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ABSTRACT

Synthetic scaffolds are widely used as implants to repair bone fracture. Without a proper design,
scaffolds could pose significant health risks to the patient and fail to heal the bone properly. A
good synthetic scaffold needs to have high porosity and large pore size to allow new bone cells to
form on it. However, a scaffold with higher porosity and larger pore size tends to have reduced
mechanical strength. Thus, it is important to find a structural design which allows the implant to
have a high porosity and large pore size while retaining high strength. In this research, a 3D-
printable bio-inspired structure based on the unit cell of hydroxyapatite (HAp), along with several
other common scaffold structures, were designed and tested using a multiscale approach. Those
structures are tested under different loading conditions to find the stress levels. HAp material
properties are extracted from the density functional theory calculations, and the effect of porosity
on the material properties are modeled based on empirical relations by utilizing the density as the
scaling factor. The results show that the HAp-inspired scaffold could have up to 70% lower stress

level when compared to other common scaffold designs, such as round or square pores scaffolds,

under the same loading condition. Due to substitutions during aging, the scaffolds made of apatite
can be significantly different from stoichiometric HAp. Hence, this study is also extended to test
the HAp-inspired scaffold with varying anionic and cationic substitutions, including Mg?*, Zn?*,
and COs?. Furthermore, the surface texture of synthetic scaffolds has also become an important
research subject in the last decade. Studies have found that surface texture can alter surface
properties, such as cell adhesion, protein adsorption, and coefficient of friction, of a biomaterial.
In this study, two of very promising 3D-printable bio-inspired surface textures are studied for their

stress reaction under a loading condition. Some advice that could lead to a structurally stronger



surface texture design is concluded. This study will provide an insight into a better scaffold design

based on bio-inspired structures and the effects of substitutions on HAp scaffolds.
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CHAPTER 1: INTRODUCTION

1.1 Motivation for Present Research

Bone structure is one of the most important components in the body, which is required for
humans to perform any mechanical movement. However, it can be vulnerable; every year, millions
of Americans suffer from bone injuries (US Department of Health, 2004). As injury occurs, bone
has a self-healing mechanism by removing necrotic tissues and replacing them with newly
generated cells over time (Dimitriou et al., 2011; Burchardt, 1983). This mechanism allows the
injured bone to recover to its pre-injured condition, but this process is extremely slow and can lead
to abnormalities in terms of shape and size (Pilia et al., 2013). Moreover, there are times when this
self-healing mechanism can fail due to large bone defects caused by situations such as major
trauma/disease, infections, compromised blood supply, etc. (Leach and Mooney, 2004; Oryan et
al., 2014). To overcome those problems, surgical procedures are essential. Bone grafting is one of
the most commonly used surgical procedures for bone defects. A bone graft is a type of implant to
optimize and accelerate the bone healing process, it provides a platform for newly generated cells
to form on, and provides necessary mechanical supports to ensure structural stability of the
defective bone (Brydone et al., 2010; Hannink, 2011). Bone grafts can be classified into three
categories: autograft, allograft, and synthetic implant. Autografts are harvested from the patients,
they have low rejection risk at the cost of increased patient morbidity. Allografts are harvested
from a donor or animal, which are similar to the previous category in terms of mechanical
properties and structural features and would not increase patient morbidity. However, there might
be a possibility of rejection and disease transmission. While autografts and allografts contain
limitations, synthetic implants make great alternative options. Synthetic implants have no patient

morbidity, no risk of disease transmission, and, with 3D printing techniques, they are highly



customizable (Oryan et al., 2014; Kundu et al., 2014; Mironov et al., 2009). Therefore, synthetic
implants are superior for bone grafting.
1.2 Literature Review

According to a study (Amini et al., 2012), every year more than 0.5 million bone grafting
surgeries are carried out in the United States, and the number is increasing yearly. With such a
high demand, many studies have been done in all fields related to bone grafting.
1.2.1. The Hierarchical Structure of Bone

Bone, as shown in Figure 1.2.1.1, has a complex hierarchical system. A strong outer
compact layer appears at the macroscale, this compact bone is made of osteons and Haversian
canals near the microscale. Inside the osteon, there are multiple arrangements of collagen fibers
with collagen fibril arrays. At the nanoscale, the fibril arrays consist of a matrix of bone crystals
and collagen molecules. The bone crystal, known as mineral apatite, is made of hydroxyapatite
(HAp) (Nair et al., 2013).

Approximately 50% of a bone’s weight is in a modified form of HAp (Junqueira et al.,
2003). Stoichiometric HAp, as a form of calcium apatite, is represented by the formula
Cai10(PO4)s(OH)2, and it has a hexagonal crystal system, with its unit cell shown in Figure

1.2.1.1(g).
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Figure 1.2.1.1: Schematic hierarchical structure of a human bone. (a) The compact femur is made
of osteons and Haversian canals. (b) Inside the osteon system, there are multiple arrangements of
(d) collagen fibers, which are filled with (e) collagen fibril arrays. (f) These fibril arrays consist of
a matrix of bone crystals and collagen molecules. (g) The bone crystal, also known as mineral
apatite, is made of HAp.
1.2.2. Background of Implants

Synthetic implants are typically in the form of scaffolds with an interconnected pore
network (Kundu et al., 2014). When designing such a scaffold, several basic properties need to be
considered; those include biocompatibility, biodegradability, biomechanical compatibility, and
porosity and pore size. Biocompatibility is one of the most important factors. In order for cells to
begin generating harmlessly, scaffolds must allow the bone cell to adhere without producing any

toxicities to the host. A well-designed bone scaffold would help new blood vessels to form in a

few weeks after implantation and minimize the chance of rejection or immune reaction at the same



time. Good biodegradability, as the second required property, also plays an essential role in bone
grafting. Due to the fact that these implants are not designed to last permanently, biodegradable
design is necessary for synthetic bone grafts. Scaffolds with this design would allow new cells to
replace the synthetic scaffolds eventually. Similar to the previous property, the byproduct
produced during the process of degradation should not be toxic and should be able to leave the
body without interfering with other organs. Thirdly, biomechanical compatibility is also very
important for synthetic bone grafts as a measurement of their properties. An ideal bone implant
should have the same mechanical properties as the host, and it should be strong enough to handle
mechanical stress during practices such as surgeries (Bose et al., 2012). Lastly, scaffolds should
have a proper porosity and pore structure as well, to maintain sufficient nutrition and oxygen that
are required for cellular proliferation. It has been shown that the minimum pore size required for
scaffold structure is 25 micrometers (Maggi, 2018). A scaffold structure with high porosity is often
considered a cellular solid (Gibson and Ashby, 1999). However, as the porosity and pore size
increase, the mechanical strength decreases; so that in order to alleviate this negative effect and
maintain the required high porosity and large pore size spontaneously, we can reduce stress
concentration with some specially designed structures. Honeycomb sandwich structure (Figure
1.2.2.1) is a great example of those specially designed structures based on bio-inspiration (Gibson
and Ashby, 1999). As the name suggests, in nature honeycomb structures exist in honeybees’ nests.
Beyond that, this structure can also be found in rocks, bones, tripe, and so on. This is a structure
which could minimize the material usage and reduce structure weight while remaining relatively
high out-of-plane compression properties and shear properties (Wahl et al., 2012). It is also a
structure that can provide very good catalyst supports (Carty and Lednor, 1996). Engineers have

adopted this structure since World War 11, and it has been widely used in the aerospace industry



(Gibson and Ashby, 1999). Besides the traditional honeycomb structure, the square and triangular
honeycomb structure are also being widely used for various applications (Compton and Lewis,
2014). With advances in nanotechnology, research on 3D nanolattice designs are also becoming
popular; these nanolattices could be in different geometries including octahedron, Kagome,
tetrakaidekahedron, and so on. Nanolattice structures are able to achieve porosities over 95% while
maintaining relatively good mechanical properties (Maggi, 2018; Montemayor and Greer, 2015).
However, those nanolattice structures are still under research and development, and not ready for

real life applications.

