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Resumo

Os enxertos dsseos sdo os segundos tecidos mais transplantados no mundo, sendo que o uso de
substitutos dsseos em cirurgias tem vindo a aumentar a cada ano. Os mais utilizados sdo os aloenx-
ertos e os autoenxertos, no entanto estes possuem varias desvantagens e deste modo tém vindo a
ser produzidos enxertos sintéticos. Uma 4rea que tem vindo a ser investigada € a producdo de
substitutos dsseos através do fabrico aditivo de cerdmicos, uma vez que estas técnicas conseguem
produzir geometrias complexas e escaldveis, possuindo ainda capacidade de controlo da localiza-
¢ao, interconectividade e geometria de poros permitindo a producdo de substitutos 6sseos com
propriedades semelhantes as do o0sso.

Nesta dissertacao foi realizada a otimizacdo de um procedimento promissor de forma a pro-
duzir enxertos dsseos sintéticos impressos em 3D, com alto contetido em sélidos e capaz de mime-
tizar a arquitetura porosa e complexa do osso humano.

Através de uma tomografia computadorizada é criado um modelo CAD com a microestrutura
e macroestrutura exata do osso natural, que depois é impresso através de uma impressora DLP.

Isto requereu a otimizacdo dos pardmetros de impressdo visto que estes sdo de extrema im-
portancia nas propriedades finais do excerto.

Quatro pds de hidroxiapatite com origens diferentes (HA1, HA2, HA3 e HA4) foram anal-
isados com o intuito de avaliar as suas influéncias na viscosidade das suspensdes. Desta forma
diversas formula¢des foram criadas com concentragdes de hidroxiapatite entre 35.0 m/v% e 50.0
m/v% e com concentracdes de surfactante entre 0.5 m/m% e 2.0 m/m% de forma a obter um
equilibrio entre alta concentracdo de sdlidos e baixa viscosidade da suspensao.

Ap6s o término da impressdo, as pecas necessitam de ser imersas num solvente que assegure
que a resina nio polimerizada seja removida sem criar fissuras e delaminagdes. Foi entdo estudada
a influéncia dos solventes S1, S2 e S3 na formacao de fissuras e delaminagdes nas pegas impressas
em 3D.

As impressdes foram bem sucedidas utilizando o p6 HA1 e HA3 no entanto, concentracdes
de solidos de 50.0 m/v% apenas foram atingidas com formulagdes constituidas pelo p6 HA3.
Menores valores de viscosidade foram obtidos com a adicdo de 0.5 m/m% de surfactante, e todas
as formulacdes apresentaram viscosidades inferiores 3 Pa's a uma taxa de cisalhamento de 100 s~
As pecas impressas em 3D apresentaram menor quantidade de fissuras e delaminac¢des quando
mergulhadas em S2, mas estudos posteriores devem ser realizados. Estas pecas foram sujeitas a
um tratamento térmico com dois estdgios, um dos quais permite a combustido completa da resina e
0 outro permite a sinteriza¢do do pd, melhorando as propriedades mecanicas das pegas impressas.
Ap6s sinteriza¢do do pé HA3, ocorreu uma pequena transformacio de fase em B-TCP, que néo é
possivel quantificar através da andlise XRD.

Pecas impressas em 3D com arquitetura semelhante ao osso trabecular foram obtidas a partir
de formulagdes com 50.0 m/v% de sdlidos, apresentando baixo nimero de fissuras visiveis e
delaminacio insignificante.
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Abstract

Bone grafts are the second most transplanted tissue in the world, and the use of bone substitutes
in surgeries has been increasing every year. The most commonly used bone grafts are allografts
and autografts, however these show several drawbacks and, in this way, synthetic grafts have
been produced. One area that has been investigated is the production of bone substitutes through
the additive manufacture of ceramics since these techniques can produce complex and scalable
geometries, also having the capacity of controlling the location, interconnectivity and the pore
geometry allowing the production of bone substitutes with properties similar to those of human
bone.

In this dissertation an optimization of a promising procedure was developed in order to produce
a 3D printed synthetic bone graft with high solid content and able to reproduce the porous and
complex bone architecture.

