.3 GPa and yield stress of
102 MPa. At the same relative density, the hollow BCC showed 30% higher elastic modulus
and 110% higher yield stress.

The elastic moduli, the 0.2% offset yield stress (oy) and the first maximum compressive
strength (omax) Of the scaffolds are summarised in Table 6. 3. Elastic modulus, yield stress and
compressive strength increases with hollow tube thickness from 0.3 mm to 0.6 mm for all of

the unit cells.
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Figure 6. 5 Stress-strain curves of (a) BCC, (b) zBCC and (c) 2zBCC hollow and solid lattices. (d)
Relative density vs Relative Elastic Modulus of all the structures with fitted power law curves.

Table 6. 3 The summary of the mechanical properties of hollow and solid beam structures measured
by compression tests (Mean + SD).

Scaffold ID E (GPa) oy (MPa) omax (MPa)

BCC(t0.3) 2.3+0.1 102+4 121+3
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zBCC(t0.3) 2.6+0.4 107+15 128+12
2zBCC(10.3) 2.7+0.3 112+10 13547
BCC(t0.6) 3.120.1 17621 233+7
zBCC(10.6) 5.0+0.1 207+19 261+14
2zBCC(t0.6) 5.0+0.1 258+10 3154
BCC 6.1+0.2 27546 413+8
ZBCC 12.0+1.3 40711 65711
2zBCC 14.621.1 530+31 853+9

In order to provide a better comparison between different lattice unit cells, relative elastic
modulus (E/Es) is plotted against the measured relative density (p“/ps) (or volume fraction) (%)
in Figure 6. 5d. Elastic modulus was normalized relative to the values of solid Ti6AI4V (110
GPa). The observed average trend shows a positive power law relation with volume fraction.
This trend corresponds to theoretically expected behaviour of bending-dominated structures
for the BCC structure and stretch-dominated structure behaviour for the zBCC and 2zBCC

structures [109]. Similar results are also reported in literature [133].

Images of the initial stage and the progressive failure of hollow-beam and strut-based structures
recorded during the compression tests (Figure 6. 6) show that the major failure bands were
formed at a 45° angle from the loading direction for all strut-based unit cell topologies. For the
hollow-beam structures, buckling of the hollow-beams were observed either horizontally
(BCC) or diagonally (zBCC and 2zBCC), which lead to a more stable and smoother failure as
compared to sudden failure of strut-based lattices. Due to lack of nodes or stress concentration
in hollow-beam lattices, the beams failed by folding of the hollow-beam junctions, as shown

with red arrows.
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BCC (t0.3)

zBCC

2zBCC

Figure 6. 6 Failure modes of BCC, zBCC and 2zBCC structures with hollow-tubes (0.3mm thickness)
and solid-beams. Left images represent the initial state, middle and right images present the progressive
failure. Arrows point the regions of deformation and failure (Scale bars = 15mm).
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6.3.3. In-vitro Response

The degree of the cell adhesion and viability of the MG63 cells on the scaffolds were
determined using MTS assay, which was performed after 24 hours (1 day) of cell seeding.
Further, the extent of cell proliferation on the scaffolds was assessed by performing the MTS
assay after 7 days of cell seeding. There was no significant difference in cell numbers between
the scaffolds at both of the time points. The difference between the scaffolds and the positive
control at Day 1 is due to the fact that the scaffolds are porous and some of the cells could not
attach to the scaffolds, whereas the positive control had all of the seeded cells. However, the
difference in cell numbers between the positive controls and the scaffolds diminished after 7
days. This shows the ability of cells to proliferate on the scaffolds increased from day 1 to day
7. This can be also seen in Figure 6. 7, whereby the OD absorbance is shown to almost double
for all of the scaffolds. The number of the cells on the positive control wells did not change
much due to a confluent layer of cells and the limited space (only the bottom of the well plate)

for cells to proliferate.
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OD Absorbance at 490nm

Figure 6. 7 Cell proliferation measured by MTS assay after culturing 1 and 7 days on the solid and
hollow lattice structures. Data were presented as mean + SD (n=3). (""p < 0.001 and “"p < 0.0001
when compared using ANOVA Tukey-Kramer post-hoc test).