Figure 1.2.2.1: A honeycomb sandwich structure illustration. A layer of honeycomb core is in the
middle of two face sheets.

In addition to those four basic properties mentioned above, the surface texture of synthetic
implants is also an interesting topic to look into. As the outermost face, surface texture can define
some surface properties of synthetic implants. These surface properties include protein adsorption,

cell adhesion ability, and so on (Alam, 2015). From the tribological point of view, nano/micro



surface texture also could define the friction on the surface of the synthetic implant (Si et al., 2015).
From a bone regeneration perspective, protein absorption and cell adhesion ability are two
important properties for surface structure. Protein absorption can happen as soon as the implant is
being inserted, cells would arrive at the surface of the implant but only interact with the absorbed
protein instead of the interface of the implant. The cell adhesion ability is the ability of the implant
surface to adhere to the cells. It is a very important property; the cell growth and proliferation
would be better with higher adhesion ability on the implant surface (Alam, 2015). There are
multiple ways to modify the surface to control cell adhesion, to reduce protein absorption and to
reduce or increase friction on the surface. One of the most common method is to chemically modify
the surface. This method usually put a layer of chemical coating on the top of the implant surface
to control the protein adsorption and cell adhesion (Collier et al., 1997; Anselme et al., 2010).
Besides chemistry, surface topography also plays an important role in both protein absorption and
cell adhesion. Surface roughness is one of the factors that is directly related to protein absorption
rate and cell adhesion ability (Rechendorff et al., 2006; Curtis and Wilkinson, 1997). For a scaffold
that is used for bone repairing implantation purpose, it should have good protein absorption ability
and cell adhesion ability to help speed up the healing process (Alam, 2015).

Previous studies have implemented Finite Element Analysis (FEA) to optimize scaffold
structures based on computer analyzed stress distribution, as fatigue cracks always initiate at the
peak stress point (Schijve, 2014; Bargmann et al., 2013; Zok, 2005). FEA is a numerical method
for engineering problems, especially for structural analysis (Logan, 2011). However, to
manufacture scaffolds precisely based on computer-generated Computer-Aided Drawing (CAD)
models is nearly impossible using conventional techniques as they do not have the flexibility to

manufacture highly customized scaffolds (Huang et al., 2013). Therefore, we can adopt three-



dimensional (3D) printing technology to achieve the requirements of precision and accuracy. This
advanced technique usually performs a layer-by-layer procedure and has been used to produce
nanometer to meter-sized scaffolds throughout the past decade (Mueller, 2012). There are different
3D printing methods such as binder jetting, directed energy deposition, material extrusion, material
jetting, powder bed fusion, sheet lamination, and vat photopolymerization (Do, 2015; Derby, 2012).
Thus, in theory, we can fabricate highly customized and optimized structures by adopting this
technique.
1.2.3. Materials and Substitutions

Present-day synthetic implants are mainly made out of titanium alloys or stainless steel
(Andreiotelli et al., 2009), and some are made of other metallic materials. While those materials
provide great strength to support the scaffold structure under different loading conditions, toxic
corrosion byproducts spread throughout the patient over time (Puleo and Nanci, 1999). Besides
the toxic byproducts, metallic scaffolds also have biomechanical compatibility problems. Young’s
modulus of metallic materials are usually over 10 times higher than trabecular bone and 2 times
higher than cortical bones (Niinomi and Nakai, 2011). For example, Young’s modulus of cobalt-
chrome alloy is 200 GPa. However, Young’s modulus of trabecular bone and cortical bone are
about 1 GPa and 18 GPa, respectively (Ridzwan et al., 2007; Huiskes, 1993). The difference in
Young’s modulus between scaffold and bone would cause stress shielding. According to Wolff’s
law, bones need to remodel themselves under loadings (Frost, 1994). For this reason, when the
loading on a bone decreases it would stop remodeling and become less dense. For bone grafting,
this phenomenon would lead to implanted scaffolds not being able to firmly fix in the bone any
more (Nagels et al., 2003). To overcome those problems, non-toxic biocompatible ceramic

materials could be great alternative materials for such implants. Ceramic materials such as HAp is



often used in bone replacement because of the chemical similarity between calcium phosphates
(CaPs) and bone minerals (Burchardt, 1983). It is therefore one of the most commonly used
calcium phosphate bio-ceramic materials in such applications. One of the methods to reveal the
true potential of ceramic materials is to estimate their mechanical properties through computational
simulations such as Density Functional Theory (DFT). DFT is an ab initio based method to predict
material elastic properties (Menendez-Proupin et al., 2011). A number of DFT studies on ceramic
materials have been carried out by comparing DFT results with experimental results. Due to the
nature of ceramic materials, their material properties, such as strength, could be affected by
substitutions that are either intentionally engineered or naturally occurred post insertion. For
instance, HAp is conducive to a number of different cationic substitutions (ions such as Mg, Zn,
and Ag) and anionic substitutions (such as F, COz3). Thus, in vivo, pure phased HAp that occurs
naturally can rarely be found. Those cationic and anionic substitutions can significantly affect a
ceramic material’s physical, chemical, and biological properties (Shepherd et al., 2012). However,
the effect of substitutions on mechanical properties of a scaffold at macroscale is uncertain, and it

could be an interesting topic to investigate.

1.3 Thesis Overview

The present research focuses on improving the strength of scaffold structures based on bio-
inspiration, replacing common metallic materials with potentially more biocompatible ceramic
materials, studying the effects of substitutions, and improving surface properties with bio-inspired
engineered surface textures.

The aim of this thesis is to develop a better synthetic implant design through bio-inspired
designs and computational simulations. Chapter 2 focuses on the design of implant scaffolds and

surface textures. Chapter 3 goes through the methods to investigate the potential of a bio-inspired



scaffold structure made out of HAp and its surface textures by using a multiscale computational
method. The elastic constants of HAp are calculated by DFT at a nano-scale level. These constants
are then scaled by an empirical equation based on micro-scale level porosity and are used for Finite
Element Analysis (FEA) simulations. Computational models to investigate the effects of
substitutions on HAp material and HAp-made scaffolds are generated and analyzed. Surface
textures of the implant scaffolds are also very important, and the stress level on the surface can be
affected by the geometry of textures. Therefore, the influence of cone or hemisphere surface
textures on the stress level are also explored. Chapter 4 focuses on the results of this study. Based
on the results, the bio-inspired scaffold has a lower stress level compared to other traditional
scaffold designs, which could potentially be a better bone implant design. It is also found that
substitutions not only have a major effect on the elastic constants of HAp materials but also have
some effect on the stress level in the scaffolds. Considering different substitutions and endless
possibilities of combinations, this could eventually lead to a new route in designing implant
materials. For the surface texture study, two surface textures are compared. Those two surface
textures are based on two different bio-inspired surface structures: cone surface structures and
hemisphere surface structures. The focus of this study is not to verify the cell adhesion and protein
absorption abilities of the newly designed textures, but rather the stress distribution and likely
failure criteria. These studies include changes in maximum stress of the surface textures for
different surface structure shapes, number of layers, coating thicknesses, and distances between
surface structures. The study shows a number of different ways to reduce stress concentration on

the surface texture, which could potentially lead to a longer-lasting scaffold surface.
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CHAPTER 2: SCAFFOLD AND SURFACE TEXTURE DESIGNS