From a bone CT scan, a CAD model is created with the exact microstructure and macrostruc-
ture of the natural bone and then printed through a DLP printer. This required the optimization of
the printing parameters since these are of extreme importance in the final properties of the graft.

Four hydroxyapatite powders of different origins (HA1, HA2, HA3 and HA4) were analysed
in order to evaluate their influence on the viscosity of the suspensions. In this way various for-
mulations were created with concentrations of hydroxyapatite between 35.0 w/v% and 50.0 w/v%
and with surfactant concentrations between 0.5 wt% and 2.0 wt% in order to achieve a balance
between high solids concentration and low viscosity of the suspension.

Upon completion of the printing, the parts need to be immersed in a solvent which ensures
that the unpolymerized resin is removed without creating cracks and delamination. The influence
of the solvents S1, S2 and S3 on the formation of cracks and delamination in 3D printed parts was
then also studied.

3D printings were successful using the HA1 and HA3 powder however, solids concentrations
of 50.0 w/v% were only reached with formulations constituted by HA3 powder. Lower viscosity
values were obtained with the addition of 0.5 wt% of surfactant, and all formulations had lower
viscosities than 3 Pa's at a shear rate of 100 s~!. The 3D printed pieces showed smaller number
of cracks and delaminations when immersed in S2, but further studies should be carried out to
completely eliminate such cracks. These pieces were subjected to a heating treatment with two
stages, one of which allows the complete combustion of the resin and the other allows the final
sintering of the powder, improving the mechanical properties of the printed parts. After sintering
of the HA3 powder, a small phase transformation occurred in B-TCP, which can not be quantified
by XRD analysis.

3D printed pieces with a porous architecture similar to trabecular bone were achieved from
formulations with 50 wt% of solids, with low number of visible cracks and insignificant delami-
nation.
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Chapter 1

Introduction

Bone is a living and active tissue that support the body structurally, protect the vital organs, allow
us to move, provide an environment for bone marrow where the blood cells are created, and they
act as a storage area for minerals. This tissue is vascularized and is made of living cells that allow
the bone to grow and to repair himself [1]. However, in the case of large-scale bone loss resultant
from tumour resections and high impact trauma, the body cannot completely heal the bone defect
without intervention because the injury is beyond the critical size [2]. The intervention is made
through the replacement of the missing bone by a bone graft however, in the case of natural bone
grafts can lead to pain, swelling, nerve injury, rejection of the bone graft, inflammation, reabsorp-
tion of the graft and the graft may not fit perfectly [3]. More than two millions bone grafting
surgeries are performed every year [4] and in 2016 the bone grafts and substitutes market size was
evaluated at USD 2.4 billion and it is expected to grow in the next years at a compound annual
growth rate (CAGR) of 5.5%. The prevalence of orthopedic diseases has increased over the years
becoming increasingly necessary the adoption of bone grafts. The market is divided in natural
and synthetic materials, as can be seen in Figure 1.1. It is likely that the growth of natural bone
grafts will be limited due to lack of availability, in the case of autografts, and in the case of allo-
grafts due to transmission of diseases and viruses. Synthetic bone grafts have gained popularity
and consequently is estimated to grow in the forecasting years since it suppresses the problems
mentioned above [5]. These grafts should allow the formation of new bone into the scaffold and
the surrounding tissue and also, may have suitable physical, biological and mechanical properties
which includes the pore’s size and structural pore interconnectivity, chemical composition, the
degradation and mechanical strength [6]. The synthetic grafts also have as advantages the osteo-
conductivity, free from risk of infection transfer, ensure enough supply and they are available in

wide range of size and shape however, the perfect scaffold material has yet to be encountered [7].

Metal materials such as stainless steel, cobalt chromium alloy, titanium or titanium alloy were
used in first place as load-bearing prostheses or fracture fixation devices which are permanent
implants. Even though they show good tensile strength and relative inertness, metals have differ-
ent Young’s moduli which leads to stress shielding and potential fracture [8]. Calcium phosphate

and Calcium silicate ceramics have been extremely employed in bone grafts since they show bio-
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compatibility, low risk of adverse reactions, and generally superior tissue responses compared to

polymers and metals [9].