Further to cell proliferation assay, cell distribution and migration on the solid and hollow-beam
lattice structures were studied by staining and imaging the cell nuclei and actin cytoskeleton.
Based on the images in Figure 6. 8, there are more cells on the bottom of the hollow-beam
lattices as compared to the solid lattices at both time points. Although, this doesn’t appear to
be reflected in the MTS data. Since the MTS assay results suggest that the number of cells on
the overall scaffolds are similar, these images suggest that the distribution throughout the
hollow-beam lattice structure is more uniform as compared to solid ones. The number of the
cells on the top of all of the scaffolds look increased from day 1 to day 7, which aligns with the
results of the MTS assay. This shows that MG63 cells proliferated on the scaffolds.
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Figure 6. 8 Fluorescence micrographs representing merged Hoechst stained nucleus (blue) and actin

cytoskeleton (red) of MC3T3-E1 preosteoblast cells on the solid and hollow-beam BCC and 2zBCC

structures after culturing for 1 day and 7 days. Top represents the side where cells were seeded onto
the samples.

6.6. Discussion

In this chapter, the hollow-tube lattice structures were investigated. This study includes the
SLM processability, mechanical properties and biological response of these structures. The
generated hollow-structures were based on BCC, zBCC and 2zBCC unit cells. Further, solid-
beam versions of these unit cells were also included in the study for comparison. The hollow-

tube thicknesses for all of the scaffolds were 0.3 mm and 0.6 mm. To explore the critical design
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dimension limits, additional hollow-beam lattices were also manufactured. It is shown that
SLM is able to manufacture hollow-tube lattices with a wall-thickness of 0.2 mm and inner-
channel pore size of 0.5 mm. Digital camera and SEM images, as well as the micro-CT scans,
revealed that the channels and pores were free of residual process powders and there was no
blockage or un-desirable fusion of the struts. Although a deviation in the dimension of the
structures compared to their CAD models was observed, this deviation did not cause
overlapping of the struts or blocked pores. The difference in strut sizes and pores between the
designed and as-fabricated structures was within an expected range [86] (around 5-10 %), and

was attributed to surface irregularities.

Table 6. 3 shows that the elastic modulus and yield stress values of the solid-beam based lattices
are higher than the hollow-beam lattices. However, when these values are normalised with the
relative density of the structures, the stiffness and strength of hollow-beam lattices are higher
than the solid-beam lattices. For example, at the same relative density (26%), hollow-BCC
structure exhibited elastic moduli of 2.3 GPa and yield stress of 102 MPa; whereas, solid-BCC
structures had an average elastic moduli of 1.7 GPa and yield stress of 47 MPa. Our results
complement the findings of the literature and show that hollow-beam lattices offer higher (30-
60% higher) stiffness, strength and energy absorption capacities at the same relative densities
[231, 235].

Deformation behaviour of the hollow-beam lattices were more monotonous and smooth than
the solid-beam lattices, as observed in their stress-strain diagrams (Figure 6. 5) and the images
taken during the compression testing (Figure 6. 6). The geometrical smoothness of the hollow-
tubes, as well as the absence of strut junctions, prevented the abrupt failure and oscillating
stress-strain curve, which is characteristic of solid-beam lattice structures. This smooth
deformation characteristic can be beneficial in an orthopaedic implant design to prevent the
sudden failure and undesirable material removal from the implant. Shell-based lattice (hollow-
beam) structures were also reported to have substantial advantages over the truss-based lattices
in regards to fatigue life [235]. Overall, our results and literature show that hollow-beam
structures have superior mechanical properties and behaviour compared to the solid-beam

lattices.
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Further to the mechanical behaviour studies, we analysed the in-vitro biological response of
the hollow and solid-beam structures with MG63 preosteoblast cells. MTS assay results
indicated similar degree of cell attachment and cell proliferation for hollow and solid BCC and
2zBCC structures at day 1 and 7. However, fluorescent images show more cells at the bottom
of the hollow-beam lattices than the solid ones. This suggests that more cells were able to
migrate from the seeding point to the other end of the hollow-beam scaffolds. Since the MTS
assay results show that the number of cells attached on all the scaffolds are the same, the
fluorescent images suggest that the distribution of the cells are more even in the hollow-beam
lattices. This is in agreement with our reported study on the functionally gradient scaffolds,
which also showed that scaffolds with large pores or higher porosity had more uniformly

distributed cells throughout the scaffold.