For a scaffold implant design, it is very important to design the structure of scaffolds
efficiently. The structure of the scaffold is directly linked to the healing and mechanical
performance of bone implants. Beyond that, a good surface design could further improve the
healing performance of implants and make the surface of implants last longer. So, this chapter
explores the designs of scaffolds and their surface textures.
2.1. Scaffold Designs

Bio-ceramic HAp is a material with very high strength and has been a popular material in
the synthetic implant industry. The atomic configuration of HAp could be one of the reasons for
its high strength. Based on its atomic configuration, some geometry patterns were discovered
(Clint, 2015). From Figure 2.1.1, geometric patterns are observed on the OH-surface and Ca-
surface of a HAp atomic model. Hexagonal channels are running through the HAp cells on the
OH-surface, and triangular channels are also clearly crossing over the HAp cells on the Ca-surface.
Triangular channels appear to be broken down by hexagonal channels due to their position and
orientation; thus, all channels inside the scaffold become interconnected. Based on this geometry
pattern, a bio-inspired scaffold is developed. This scaffold is called HAp inspired pores scaffold,

and it has a porosity of 60% with an average pore size of 0.24 mm?.
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Figure 2.1.1: The atomic configuration of hydroxyapatite and the geometric design of the HAp
inspired scaffold. (a) HAp atomic structure isometric view. (b) Triangular channels are shown on
Ca-surface (xz-plane); hexagonal channels are shown on OH-surface (yx-plane). (c) The bio-
inspired scaffold design is based on the atomic configuration of HAp. Hexagonal pore channels
are on the yz-plane, and triangular pore channels are on the xz-plane.

To see if the HAp inspired pore scaffold is structurally suitable for implantation, six base
scaffolds with common designs are also created for comparison. They can be categorized into three
groups: large pores group, small pores group, and solid. Four base models fall under the large
pores group: square pores scaffold, round pores scaffold, triangle pores scaffold, and hexagon
pores scaffold. The square and the round pores are two shapes that are most commonly seen in
scaffold structures; when these two models are at 60% porosity, the average pore sizes are about
0.3364 mm? and 0.3367 mm?, respectively. The triangle and the hexagon pores scaffold are

designed separately such that the two shapes are mutually exclusive in each design and are used

to compare to the HAp inspired pores scaffold. When the latter two models are at 60% porosity,
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the average pore size is about 0.2372 mm? and 0.2831 mm?, respectively. The small pores group
contain a smaller pore version of the square scaffolds and a smaller pore version of the round
scaffolds from the large pores group. The average pore size of the smaller pore square and round
scaffolds are approximately 0.0315 mm? and 0.0314 mm?, respectively, at 60% porosity. Despite
previous research suggests that scaffolds with smaller pores are not suitable for bone cell
regeneration (Karageorgiou and Kaplan, 2005; Polo-Corrales et al., 2014), these models function
as a tool to investigate the effects of pore size on the mechanical properties of scaffolds. All
scaffolds in the large pores group have 0.01 mm radius fillets for all interior corners, and all
scaffolds in the small pores group have 0.002 mm radius fillets for all interior corners. The solid
model in this simulation is a bulk block used as a control model, which shares the same overall
size with the other models.

In order to study the geometric effects of pores, except for the solid model, all other models
are set to about 60% porosity scaffolds with 60% porosity is reasonable for bone cell regeneration
purpose. A series of 30% porosity models and a series of 45% porosity models for scaffolds in the
large pores group are also created to explore the influence of porosity variance. These porosity
levels are created by decreasing the average pore size of the models which are set to 60% porosity
level. Models of the bio-inspired scaffold along with several different common scaffold designs

are generated by Inventor Professional 2017 (Autodesk, Inc., USA) as shown in Table 2.1.1.
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Table 2.1.1: Different models of scaffold structures, which are used in the simulations.

Model Solid Round Square Triangle Hexagon Small Small HAp
Pores Pores Pores Pores Round Square Inspired

Pores
- m ﬁ

Overall 6.277 mm (Length) X 1.543 mm (Width) X 2.509 mm (Height)
Dimensions
Porosity 0% ~30%, ~30%, ~30%, ~30%, ~60% ~60% ~60%
~45%, ~45%, ~45%, ~45%,
~60% ~60% ~60% ~60%
Weight (g) 0.077 0.055,0.041, 0.055,0.042, 0.055,0.041, 0.055,0.040, 0.030 0.031 0.031
0.030 0.031 0.032 0.030
Total Surface 58.6 108.2,108.2, 114.1,113.4, 144.9,1424, 115.1,112.9, 265.1 2842 243.0
Area (mm?) 103.0 106.9 1353 108.1
Volume 2431 17:555 17.51,12.85, 16.89,11.93, 16.27,11.35, 9.39 9.67 9.69
(mm?) 12.84, 9.78 9.28 8.68
9.65

2.2 Surface Texture Designs

The surface texture is an external boundary and the outmost layer of a structure, and they
are crucial for bio-materials and synthetic implants. A good surface texture design for implants
should be able to enhance the cell adhesion and protein absorption ability of the implanted scaffold.
The surface texture is made up of surface structures. Different surface structures can be used to
create surface textures. Previous studies used micro-pillar structures on the surface to help cell
growth (Yang, 2006), and used nanopyramid structures on the surface to modify surface roughness
and to enhance the protein absorption (Muller et al., 2001). However, both pyramid and pillar
structures contain pointing and sharp edges, which are geometrically good for stress concentration
when the surface structure is under force or pressure. Although the designs of surface structures of
implant scaffolds are not intended to be put directly under loadings, bearing some levels of
loadings is unavoidable. Therefore, it is necessary to find a way to reduce stress concentration on

those surface structures to make the surface texture last longer. Crabs have a strong exoskeleton,
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and their chela is even more incredible; they can use the chela to crack open shellfish, like clams
(Weis, 2012). When we look closer to the inner edge of their chela, some serrated structures can
be seen. Based on those structures, two bio-inspired surface structures are designed as shown in
Table 2.2.1. One is a hemisphere structure, and the other is a cone structure. Both surface structures

are 3 um in depth with 3 um radius bottom.

Table 2.2.1: Surface structures for surface texture simulations. Two base structures are hemisphere
and cone.

Model

Name Smooth Hemisphere Smooth Cone Surface
Surface Structure Structure
Overall Dimensions 0.006 X 0.006 x 0.003

(mm)
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CHAPTER 3: MULTISCALE MODELING METHOD

This study uses a multiscale approach that obtains the elastic constants of HAp from DFT
calculations, which are then scaled by empirical relations based on the porosity of scaffolds. The
scaled elastic constants serve as the input for the corresponding scaffold in FEA simulations,
including compressive and bending loading cases.
3.1. Elastic Constants of Stoichiometric HAp

HAp, as a synthetical material, can be prepared using various methods (Inzana et al., 2014;
Du et al., 2015). The synthetic HAp is usually in the form of powder and can be used as a material
for 3D printing using the binder jetting method. Binder jetting is a 3D printing process in which
“a liquid bonding agent is selectively deposited to join powder materials” (Eshraghi, 2015).
Previous studies have reported the fabrication of HAp scaffold structure with HAp powder and
power binders by using additive manufacturing techniques. However, the mechanical properties
of scaffolds produced by different combinations of printing tools and HAp powder binders can
critically vary (Cox et al., 2015; Zhou et al., 2014). For example, according to Cox et al. (2015),
the yield stress of their 3D printed 55% porosity HAp scaffolds vary from 0.10 MPa to 0.78 MPa.
Therefore, in this study, the theoretical mechanical properties of stoichiometric HAp based on DFT
calculations at the atomic level are used. The DFT calculation results of elastic constants are shown
in Table 4.3.4 (Deymier et al., 2017). The DFT calculations predict changes in surface energy and
elastic moduli. HAp material has been considered as an isotropic material in previous research
(Ren et al., 2009); in contrast, the microscopic behavior of HAp appears anisotropic (Ching et al,
2009). Due to the symmetric feature of hexagonal crystal structure, HAp can be considered as a

transversely isotropic material (Deymier et al., 2017).
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3.2. Substitution Effects on the Elastic Constants of HAp