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
= Natural u Synthetic

Figure 1.1: US bone grafts and substitutes market size by material. Adapted from [5].

Porous bioceramics can be produced by several methods like partial sintering, sacrificial fugi-
tives, replica templates and direct foaming. However, they can leave residuals in the matrix, form
irregular shaped pores with deficient pore’s interconnectivity, it is impossible to control the poros-
ity and the pore’s size [10]. Additive manufacturing is a promising area expected to reach USD
3 billion in 2020 and to grow every year by 12.5% [11], as can be seen in Figure 1.2. This tech-
nique is quite advantageous to fabricate ceramic scaffolds since it has capacity to produce complex
structures with controlled internal architecture [12]. Physicians would be able to scan the patient’s

body and 3D print a personalized graft using a synthetic material.

% increase 4.6% 5.1% 12.5% 12.6% 12.6% 12.5%

5 $3.18
: $2.78
: : $2.4B
{ $2.28
: $1.98

$1SB sis I |

2014 2015 2016 2017 2018E 2019E 2020E

Figure 1.2: Growth of the 3D printing market until 2020. Adapted from [11].
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1.1 Motivation and objective

With the increase in the average life expectancy, several health problems begin to appear, some of
which affect the bone tissue. Actually, in United States of America 1.5 million individuals suffer
fractures due to bone disease [13].

Existing bone grafts present many disadvantages for both the patient and the team of surgeons
so that, a solution that is customizable, biocompatible and that allows through a software for
example, a previous study of the surgery to be performed, would be an asset.

With the evolution of additive manufacturing technologies, the list of printable materials has
expanded, making it possible to print bioceramics [11]. This brings solutions to the existing bone
grafts problems, which will provide a better life-quality for the patients.

The main objective of this dissertation is to obtain a biocompatible and customizable porous
ceramic bone graft with high solid content. For that, it was necessary to optimize the suspension
viscosity by studying various hydroxyapatite powders, the amount of powders to be added to the

suspension and the various concentrations of surfactant.
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Chapter 2

Literature Review

2.1 Anatomy and Physiology of Bone

Bone is a living tissue that serves two main functions, structural support and calcium metabolism
[14]. Besides that, it protects vital organs from damage, act as a reservoir for calcium and phos-
phate in the preservation of normal mineral homeostasis [15], is an essential part of hematopoiesis
and has arole as an endocrine organ. Macroscopically, bones of the upper extremity can be divided
into two different types of bone tissue, cortical bone and trabecular bone. These two tissue types
have the same matrix composition however, they differ substantially in terms of their structure and
function, and relative distribution both between and within bones [16]. These types of tissue can

be observed in Figure 2.1.

Articular
cartilage

“=,  Trabecular
Cortical i (spongy) bone

(hard) bone

Blood vessels

Madullary
cavity
\

.

- '--“]- —

Figure 2.1: Different types of tissue that exist in the bone. Adapted from [17].

Periosteum
7. (bone membrane)
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2.2 Bone functions

Bone has a vast gamut of functions divided in different categories, mechanical, synthesizing and
metabolic. The mechanical category comprises the support, movement, and protection functions,
the synthesizing category includes the blood formation, and the electrolyte balance, acid-base

balance and detoxification belong to the metabolic category [18, 19].

1. Body Support: Rigid and strong bone is well suited for bearing weight and is the major
supporting tissue of the body. Bones of the legs, pelvis, and vertebral column hold up the

body, the jaw bones support the teeth and nearly all bones provide support for muscles.

2. Movement: Skeletal muscles attach to bones by tendons. Without this attachment, skeletal
muscles do not have the ability to move the body. The contraction of skeletal muscles allows

the movement of bones producing body movements.

3. Protection: Bone is hard allowing to enclose and protect such delicate organs and tissues

as the brain, spinal cords, lungs, heart, pelvic viscera and bone marrow.

4. Blood formation: Many bones contain cavities filled with red bone marrow, which is the

body’s major producer of blood cells, including most cells of the immune system.