The channels created within the struts due to hollow-beam lattice design can be loaded with
therapeutic agents, such as antibiotics, to allow targeted drug release. Or, alternatively, they
can be loaded with bone morphogenetic proteins to promote bone in-growth [243, 246].
Targeted drug release system within an orthopaedic implant is a promising research avenue
and can solve the post-operational infection problems. With the right design of the channels
and pores, the release rate of the drug can be controlled. A study investigating the effect of
design and channel size on the drug release rate of the implants will help the design of the next-

generation medical devices in the future.

In summary, we showed that hollow-beam lattices offer both mechanical and biological
advantages. Hollow-beam lattices, sometimes referred to as shell-based lattice structures, offer
higher energy absorption, stiffness and strength than solid lattice structures. The smooth
deformation behaviour observed in hollow-structures due to absence of stress-concentrations
can be beneficial in the use of orthopaedic implants. Another advantage of these structures are
shown in our in-vitro studies. Hollow channels enabled better cell migration, which resulted in
more homogenous distribution of the cells within the overall scaffold. Hollow-channels offer
ample space for loading of the therapeutic agents to functionalise the implants. Due to the
aforementioned benefits, hollow-lattice structures offer promising properties and functionality
in next-generation orthopaedic implants. Future studies on the hollow-beam lattices should

include the effect of channel size on the drug release rate.
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6.8. Conclusion of the Chapter

This chapter includes the study on the processability, mechanical behaviour and in-vitro
biological response of the hollow-beam lattice structures. Hollow-beam structures with wall
thicknesses of 0.3 and 0.6 mm, as well as solid-beam BCC, zBCC and 2zBCC structures, were
successfully fabricated using selective laser melting technology. Our preliminary study on the
processability of the hollow-beam lattices with SLM method revealed that SLM is capable of
fabricating structures with minimum hollow-tube thickness of 0.2 mm and inner channel size
of 0.5 mm without any blockage. Static mechanical properties of the hollow-structures show
that they are stiffer and stronger than their solid counterparts at the same relative densities.
Quantitative analysis of cell viability show similar cell colonisation and proliferation rates for
both hollow and solid-beam scaffolds. However, fluorescent images suggest that the
distribution of the cells are more uniform in the hollow-beam structures. The combined results
of compression tests and in vitro biological performances suggest that hollow-beam lattices
can be beneficial in the use of orthopaedic implants. Furthermore, the channel space provided
within the struts can be incorporated with therapeutic agents to aid in targeted drug treatment.
We suggest that the next-generation implants can be functionalised with this approach of
incorporating additional channels and therapeutic agents within the porous scaffolds, without
compromising the mechanical properties.
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7.2. Conclusions

The aim of this thesis was to study the mechanical and biological properties of lattice scaffolds
manufactured by selective laser melting and establish a better understanding of their
relationship. This was achieved by proposing nw designs of the scaffolds and simulateneously

assessing the mechanical and biological properties.

A particular target of this work was to study a functionally gradient porous scaffolds and their
mechanical and biological response. For this purpose, two gradient designs, so called Dense-
In and Dense-Out, were fabricated by SLM. Both gradient designs were based on the BCC unit
cell and had pore sizes changing from 940 pm to 1330 um. The uniform BCC structures were
also manufactured for comparison. The mechanical properties of gradient and uniform
scaffolds were found to be comparible to the values of cortical bone. The rule of mixture was
proposed to calculate the mechanical properties of gradient designs based on an assumption
that gradient structures are composites of uniform layers of the same diameter struts. The
deformation mechanism of gradient structures was observed to follow a sequential layer
collapse, whereas uniform BCC scaffolds failed by diagonal shear collapse. The sequential
layer collapse has an advantage of retaining the mechanical properties of a scaffold over a large
degree of deformation. In-vitro tests with MC3T3 preosteoblast cells showed that the degree
of cell attachment was similar for all scaffolds. However, the cell colonization and migration
were significantly higher on the scaffolds having thinner struts on their periphery (i.e., Uniform
0.4 and Dense-In) than the scaffolds with thick struts on their outer surface (i.e., Uniform 0.8
and Dense-Out). The in-vitro results combined with the mechanical properties show that the
optimal gradient designs for bone implant use should have decreasing pore size towards their
centre, which can provide the required strength and stiffness, while simultaneously promoting
cell colonization throughout the whole scaffold. This study has also demonstrated the
importance of assessing the biological and mechanical properties together when designing an

implant as the two properties have contradicting requirements.