Substitution is a factor needed to be considered when using HAp as the material for
implants. Previous research (Shepherd et al., 2012) has shown that even a small amount of
substitutions would have significant effects on solubility, osteoclastic response, thermal stability,
and osteablastic response. In vivo, it also significantly affects degradation and bone regeneration
(Shepherd et al., 2012). Both cationic and anionic substitutions could happen on the bio-ceramic
scaffolds after insertion. This study investigates the effects of three common substitutions on HAp:
Zn, Mg, and carbonate substitutions. The effects of cationic substitutions, such as Zn and Mg, on
the elastic constants of HAp are investigated by Aryal et al. (2015) through DFT calculation. They
used Mg and Zn atoms to replace Ca atoms inside HAp unit cell. With different numbers of Ca
atoms being replaced, HAp unit cells with different volume percentage from 0%-25% of Mg or
Zn substitution are created.

Deymier et al. (2017) investigated the effects of carbonate substitutions on HAp. As shown
in Table 4.3.4, they created apatite lattice models of B-type carbonate substitution for phosphate
groups in the HAp and calculated their elastic constants. The weight percentage of substitution is

6.3% and 13.4%.
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Figure 3.2.1: llustration of B-type carbonate substitution (brown and red atom group) for
phosphate groups (violet and red atom group) in the HAp model. Calcium, phosphorus, carbon,
hydrogen, and oxygen atoms are shown in blue, violet, brown, white, and red, respectively. Apatite
lattice models shown here are used for DFT calculations. (a) 0 wt% carbonate substitution, (b) 22
wit% carbonate substitution.

O

4"\

We want to further explore the effects of higher carbonate substitutions on HAp. In this
study, a lattice model of B-type carbonate substitution for phosphate groups of HAp at 22 wt% is
created as shown in Figure 3.2.1. An orthorhombic unit cell with 88 atoms is used to simulate
stoichiometric HAp. The initial lattice parameters are based on experimental measurements, those
values are: a = 9.424 A, b =16.322 A, ¢ =6.879 A, 0. =B =y = 90° (Hughes et al., 1989). A
rectangular prism is formed by the unit cell replicated in all three dimensions. The initial dimension
isax b x c. To calculate elastic constants of 22 wt% carbonated HAp, a substituted HAp model is
created. To create this model, four Ca atoms are removed and eight (POa4) are replaced by (COs).
Each carbonate ion is at least 4.5 A apart from each other. The locations of carbonate substitutions
are chosen to match previous studies to minimize the total energy of the system (Astala and Stott,

2005; Deymier et al., 2017). DFT is used to calculate the elastic constants of the substituted Hap,
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with the Quantum ESPRESSO package (Giannozzi et al., 2009) being used for DFT calculations.
For plane-wave basis sets, the energy cut off is set to 60 Ry, and for the charge density, the cut off
energy used is 360 Ry. During the DFT calculation, the unit cell is strained in different directions
to calculate various elastic constants. Energy convergence for bulk calculations is observed at a
2x1x2 k-point grid. For energy convergence, the difference in energy between two consecutive
steps must be less than 10-¢ Ry. Regarding forces, the convergence must be less than 102 Ry/Bohr
(Deymier et al., 2017). Empirical relationships between energy and strains are evaluated, and the
elastic constants are determined by fitting the energy curves (Menendez-Proupin et al., 2011).
3.3. Elastic Constants Scaling

FEA can predict the influence of the geometric features of scaffolds, but it does not provide
any significant variation in the results of porosity effects. Therefore, for porosity dependence, it
requires an appropriate material model. A previous study reported the porosity dependence in HAp
with an empirical relationship based on experiments (Ren et al., 2009). This study adopts an
empirical relationship of the HAp to model the porosity dependence. The empirical relationships
(Equations 3.3.1 and 3.3.2) of Young’s modulus (E) and shear modulus (G) are an exponential
function porosity (p). The porosity dependence is considered in the model by considering Young’s
modules and shear modulus dependence in the compliance matrix (C) using the following
equations:

E = E, exp(—bgp) (3.3.1)
G = Gy exp(—bgp) (3.3.2)

whereE,, Gy, bg, b; and p are the Young’s modulus, shear modulus of stoichiometric HAp,

exponential constant for Young’s modulus, shear modulus, and porosity respectively. The
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exponential constants for Young’s (b = 3.4) and shear modulus (b; = 3.54) are evaluated by
fitting the experimental results from the previous study (Ren et al., 2009).
3.4. FEA Simulation Setups for Computational Models Developed

The numerical study uses FEA with the commercially available software Workbench
(ANSYS ® 17.2). As shown in Table 2.1.1, all 16 scaffold models and 12 surface texture models
are created by Autodesk Inventor Professional 2017 (Autodesk, 2017) and exported to ANSYS
Workbench for FEA simulations.
3.4.1. Scaffold Simulation
3.4.1.1. With Stoichiometric HAp Material Property

Three loading cases are created to simulate three loading cases that bone grafts could
experience (Figure 3.4.1.1.1): uniaxial compression case, biaxial compression case, and bending
case (Table 3.4.1.1.1). The boundary conditions are defined in Figure 3.4.1.1.2. One side of each
scaffold is fixed in the uniaxial loading case, and a distributed load is applied (150 N) to the surface
on the opposite side of the fixed surface; other surfaces are assumed to be free surfaces. The
boundary conditions are similar in the biaxial loading case, except for another distributed load that
is applied to the surface on the positive x-direction side of scaffolds, and the surface on the negative
x-direction is also fixed. For the bending simulation, two supporting points are fixed; the indenter
at the top is applying a 30 N force towards the negative y-direction. The magnitude of the force is
selected based on the yield stress of the HAp material, as literature has reported the stress-strain
curve for different directions in HAp material (Ching et al., 2009). This study tries to limit the
stress during the simulation within the linear elastic region since it is focusing on optimizing the
scaffold design by modifying pore shape and arrangement. All scaffold models are numerically

simulated using these three loading cases. All scaffold models are meshed with tetrahedral
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quadratic elements. A convergence study is performed to guarantee the mesh quality in each model

by converging the stress and strain to less than 5% difference.

Figure 3.4.1.1.1: The implant is under complex loadings after (a) insertion. Such loadings
including compressive forces from different directions, bending, and so on. (b) In this study,
loading conditions such as compressive forces from x and y-direction and bending in the y-
direction are studied.

The distributed loadings are calculated using the following formula:

F (V)

O'a(MPCl) = m

(3.4.1.1.1)

where ¢ is applied distributed load, F is the normal force in the specified direction, and S is the
area of the loading surface.
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Table 3.4.1.1.1: Applied loading value in a simulation for different loading cases.