5. Electrolyte balance: The skeleton is the body’s main reservoir of calcium and phosphate.

If blood levels of these minerals decrease, they are released into the blood.

6. Acid-Base balance: Bone absorb or release alkaline salts to act against pH changes in the
blood.

7. Detoxification: Bone cells remove heavy metals and other elements from the blood reduc-

ing their toxic effects.

2.3 Bone constituents

2.3.1 Bone cells

The existing bone cells were dubbed osteoblasts, osteocytes and osteoclasts, due to their different
functions and sources. The osteoblasts have their origin in mesenchymal stem cells and are bone-
forming cells capable of synthesize the organic matter of the matrix and to add minerals to the
bone during both initial bone formation and later bone remodeling [19]. The osteoblasts produce
collagen, proteoglycans and release Ca®* and PO43* via exocytosis. As a result of these minerals
concentration increase, a critical level is achieved, occurring the apatite synthesis. Bone miner-
alization is performed by alkaline phosphatase which is also produced by osteoblasts [20]. They
can differentiate in osteocytes if the cell is trapped within the matrix, in inactive bone-lining cells
if the osteoblasts remain on the surface of the new bone or can undergo in apoptosis and disinte-

grate. The osteocytes, classified as mature cells, are found in the lacunae and each lacunae only
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has one osteocyte [21]. They interact through direct communication (gap junctional intercellular
communication) and indirect communication (paracrine signaling) [22]. Osteoclasts are a type of
bone cell originating from macrophage fusion that can remove bone matrix. It has a critical func-
tion in bone maintenance, repair and remodeling. For this, these cells release hydrochloric acid,

collagenase and cathepsin K.

2.3.2 Matrix

Bone matrix is the part of the bone tissue where it is possible to find gaps that harbor the osteo-
cytes and is a dynamic network composed of a broad variety of organic and inorganic constituents
[23]. The organic portion of the matrix consists predominantly of type I collagen, a variety of non-
collagenous proteins and minoritarily by cells [24]. The minerals are found predominantly in the
form of calcium phosphate crystals with an apatite structure. The crystals of the bone matrix show
imperfections and are not exactly the same as hydroxyapatite (Ca,,(PO,)s(OH),). These minerals
form deposits of dense particles along the osteocollagenous fibers. The inorganic portion of the
matrix occupies 65% of the matrix and the organic portion 35% of the matrix. The precise compo-
sition of the matrix may be subject to change over time due to nutrition and biomineralization, and
it can also be found traces of minerals such as magnesium, sodium, potassium and carbonate [25].
The minerals resist compression (crumbling or sagging when weight is applied) so, when bones
are deficient in calcium salts, they become soft and bend easily. The collagen fibers of bone give
it the ability to resist tension, so the bone can bend slightly without snapping. Without collagen,

the bones become very brittle [18].

2.4 Cortical/Compact Bone vs. Trabecular/Spongy Bone

Cortical bone is also called compact bone, it forms the hard outer layer of bones and it has higher
density than trabecular bone. Microscopically, this type of bone consists in concentric lamellae,
osteons, Volkmann canals, blood vessels, nerves, canaliculi and osteocytes [18]. The basic struc-
tural unit of compact bone is an osteon, which is constituted by a central canal and its lamellae
which in turn is constituted by layers of matrix concentrically arranged around a central canal.
To connect the central canals, transverse or diagonal passages called Volkmann canals are found,
containing blood vessels and nerves. The lacunae is a elongated space that is occupied during
the life-time by a bone-cell or a bone-corpuscle [18, 26, 19]. The osteocytes near to the central
canal receive nutrients from the blood vessels and pass them along through their gap junctions
to the neighbouring osteocytes, receiving waste from them and convey them to the bloodstream.
Trabecular bone, also known as spongy bone, is a heterogeneous and anisotropic material and
present less bone matrix and more space than compact bone becoming, in this way, highly porous
[19]. This tissue can be found in the epiphyses and metaphyses of long bones and in the vertebral
bodies [27]. A single trabeculae comprise groups of parallel lamellae limited by cement lines,
which are oriented parallel to trabecular surfaces. Comparing trabecular bone with cortical bone

it was found that the first has higher surface to volume ratio and a considerable bone remodelling
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than compact bone [27]. These tissues have different mechanical properties [28]. The Young’s
Modulus, the compressive strength and the flexural strength of cortical bone are bigger than that
of the trabecular bone due to the dense structure and with higher concentration of apatite minerals

of the compact bone [29]. These values can be observed in Table 2.1.