The other target of the thesis was to study altentaive exposure strategy for the SLM process to
improve the processability of the lattice structures and understand the formation of the resulting

microstructure. Here, single point exposure strategy is investigated as an alternative method to
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the contour-hatching strategy. This method involves exposing the laser at a certain exposure
time to reach the desired dimensions. With this method, the dimensions of the parts are directly
controlled by the laser power and exposure time, without the need of 3D modelling. This also
diminishes the computational costs and steps required from design to fabrication. In this work,
single vertical struts were fabricated with >50 process parameters to investigate the effect of

process parameters and the basics of laser-material interaction during the single point exposure.

The characterisation results of the single vertical struts show that the strut diameter increases
with energy input up to a saturation point with single point exposure strategy. The maximum
achievable strut size is shown to be 520 um at the saturation point (0.5 J energy input).
Continiuous pore formation was observed in the centre of the struts along the build direction.
The morphology and the location of these pores suggest that they were produced due to
excessive energy delivery in the core of the struts and resulted in a keyhole pore formation.

The microstructure of all of the struts included martensitic a-laths.

In addition to single vertical struts, the effects of (partial) re-melting was investigated by
placing two struts in the same location; hence leading to a double laser exposure at the same
location. Furthermore, the effect of latent heat was studied by designing struts in circular
arrangements and assessing the middle strut. It was shown that the latent heat did not effect the
microstructure of the struts and they all had martensitic a-laths. However, some unusual relief
was observed on the unpolished surfaces of the double-melted struts under the SEM, that
resembled the basketwave microstructure. This was further characterised by performing TEM
on the cross-sectional area from the surface of double and single-melted struts. TEM images
revealed that a more uniform structure with consistent o-lath sizes (200-300 nm) was observed
in double-melted struts. On the other hand the single-melt struts had varying size a-laths (10
nm to 1um). This homogeneity effect on the microstructure of the double-melted struts can be
explained by the additional thermal effect of the second laser pulse; and further investigations
are proposed in the future work. Another difference observed between the double and single-
melted struts was in the texture results. The characteristic BOR-related correlation between
{0001}« and {110}s was no longer apparent in the case of double-melted specimens. It is
hypothesised that double laser exposure has occurred at different times during the solidification

B—a' transformation processes. This might have disrupted the natural way in which the
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microstructure is formed and have resulted in unconventional arrangements of the phases with
respect to each other. However, the overall shape and orientation of o'-laths (randomly
oriented) and prior B-columns (18-20° off the build direction) were very similar in both double

and single-melted struts.

This work contributes to the field of processing lattice structurs by selective laser melting by
introducing the single point exposure strategy and the processing window to alter the
microstructure. The lattice scaffolds include both single and double melted areas (i.e., strut
junctions). Therefore, the microstructure of these regions have an effect on the mechanical
properties of the overall scaffold. The future work is suggested to furher investigate the
mechanical properties of the single and double-melted struts and establish a direct correlation

between the process parameters and mechanical properties.

The final part of this thesis, Chapter 6, includes the work on the processability, mechanical
behaviour and in-vitro biological response of the hollow-beam lattice structures. Hollow-beam
scaffolds with wall thicknesses of 0.3 and 0.6 mm based on the unit cells of BCC, zBCC and
2zBCC, as well as the solid-beam scaffolds, were successfully fabricated using selective laser
melting technology. Previous work in literature included micro and nano size hollow-beam
lattices; therefore, our study on the SLM hollow-lattices contributes to the field by exploring
the process-ability of these structures with SLM. The limitation of the hollow-beam designs
without any pore blockage include a minimum hollow-tube thickness of 0.2 mm and an inner
channel size of 0.5 mm for SLM Ti6Al4V. The mechanical testing of the hollow-structures
show that they are stiffer and stronger than their solid counterparts at the same relative
densities. For example, at the same relative density (26%), hollow-BCC structure exhibited
elastic moduli of 2.3 GPa and yield stress of 102 MPa; whereas, solid-BCC structures had an
average elastic moduli of 1.7 GPa and vyield stress of 47 MPa. Deformation behaviour of the
hollow-beam lattices were more monotonous and smooth than the solid-beam lattices. The
geometrical smoothness of the hollow-tubes, as well as the absence of strut junctions, prevented
the abrupt failure and oscillating stress-strain curve (that is characteristic of solid-beam lattice
structures). This smooth deformation characteristic can be beneficial in an orthopaedic implant