Loading Case x-direction (N)  y-direction (N)  z-direction(N)
Uniaxial Compression 0 0 150

Biaxial Compression 150 150 0

Bending 0 30 0

(b)

Figure 3.4.1.1.2: (a) For each uniaxial compressive simulation, a 150 N force is applied to the
model towards negative z-direction. The opposed side of the force applying side is fixed. For each
biaxial compressive simulation, a 150 N force is applied to the model towards negative z-direction,
another 150 N force is applied to the model towards negative x-direction. The opposed side of the
force applying side is fixed. (b) For each bending simulation, two supporting points are fixed.
The inductor on the top is going toward to the negative y-direction with a 30 N force.

The effect of substitutions on elastic constants of the HAp material will directly affect the
performance of scaffolds. To investigate the effect of substitutions on scaffolds, a series of FEA
simulations are performed. The HAp inspired scaffold is used per the substitution effects study.
Nine simulations are conducted, which include: 6 wt% COs, 13 wt% COs, 22 wt% COs, 5 vol%

Zn-doped, 12 vol% Zn-doped, 22 vol% Zn-doped, 5 vol% Mg-doped, 12 vol% Mg-doped, and 22

vol% Mg-doped substitutions. In each simulation, the corresponding scaled elastic constants from
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DFT calculations are applied to the HAp inspired scaffold as material properties. The uniaxial
compression loading case (Table 3.4.1.2.1) is used for each simulation.
3.4.2. Surface Texture Simulation

Since the cell adhesion and protein adsorption abilities of a scaffold could be optimized by
employing an engineered surface texture, it is important to have a surface structure design that can
make the surface texture last longer before failure. In the surface texture study, CAD models of
surface textures for simulations are created based on experiments performed by Dr. Zou’s
tribology laboratory (Department of Mechanical Engineering, University of Arkansas). The
simulation is based on the experimental setup parameters including surface structure dimensions
and the magnitude of the force applied to the top of surfaces.

In the experiments, all surface structures are set to the same size to simplify the
manufacturing procedure. Surface structures are 10 um away from each other (center to center
distance) on a 5 um thick base. Cone surface has only cone surface structures on the surface,
hemisphere surface has only hemisphere surface structures on the surface. To fabricate the
designed surface textures, all surface structures are fabricated via two-photon lithography (TPL)
direct laser writing (DWL) with IP-Dip (Nanoscribe GmbH), and then the IP-Dip surface
structures are coated with alumina via atomic layer deposition (ALD). 3D printed surface
structures have layer-by-layer features, as shown in Figure 3.4.1.2.1 (e), due to the nature of
additive manufacturing techniques. For the 10-layer and 20-layer versions of both cone and
hemisphere surface structures, each layer is 0.3 pm and 0.6 pum thick, respectively. From
scratching experiments, coefficients of friction for cone and hemisphere surface are 0.17 and 0.23,
respectively. The coefficients of friction are then used in the simulation. All simulation cases are

shown in Table 3.4.1.2.1. Case 1 is used to study how the maximum stress on two surface textures
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change over different coating thickness, simulations in the case 2 are used to investigate the effect
of distance between surface structures on the maximum stress on the two surface textures, and case
3 is used to study the effect of the number of layers on the maximum stress on the two surface

textures.

Table 3.4.1.2.1: All simulation cases in the surface texture study

Case#  Surface Structures Coating Distance Between # of Layers
Thickness (nm)  Structures (um)

1 Hemisphere, Cone 100 10 10
Hemisphere, Cone 200 10 10
Hemisphere, Cone 300 10 10

2 Hemisphere, Cone 200 10 10
Hemisphere, Cone 200 15 10

3 Hemisphere, Cone 200 10 10
Hemisphere, Cone 200 10 20
Smooth hemisphere, 200 10 (N/A)

smooth cone

All simulations are performed using a similar setup as the 10-layer hemisphere surface
simulation as shown in Figure 3.4.1.2.2. Each CAD model contains an IP-Dip base, with an
alumina coating bonded to the top of the base. A counter face made of silicon is set to touch on
the top of the surface structures. For cone surface, the surface structures are changed from
hemisphere surface structures to cone ones. The space between each surface structure and coating
thickness is also be adjusted according to the simulation requirement. During all simulations, the
counter face applies a 120 uN force onto the surface structures while moving towards the negative

z-direction.
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Figure 3.4.1.2.1: Example of surface texture simulation, CAD model setup. (a) The entire model
consists three parts, those are (b) IP-Dip base, (c) alumina coating, and (d) silicon counterface. The
(e) 10-layer hemisphere surface structures are arranged on the surface in a rectangular pattern. The
distance between each surface structure is equal. During the simulations, the counter face would
move towards negative x-direction.

Table 3.4.1.2.2: The material properties of materials used in surface texture simulations. ([1]
Zhang et al., 2012; [2] Lemma et al., 2017)

e

E (GPa) 127.9
v 0.24 1] 0.5 [2] 0.17
Hardness (GPa) 8.72 0.375 (N/A)

Yield Stress (GPa) 2.906 0.125 (N/A)
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CHAPTER 4: RESULTS AND DISCUSSION

In this chapter, the FEA results for computational models of scaffolds, substitution effects,
and FEA results of surface texture simulations are listed and discussed.
4.1. FEA Results for Computational Models of Scaffolds

The primary focus of this study is to compare the stress level in each scaffold structure.
Thus, the normal stress along each direction is calculated for each of the different cases. To find
the effects of porosity and scaffold structure on stress levels, a series of comparisons of results are
performed. To compare results, the maximum normal stress along the loading direction is selected
for the uniaxial compression cases. Due to the complexity of loading cases and scaffold structures,
the maximum normal stress along z-axis is used for comparison in the biaxial compression cases

and the bending cases.
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Figure 4.1.1: Uniaxial compressive simulation results. (a) Plot of max. normal stress in the loading
direction of round, square, triangle, and hexagonal pores scaffolds vs. porosity. All scaffolds are
under higher maximum normal stress when the porosity is higher, especially the triangle pores
scaffold. (b) The max. normal stress along the loading direction of each 60% porosity scaffold.
Scaffolds with smaller average pore size are under lower maximum normal stress compare to
scaffolds with larger average pore size.
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In Figure 4.1.1 (a), the effect of scaffolds’ porosity on their stress level is studied.
Maximum stress values are plotted and compared. As shown in the figure, all scaffolds in the large
pores group with different porosity are simulated under a 150N uniaxial compression force, and it
shows that the maximum stress along the loading directions of all four scaffolds increase when
porosity is increasing. The results clearly show that, regardless of shape and arrangements of pores,
all models are more likely to fail under loadings with higher porosity. This is consistent with
previous research (Liu, 1997; Ren et al., 2009). However, pore shape and arrangement still play a
critical role in the effects of stress levels. The maximum normal stress along the loading direction
of the triangle pores scaffold increases much faster than any other models as porosity increases.
This result indicates that with proper pore shape and pores arrangement, it is possible to minimize
the negative effects resulting from high porosity.

To further investigate the effects of pore shape and arrangement on stress levels, scaffolds
with similar porosity but different pore shape and arrangements are plotted and compared based
on their maximum normal stress along the loading direction in Figure 4.1.1 (b). As shown in this
figure, histograms are established to show the maximum stress levels of all scaffolds with 60%
porosity that are tested under 150N uniaxial force. Both small round pores scaffold and small
square pores scaffold in the small pores group have a smaller maximum normal stress than other
scaffolds. HAp inspired scaffold, round pores scaffold, and square pores scaffold also demonstrate
a relatively low stress level. Round pores scaffold in particular shows a lower stress level than
other pore shapes with similar pore sizes. These results indicate that the shape of pores does
influence stress levels.