Table 2.1: Cortical and trabecular bone properties. Adapted from [29].

Property Cortical Bone Trabecular Bone
Young’s Modulus 7-30 GPa 0.05-0.5 GPa
Compressive strength  100-230 MPa 2-12 MPa
Flexural strength 50-150 MPa 10-20 MPa

2.5 Bone properties

Bone is an adaptive tissue, and very sensitive to immobilization or dynamic activity and to high
load levels. When bone is subjected to load, the internal framework of the trabeculae undergoes
adaptive changes, occurring then changes in the external cortical portion of the bone making the
bone stronger in order to resist to that sort of loading. These changes occur due to the anisotropic
characteristics of the bone tissue, indicating that the behavior of the bone will change depending
on the direction of the load application. Since bone is accustomed to receive loads in the lon-
gitudinal direction, it becomes stronger in that direction. Bone is a viscoelastic tissue, i.e. the
tissue responds in a different way depending on the speed to which the load is applied and the load
application time. When the load is applied, the bone is deformed and after the load is removed
the bone goes back to the original format due to his elastic response. Bone is a highly viscoelas-
tic material because of the large amount of collagen content. The stress-distension curve allows
to determine if a material is hard, flexible, fragile, strong or weak [30]. Bone provides a plastic
response which is the deformation of the tissue undergoing non-reversible changes of shape in
response to the forces applied. This happens because the external fibers of the bone tissue start to
collapse, occurring micro-breaks and the material detach from the bone. Strength is the ability of
the bone tissue to resist the influence of the external forces acting upon it. This characteristic can
be analyzed in terms of storage of energy, the area under the load-deformation or stress-distension
curve. The modulus of elasticity is a material property, that report the stiffness which represents
the material’s ability to resist deformation [31] and is, therefore, one of the most important prop-
erties of the solid materials. The stiffness can be characterized by Young’s module, described by
the slope of the linear region of the strain-stress curve when tested under tension. The modulus
of elasticity (i.e. the stiffness) is higher when bone has high mineralization. This makes the bone
stronger, but it lowers the toughness, becoming less capable of absorbing shock and strain energy.
Cortical bone and trabecular bone have different stiffness. The first can sustain bigger stress but
less strain before failure, and it’s stiffer than trabecular bone. The second has a greater capacity

to store energy compared to compact bone because is more porous and filled with body fluids
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such as blood and marrow. Over time, bone loses physical properties, such as toughness, Young’s

modulus, and mechanical strength as can be seen in Figure 2.2 [32].
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Figure 2.2: Relative Loss in property value by age. Adapted from [33].

2.6 Bone Remodelling

Bone is a living organ that undergoes remodeling throughout life. This process is essential to allow
the substitution of the youthful bone with a bone which have better mechanical competence, to
substitute microfractured bone and to guarantee a correct calcium homeostasis [34, 35]. For bone
remodelling to occur, a brief assembly of osteoclasts, osteoblasts and capillary blood supply (basic
multicellular unit) migrate to the surface of the injured bone, removing the matrix and replacing
it with new bone matrix [19]. The process combine five steps: activation, resorption, reversal,
formation and termination [36]. In the activation phase, osteoclast precursor cells are recruited
and activated, the lining cells detach from the surface of the bone and occur the formation of
multinucleated preosteoclasts through the fusion of multiple mononuclear cells. Thereafter the
multinucleated preosteoclasts bind to the mineralized bone matrix forming sealed regions [37].
Ending the activation phase, begins the resorption phase that lasts approximately 2 weeks. The
binding promote the formation of a ruffled membrane, creating an isolated hemivacuole between
the osteoclast and the bone matrix. The osteoclasts excrete hydrocloridric acid and acidic proteins
into the vacuole in order to promote the proteolytic enzymes activation, which have their activation
peak at low pH. These enzymes have as function the degradation of the organic constituents of the
matrix [37, 36]. Resorption ends when the osteoclasts undergo apoptosis. This is followed by the

reversal phase that lasts between 4 and 5 weeks.
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Reversal phase makes the transition between the resorption stage and the formation stage and
is still not well understood. One of the theories assert that the resorption release growth factors
from the bone matrix inducing osteoblast proliferation and differentiation. Another theory says
that this transition is regulated by a strain phenomenon [36, 37].