design to prevent the sudden failure and undesirable material removal from the implant.
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Quantitative in-vitro biological performance, assessed by using MG63 pre-osteoblast cells,
show that the cell colonisation and proliferation rates for both hollow and solid-beam scaffolds.
However, fluorescent images show that distribution of the cells being more uniform in the

hollow-beam structures as compared to solid-beam lattices.

In summary, this thesis presents the results around the processability and properties of SLM
Ti6AI4V lattice structures to be used in the orthopaedic implants. The related literature, which
mainly involves the recent decade publications, was presented. An important conclusion
following from our results is that mechanical and biological properties should be considered
simultaneously and gradient structures and hollow lattice are promising candidates for future

orthopaedic implants.

7.2. Future Work

A number of research gaps were addressed in this thesis including mechanical, morphological
and biological assesstment of lattice structures for an orthopaedic implant use. However,
further research is required to improve the surface and design of lattice structures for

orthopaedic implants.

Foremost, the surface of SLM Ti6AI4V lattice structures is a major concern for biomedical
applications due to the risk of detachment of the partially-melted particles. Although there are
reported studies on electrochemical polishing and etching of surface of the SLM Ti6Al4V
implants [82, 247], there is no standard optimum procedure to follow. Further research might
include developing surface modifications techniques specifically for the lattice implants and
assessing the effect of etching on the mechanical and biological performance of the structures.
The other important factor to consider for AM lattice orthopaedic implants is their fatigue
properties. It is therefore proposed that the fatigue performance of hollow-beam lattices and
functionally-gradient lattice structures should be studied next. Moreover, in-vivo testing will
be required required for any translational research or commercialisation. The literature
demonstrates the benefit of lattice SLM scaffolds in animal models, such as increased
osseointegration [193, 248].
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Another important aspect of the future work is to investigating different titanium alloys for
additively manufactured implants. Although o+ Ti6AI4V is still the most widely used material
for orthopaedic implants, several reports argue that V is toxic both in the elemental state and
in the form of oxide. Furthemore, V and Al ions released from the alloy can have an effect on
the long-term health such as Alzheimer disease and neuropathy [249]. Therefore, there is a
growing interest in the research community to develop different alloys for AM orthopaedic
implants. Some of the titanium alloys which were reported include TiTa alloys [250], B-type
titanium alloys such as Ti-24Nb-4Zr-8Sn (TNZS) or Ti-Nb-Z (TNZ) [251, 252]. Challenges
with developing new alloys for AM include homogeneous distribution of alloying elements
and vaporisation of low-melting temperature constitutes. The process optimisation of these new

alloys and characterisation of the properties are recommended as a future work.

Finally, it was demonstrated that the hollow-tube lattices are benificial in terms of their
mechanical properties and cell colonisation. In addition to these benefits, the hollow-channels
can be incorporated with therepautic agents to have targeted drug-release function. There are a
number of recent studies in literature suggesting a similar future work direction for hollow-
lattices [242, 243]. Yet, there is no detailed study on the drug-release rate and effect in-vitro
and in-vivo in literature for the hollow-lattices. The drug-release rate will have a great impact
on the effectiveness of antibiotic on the postsurgery infections. Therefore, smart designs such
as hollow-lattices can be a key to control the drug-relesease rate by design. Future work might
include designing hollow-tube lattice scaffolds with different channel-sizes and loading these
channels with an industry-standard therapeutic agent (such as tobramycin, gentamicin,
vancomycin [253]) to establish a relationship between channel-size and drug-release rate and

find an optimum channel-size based on the bacterial inhibition experiments.

In summary, additive manufacturing is been enabling the rapid transition of novel ideas to
prototype building, but furhter research and developments in this field are required to

transition to a qualified and certified medical implants.
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