We have also found that pore size appears to correlate with the total surface area of

scaffolds. Among all scaffolds with 60% porosity shown in Figure 4.1.2, scaffolds from small
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pores groups apparently have larger total surface areas compared to the large pores group scaffolds.
Bone grafts with larger surface areas have been shown to perform better in bone cell regeneration
(Moreno et al., 2016), and large pore size is also regired for cell regeneration propuse. Therefore,
although scaffolds in the small pores group have larger surface area and perform better in the
uniaxial compression test, they may not be suitable to employ in applications like bone grafting
due to the limited pore size. In contrast, the HAp inspired scaffold not only has a relatively large
pore size and a large total surface area, but also has a lower stress level in the uniaxial compression

test compared to other scaffolds, making it a potentially favorable candidate for bone grafting.
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Figure 4.1.2: The relationship between maximum normal stress and total surface area for each
scaffold. Based on the pore size and pore pattern, all 60% porosity scaffolds fall into 3 groups,
HAp inspired pores group, large pores group and small pores group. Scaffolds with larger total
surface area tend to have lower maximum normal stress in the uniaxial compressive simulations.
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Biaxial compression tests and bending tests are conducted to explore the performance of
scaffolds under more complicated loading conditions. Only large pores scaffolds are tested since
small pores are not preferred for bone cell regenerations (Murphy, 2009). Histograms are
established to show peak normal stress in both the biaxial compression test and the bending test of
large pores group scaffolds and HAp inspired scaffolds, all of which are set to 60% porosity as
shown in Figure 4.1.3. In the analysis, both square pores and round pores scaffolds show relatively
low maximum normal stress in the biaxial compression test, but much higher maximum stress in
the bending test when compared to other scaffolds. Triangle pores and hexagon pores scaffolds
both show higher maximum normal stress in the biaxial compression test, especially for the
triangle pores scaffold, its maximum stress reach to approximately 8.5 GPa, which is more than
two times higher than the square pores and round pored scaffolds. However, in bending tests,
triangle pores and hexagon pores scaffolds have significantly lower maximum normal stresses than
square pores and round pores scaffolds, which are only about 2.79 GPa and 3.95 GPa, respectively.
HAp inspired scaffold, on the other hand, shows the lowest stress level among all scaffolds in both
biaxial compression and bending tests, which are approximately 1.78 GPa and 1.24 GPa,

respectively.
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Figure 4.1.3: Biaxial compressive test and bending test results of selected 60% porosity models.
The HAp inspired scaffold has lowest stress level in both biaxial compression test and bending
test. Square pores and round pores scaffolds both show similar maximum normal stress in both
compression and bending tests. Triangle pores and hexagon pores scaffolds both have higher
maximum normal stress in biaxial compression tests, but significantly lower peak bending stress
compare to the square and round pores scaffolds.

Round pores and square pores scaffolds are two of the most commonly seen scaffold
structures for bone grafting (Cox et al., 2015; Murphy, 2009; Zhou et al., 2014). Both show
relatively low normal stress in the uniaxial loading in comparison with other scaffolds with similar
porosity under the same loading conditions. Except scaffolds in the small pores group, the round
pores scaffold and HAp inspired scaffold both show a lower maximum normal stress, not only in
uniaxial, but also in biaxial loading cases. On the other hand, while the square pores scaffolds

perform well in the uniaxial loading case, the maximum stress in biaxial loading case is almost
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two times higher than both round pores and HAp inspired scaffolds. Gibson et al. (1999) suggest
that square shaped scaffolds would be under higher stress using 2D geometric analysis if the force
is applied along the diagonal direction; apparently, the 3D square pore scaffold inherited this
characteristic from its 2D geometry. The results of biaxial compression tests are shown in Figure
4.1.4 (a). The figure indicates that the maximum normal stress of all scaffolds appears in the z-
direction, yet the overall stress level in the HAp inspired scaffolds is much lower than the square
pores scaffold due to the built-in honeycomb structure. Furthermore, round pores scaffold appears
to have the lowest maximum normal stress in the uniaxial compression cases, but it is not the
lowest one in biaxial compression cases. All scaffolds have the maximum normal stress in the z-
direction in the bending test as well. In Figure 4.1.4 (b), the maximum normal stress in the HAp
inspired scaffold is also much lower than the round and square pores scaffolds. The locations where
the maximum normal stress occur are located on the top middle of all three scaffolds. Due to the
large pore size of the round and the square pores scaffolds, large void areas are created. When a
force is applied to the area near a large void, there will not be enough support for it; as a result,
large deformations appears, leading to a much higher stress level than the HAp inspired scaffold
under the same loading condition. Hence, the HAp inspired scaffold appears to have a better

performance under complex loading conditions among all other scaffold structures.
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Figure 4.1.4: The normal stress distribution (unit: MPa) of square pores, round pores, and HAp
inspired scaffolds during biaxial loading and bending tests along the z-direction. (a)The normal
stress distribution during biaxial loading tests. (b) The normal stress distribution during bending
tests. The maximum stress in each case is also stating in Figure 4.1.3.

The HAp inspired scaffold structure can be broken down into two parts as indicated in
Figure 4.1.5: the large pore layer, and the truss layer. The large pore layer has large-sized pores in

it, which is designed to help bone cell regeneration; it also leads to stress concentration reduction

by providing hexagon shaped pore design. As the loading condition becomes complex, hexagon
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pore design, unlike the square pore design, reduce the length of the center beam while remaining
similar pore size to the square pores scaffolds. The truss layer provides support for loadings from
the x and the z-direction using a honeycomb-like truss sandwich structure; improve the strength of
the whole structure. For instance, the truss layer in Figure 4.1.5 is under 20 N uniaxial tensile force
along the z-direction, and the stress distribution is very uniform. Additionally, this layer provides

a large surface area to benefit bone cell regeneration due to its triangular honeycomb truss structure.
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Figure 4.1.5: HAp inspired structure breakdown. The structure is made of large pores layers and
truss layers. The truss layer uses a honeycomb-like truss sandwich structure to make stress
distribution on the structure more uniform. The large pore layer provides large sized pores to the
scaffold, which theoretically helps bone cell regeneration. This layer also provides support for
stress concentration reduction by using the hexagon pore shape design.

The HAp inspired scaffold is shown to have better performance in terms of stress
concentration reduction compared to other scaffold structures under the same complex loading

conditions, however, there is still room for improvement. From reviewing all results, square pores
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and round pores scaffolds are both found to have lower stress levels compared to hexagon pores
scaffolds in both uniaxial and biaxial compression tests. While pore shapes may play a major role,
pore arrangement might also be causing this. Both square and round pores scaffolds are found with
an in-line pore arrangement, whereas the hexagon pores scaffolds have a staggered pore
arrangement. To verify this assumption, the pores in the HAp inspired scaffold are rearranged from
staggered to an in-line arrangement; the same tests are then conducted. Although the bending test
results are shown in Figure 4.1.6, HAp inspired scaffold has a lower stress level after modification
in the uniaxial compression test; the maximum normal stress in the loading direction in uniaxial
compression test and bending test are reduced by approximately 16.2% and 6.9%, respectively.
Nevertheless, the maximum normal stress of the modified version of the scaffold in the biaxial test
is increased by approximately 15.9%. It is therefore clear that pore arrangement can also impact

the mechanical strength of scaffold structures.
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Figure 4.1.6: Comparison between HAp inspired model and modified HAp inspired model. Both
scaffolds are having similar maximum stress in the bending test. The modified model has lower
stress level in the uniaxial compression test but higher stress level in the biaxial test compared to
the original model under the same loading conditions.
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Table 4.2.1: DFT calculation results of stoichiometric HAp, carbonated HAp, Zn-doped HAp, and
Mg-doped HAp. ([1] Deymier et al., 2017; [2] Aryal et al., 2015)