The formation phase takes approximately 4 months to be completed. Initially, osteoblasts
synthesize organic matrix, called osteoid, and release vesicles which allow the initiation of the
mineral deposition through the release of calcium and phosphate, and the destruction of inhibitors
of mineralization. Termination occurs when osteoblasts die by apoptosis, when they incorporate
themselves into the matrix, turning into osteocytes or when they convert into bone-lining cells
[36, 37]. The remodelling cycle is illustrated in Figure 2.3.

An equitable balance between resorption and formation should be achieved in order to obtain
a homeostatic equilibrium. In this way, the aged bone is replaced by new tissue so that it adapts
to mechanical load and strain. According to Wollf’s law, if loading on a bone increases, the bone

will remodel itself over time to become stronger to withstand those stresses [18].
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Figure 2.3: Bone remodelling cycle. Haemopoietic stem cells (HSCs) and mesenchymal stem
cells (MSCs). Adapted from [36].

2.7 Diseases associated to bone

The bone loss can occur due to bone defects or to structural loss. The structural loss is caused by
bone inflammation, bacterial infection and metabolic diseases. Regarding inflammation, the bone
loss takes place on account of local resorbing factors that are synthesized by hematocytes. This
effect also appear in the presence of bacteria, who are responsible for releasing products that can

corrupt the bone. Periodontal disease and osteomyelite are examples of bacterial infections [38].
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Periodontal disease is an infection of the structures around the teeth such as gums, cementum,
periodontal ligament and the alveolar bone. Osteomyelite is a bone infection usually caused by
bacteria [39] and is associated with the placement of prostheses, fractures, bone reconstruction

surgeries and it is also found in patients with diabetes or vascular insufficiency.

Metabolic diseases occur due to abnormalities of minerals such as calcium, phosphorus, mag-
nesium or vitamin D. This type of diseases may result in bone pain and loss of height (in conse-
quence of vertebra compression) which may lead to fractures. Osteopenia, osteoporosis, Paget’s
disease of bone and rickets are some of this type of diseases. Osteopenia is a condition in which
bone mineral density is below the normal and can be considered a forerunner of osteoporosis.
Osteoporosis is a disease defined by deficient bone mass and microarchitectural deterioration of
bone tissue, since bone resorption exceeds bone formation [40], leading to enhanced bone fragility
and a consequent increase in fracture risk [41]. Paget’s disease of bone is defined by a disorga-
nized bone remodeling, and as has symptoms bone pain, bone deformities, headache, nerve root
compression and fractures [42]. The origin of this disease is not yet known, but it is thought that
is due to genetic factors or environmental factors namely viral infections [42]. At the first place,
large and numerous osteoclasts initiate an intense bone resorption, recruiting osteoblasts that be-
gin to produce bone matrix. However, bone resorption is happening at the same time making bone
mineralization inefficient, and therefore normal lamellar bone is replaced by woven bone. Finally,
bone resorption decreases remaining an disorganized bone which is weaker than the normal bone
[42, 13]. Rickets and osteomalacia are bone diseases caused by lack of vitamin D, phosphate or
calcium. These are crucial nutrients for the development of strong bones. Rickets disease affects
children while osteomalacia affects adults, however both experience similar conditions. The min-
eralization of the growth plate is insufficient leading to an accumulation of osteoids in the bone

tissue which causes the bone to become weak.