Pure HAp

6 Wi% CO,

1
13 wt% CO,

22 wt% CO,

[2]
5 vol% Zn
2]
12 vol% Zn
[2]
22 vol% Zn
[2]
5 vol% Mg
[2]
12 vol% Mg

2]
22 vol% Mg

118.58

117.63

118.21

79.85

125.07

124.58

123.72

126.51

128.72

130.02

166.38

148.18

128.02

77.21

154.41

137.46

134.26

161.99

160.23

161.51

28.49

24.26

4.42

41.56

40.80

39.42

42.77

43.30

43.78

32.27

49.28

29.95

29.80

37.99

39.63

41.96

36.70

38.35

40.57

65.73

47.39

45.5

15.87

61.52

57.79

58.32

64.63

64.69

64.80

This study assumes that all scaffold structures are made with stoichiometric HAp, yet the

crystal structure of HAp is conducive to a variety of anionic and cationic substitutions. Previous

research suggests that even minor substitutions can alter the microstructure, and the crystallinity

of the HAp structure in a scaffold (Supova, 2015; Shepherd, et al., 2012), so that the mechanical

strength of the scaffold would be changed after being implanted. Even a bone grafting scaffold

which are made of stoichiometric HAp could, later on, transform into a non-stoichiometric HAp

scaffold with a possible trace of other anionic and cationic substitutions after implantation. This

study simulated HAp inspired scaffold structure with different anionic and cationic substitutions
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to further investigate the effect of substitution on HAp inspired scaffold. Simulations of 0 wt%, 6
wt%, and 13 wt% carbonate substitution cases are used for anionic substitution effect study;
simulations of 0 vol%, 5 vol %, and 12.5 vol% magnesium and zinc cases are used for cationic
substitutions effects study. Both studies are simulated under 150 N uniaxial compression force.
The elastic constants of different degree of substituted HAp are calculated with DFT calculations

( Deymer et al., 2017; Aryal et al., 2015). The results of the FEA simulations are shown in Figure

4.2.1.
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Figure 4.2.1: Maximum normal stress in the loading direction (z-axis) of 0 wt%, 6 wt%, 13 wt%,
and 22 wt% carbonated cases are simulated, and 0 vol%, 5 vol%, 12.5 vol%, and 22.5 vol%
magnesium and zinc of substituted HAp scaffold under 150 N uniaxial compression. The
maximum normal stress is not changing significantly as the level of the cationic substitutions
increase. However, for the anionic substitution, the maximum normal stress changed more than
10% even at a lower level of substitution, such as 6 wt%
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From this simulation, the effects caused by cationic (Mg?*, Zn?*) and anionic (COa)
substitutions are different. For the effect of cationic substitutions, the maximum stress on the
scaffold is not changing much when the level of substitutions is changing from 0 to 25 vol%.
Especially for the magnesium substitution, the maximum normal stress are almost
unchanged ,about 2.77 GPa, over the changes in the different levels of impurity concentration. For
zinc substitution, the range of maximum normal stress is between 2.53 and 2.78 GPa for different
levels of substitution. However, the different level of anionic substitution leads to unpredictable
change in the maximum stress on the scaffold. This may be caused by the way in which the anionic
substitution (CO3) affects HAp cell’s lattice parameters, crystal morphology, and crystallinity,
which in turn affects the HAp elastic constants. On the other hand, in the case of cationic
substitutions  (Mg?*, Zn?*), those substitutions do not affect the lattice structure
significantly(Shepherd et al., 2012).

Figure 4.2.1 shows the influence of cationic and anionic substitutions on HAp inspired
scaffold. The increasing level of anionic substitution makes the HAp inspired scaffold have a lower
maximum normal stress due to decreasing elastic constants. However, the increase of the level of
cationic substitution has a minimal effect in lowering maximum normal stress, these effects are
due to minimal change in the elastic constants. The effects of anionic substitutions on the stiffness
of scaffold are much hard to predict than cationic substitutions. It could change the stiffness and
strength on different directions of the scaffold significantly, and potentially make the scaffold more
likely to fail under the given loading conditions. Although the effect of both anionic and cationic
substitutions in this study is not very significant (~ 10% changes in maximum stress at most),

considering the possibility of other different substitutions, the total effects of substitutions on the
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elasticity and mechanical strength of scaffolds could still be significant. Thus, the substitutional
effect is worth taking into considerations as a factor in bone grafting scaffold designs.
4.3. FEA results of Surface Texture Simulations

In the surface texture study, the primary focus is on the stress level and stress distribution
in each surface texture for every simulation case. For this purpose, von Mises stress distribution
of every case is plotted and maximum von Mises stresses are also found. A series of comparisons
of results is performed to analyze the effects of surface structure shape, coating thickness, spacing
distance, and the number of layers on the stress level. The stress level and distribution differences
between coating and base are also studied.

The maximum von Mises stress on 10-layer cone surface and hemisphere surface are first
compared. For both surfaces, during the simulation, they are under 120 uN loading from the
counter face, while the counter face is moving towards the negative x-direction at 5 um per second.
From Figure 4.3.1, the maximum von Mises stress on the coating of the cone surface is much
higher than on the hemisphere surface, which is 53.325 MPa and 19.998 MPa, respectively. The
maximum von Mises stress on the base of cone surface and hemisphere surfaces are 2.274 MPa
and 0.885 MPa, respectively. From the results, the whole cone surface, including the coating and
base, is under almost 3 times higher than the maximum von Mises stress during the simulation,
which indicates that although cone surface has a lower coefficient of friction, structurally, higher
stress would concentrate on it. From Figure 4.3.2, the stress is mostly concentrated on the first few
layers of the coating of the cone surface. In contrast, although the stress distribution on the coating
of hemisphere surface is also more concentrated on the top three layers, it is much more equally
distributed. Higher maximum stress on the cone structure could lead to its surface structure failure

sooner than the hemisphere surface. It is also worth noting that for both surface structures, the
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stress is more concentrated on the top few layers. This means that these 3D printed layered

structures are more likely to fail layer-by-layer rather than by catastrophic collapse.
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Figure 4.3.1: Maximum stress on 10-layer cone surface and hemisphere surface. The cone surface
is under a much larger stress for both coating and base during the simulation. For both surfaces,
higher stress is concentrated on the coating.

From Figure 4.3.1 and Figure 4.3.2, there is an obvious difference in stress level between
coating and base for both surface structures. The maximum stress on the coatings is about 23 times
higher than the maximum stress on the base for both structures. The yield stress of IP-Dip and
alumina are 0.125 GPa and 2.906 GPa, respectively. The yield stress of the material of the coating
is also about 23 times higher than the material of the base. Although the maximum stress on the

coating is much higher than the stress on the base, both coating and the base could fail at the same



40

time. However, since the IP-Dip base is more like a mold to support alumina coating during the
additive manufacturing rather than an actual part of the structure, in the following study, only the

coating is discussed.
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Figure 4.3.2: Stress distribution of 10-layer cone and hemisphere surface during the simulation. (a)
Hemisphere coating, (b) hemisphere base, (c) cone coating, and (d) cone base. For both surfaces,
the maximum stress locations are on the corner on the top of the second layer; and most stress is
concentrated on the top three layers, so the 3D printed layer structures are most likely to fail layer
by layer instead of catastrophic structural failure.

The effect of coating thickness is shown in Figure 4.3.3 (a). The coating thickness of cone

surface and hemisphere surface are set to 100 nm, 200 nm, and 300 nm. From the results, the
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maximum stress on the cone surface is higher than on the hemisphere surface in all three cases,
but the differences in maximum stress between two structures are getting closer. The maximum
von Mises stress on the cone surface with 100 nm, 200 nm, and 300 nm thickness are 119.75 MPa,
53.325 MPa, and 21.22 MPa, respectively. As the thickness of coating increases, the maximum
von Mises stress decreases significantly. For example, at 300 nm thickness the maximum stress is
only about 1/6 of the 100 nm thickness case. In contrast, for the hemisphere cases, despite the
maximum von Mises stress also decreases as the thickness of coating increases, the difference in
the maximum von Mises stress is minor. The maximum von Mises stress of 100 nm, 200 nm, and
300 nm thickness coating are 21.01 MPa, 19.998 MPa, and 19.72 MPa, respectively. This indicates
that the high stress level on cone surface is more related to the thickness of the coating than to the

structural geometry.
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Figure 4.3.3: (a) the effect of coating thickness on maximum stress. For cone surface, as the
thickness of the coating increases, the maximum stress on the surface decreases significantly.
When the thickness increases from 100 nm to 300 nm, the maximum stress drops 75%. Similar
trends appear for the hemisphere surface, but are much less significant. (b) The effect of distance
between surface structures on maximum stress. For both surfaces, as surface structures are more
spaced out, the maximum stress increases.
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The effect of distance between each surface structure for both surfaces are shown in Figure
4.3.3 (b). When the distance between each surface structure increases, the density of surface
structures on a surface decreases, which means in a given area of the surface, the number of surface
structures will decrease. For both surfaces, the maximum von Mises stress increases as the surface
structures space out. For the cone and hemisphere surfaces, the maximum stress increases from
53.325 MPat0 118.95 MPaand from 19.998 MPato 39.78 MPa, respectively. Based on the results,
from the stress reduction perspective, the distance between each surface structure should be as
small as possible. However, since other surface properties such as cell adhesion, protein absorption,
and coefficient of friction are also affected by the distance between each surface structure, the

decision for choosing the parameter distance should be considered carefully based on all factors.
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Figure 4.3.4: Comparison of maximum stress among 10-layer group, 20-layer group, and smooth
group. Geometrically, a structure with more layers is closer to the ideal smooth structure. The same
applies to stress level, the maximum stress on more layered structure appears to be lower and closer
to that on the ideal smooth structure.
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Due to the limitations of additive manufacturing, although the design of surface structures
containing smooth edges, the actual specimens have a layer-by-layer structure. The effect of layer
thickness is shown in Figure 4.3.4. For both surfaces, as the number of layers increase their
structures become closer to the ideal smooth models, and the maximum stress decreases and gets
closer to the maximum stress on the ideal smooth models. The maximum von Mises stress on the
cone surface of 10-layer, 20-layer, and smooth structures are 53.325 MPa, 33.25 MPa, and 31.12
MPa, respectively. For the hemisphere cases, the maximum von Mises stress decreases as the
number of layer increases as well, the maximum von Mises stress of 10-layer, 20-layer, and smooth
structures are 19.998 MPa, 17.65 MPa, and 17.25 MPa, respectively. The changes are more
significant in cone surface than the hemisphere surface. The stress difference in the hemisphere
surface does not change significantly as the number of layers changes. Due to the nature of 3D
printing technique, more layers require more time to print. Thus, the hemisphere surface is ideal
for quicker 3D printing with lower precision. In contrast, for the cone surface, a high precision 3D

printing can reduce stress concentration on it significantly.
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CHAPTER 5: CONCLUSIONS

This study introduced a bio-inspired scaffold for bone grafting based on the geometry
features of a HAp unit cell. Unlike most bone grafting scaffolds that are restricted from
manufactory limitations, HAp inspired scaffold has a carefully designed pore system, instead of
in-line arranged square shaped or the traditional foam-liked structure that is arranged randomly
(He, 2008; Hing et al., 2003; Ayers et al., 1999).

Four areas are discussed in this study in terms of the mechanical strength of the porous
structures: porosity, pore size, pore shape, and pore arrangement. To achieve high mechanical
strength, high porosity, and the large pores required by bone grafting, the HAp inspired scaffold
uses carefully designed pore shape and arrangement to overcome some disadvantages that large
pore size and high porosity may cause. Large hexagon shaped pores are employed to achieve large
pore size and high porosity for bone cell regeneration while retaining structural stability.
Meanwhile, a triangular honeycomb-like sandwich structure is employed to increase surface area,
porosity, and mechanical strength. Additionally, the effects of substitutions on HAp-made
scaffolds are also simulated in this study. Stress reaction of different bio-inspired surface texture
designs are also studied.

The following conclusions are determined by simulating the scaffolds in uniaxial

compression, biaxial compression, and bending tests:

1. From the uniaxial compressive simulation, a given scaffold structure will have a higher
stress level with higher porosity.

2. From the uniaxial compressive simulation results, round pores scaffold and HAp-
inspired scaffold both have a relatively low stress level among scaffolds with similar

porosity and pore size.
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The HAp-inspired scaffold has the highest surface area among all scaffolds with similar
porosity and pore size.

From the bending and biaxial compressive simulations, the HAp-inspired scaffold has
the lowest stress level in both cases.

To further improve the mechanical strength of HAp inspired scaffold, the staggered
pore arrangement pattern is modified into in-line arrangement pattern; as a result, the
stress level of the modified HAp inspired scaffold reduced by approximately 16.2% in
the uniaxial test. However, the stress level increases by approximately 15.9% in the
biaxial test, and only reduced by approximately 6.9% in the bending test.

All three substitutions affect elastic constants, with cationic substitution affecting the
elastic constants much more significantly than anionic substitutions.

The change in stress level on the HAp-inspired scaffold is not significant when the type
of substitution is anionic; the change becomes more significant with cationic
substitutions.

For all cases in the surface texture study, the cone surface always has a higher stress
level compared to the hemisphere surface with the same number of layers, coating
thickness, or distance between surface structures.

For all cases in the surface texture study, the stress level on the coating is much higher
than it is on the base.

For both surface structures, as the coating thickness increases, the stress levels of both
coating and base decrease. This trend is more significant on the cone surface structure

than the hemisphere surface structure.



46

11. For both surfaces, as the distance between each surface structure increases, the stress
level increases as well. This trend is more significant on the cone surface than on the
hemisphere surface.

12. When the number of layer increases, the geometry of surface structures comes closer
to the ideal model. For both surfaces, the stress level decreases as the number of layer
increases. This trend is more significant on the cone surface than on the hemisphere

surface.

To conclude, the stress level of scaffold structures could decrease significantly by
designing carefully and considering several criteria, including pore size, pore shape, and pore
arrangement. From this investigation, it is confirmed that the HAp inspired scaffold is able to
utilize these designing criteria to offset some negative effects caused by high porosity and large
pore size. It also has a large total surface area due to the triangular honeycomb truss design. With
a properly designed surface texture, its bone regeneration function could be further enhanced.
Therefore, although there are challenges to manufacturing such implants using current techniques,
the excellent properties displayed by these bio-inspired structures may make them worth

investigating as potential candidates for bone graft scaffold designs.
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CHAPTER 6: FUTURE WORK

This study is mostly focused on predicting the stress levels on scaffolds and surface
textures under different loading conditions, therefore, bone regeneration experiments are not
conducted, which might warrant further study in the future. For the substitution effects,
considering the variety of substitutions, each one of them could have a different effect on the
elasticity and mechanical strength of scaffolds. Furthermore, substitutions would not only affect
elasticity and mechanical strength, but would also affect osteoclastic response, osteoblastic
response, thermostability, solubility, degradation, and bone regeneration of scaffolds. Therefore,

the substitution effect needs to be considered in scaffold design and should be further investigated.
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