Hormonal disorders are another factor that perturb bone homeostasis. Hyperthyroidism results
of an exaggerated production of thyroxine hormone by thyroid gland. This hormone stimulates
bone resorption, reducing the density of bone, which can lead to osteoporosis and in an increase
of the fracture rate [43]. Also, the lack of gonadal hormones, such as testosterone and estrogen, in
children and young adults may contribute to severe osteoporosis. Additionally, higher production

of cortisol will cause Cushing’s syndrome, which is also harmful to bone health[13].

Some types of medicines cause bone loss, if used for long periods of time. An example is
medicines with glucocorticoids, which, when taken in excess will stop bone growth in children
[13].

Bone cancer affect the bone mineral density, not only due to the effect of cancer cells but also
due to the therapies used in the cancer treatment. The cancer destroy bone tissue in order to settle

itself and grow, and eventually form metastases [44].

Fractures, trauma, inappropriate fracture fixation will also increase the probability of bone
density loss [45].
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2.8 Bone grafts

As previously mencioned, bone is a tissue that is subjected to renewal and repair processes during
bone remodelling, which can be seen during normal fracture healing. However, there are clinical
conditions where the remodeling process is not enough to establish the normal bone structure, like
trauma, infections, tumor removal surgery and skeletal anomalies, or cases in which the regener-
ative process is compromised, including avascular necrosis, atrophic nonunions and osteoporosis
[46].

In order to solve this problem, the physicians needed to remove bone from another part of
the body and shape it to fit the area where it is needed. However, this bone graft can lead to
swelling, nerve injury, bone graft rejection, inflammation and may not fit perfectly into the defect
[3]. Bone grafts can be defined as materials of natural or synthetic origin used as a filler or scaffold

to facilitate bone formation and promote wound healing [47].

Bone grafting is conceivable since bone tissue can regenerate entirely if provided the area into
which it has to grow. As natural bone grows, it generally substitute the graft material completely,
resulting in a fully functional new bone. There are different types of grafts, autografts, allografts,

synthetic variants and xenografts [47]:

1. Autografts: Tissue transplanted from one region of the body to another in the same individ-

ual.

2. Allografts: The allografts are grafts harvested from an different individual, but of the same
specie, of the one who receives the graft. Allograft bone is taken from cadavers that have

donated their bone so that it can be used for living people who need it.

3. Synthetic variants: Composite of flexible hydrogel-hydroxyapatite (HA) with mineral or-
ganic matrix ratio similar to human bone. This artificial bone can be composed of calcium
phosphates, bioglass and calcium sulphate, and can be combined with growth factors, ions

or mixed with bone marrow aspirate to increase biological activity.

4. Xenograft: A graft of tissue taken from a donor of a species and grafted into the body of
another species.

2.9 Bone graft properties

One of the multiple purposes of a bone graft is to provide a healing facilitator structure that fills
the bone defect and that enables the settlement of osteoinductive molecules and/or osteogenic
cells [48]. For that, the material used to fabricate the graft should have several qualities such as

biocompatibility, osteocondutivity, porosity and adequate mechanical properties.
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2.9.1 Biocompatibility

Biocompatibility is defined as a "property of being biologically compatible by not producing a
toxic, injurious, or immunologic response in a living tissue" [49]. The graft constituting mate-
rials, such as monomers, initiators, cross-linking agents, emulsifiers, stabilizers and degradation
products, have biocompatibility as a prerequisite. Calcium phosphate (CaP) ceramics, such as hy-
droxyapatite (HA) and tricalcium phosphate (TCP) have chemically similarities with the inorganic

component of natural bone tissue, revealing great biocompatibility.

2.9.2 Osteocondutivity

Bone grafts need to have a vital characteristic called osteoconductivity, which allows the growth
of bone in its surface, channels, pipes and also into pores [50]. This permits the adhesion of cells,
their proliferation, migration and bone precipitation. As said before, CaP ceramics are similar to
the inorganic phase of bone revealing also a great osteoconductivity. To improve osteocondutivity,
it is increased the scaffold microporosity since a higher surface is obtained [17].

Some biodegradable polymers exhibit osteocondutivity as well. The attachment of these poly-
mers with specific peptides derived from ECM proteins may increase the osteocondutivity, pro-
moting growth and migration of osteoprogenitor cells as well as osteoblasts. Another approach is
to fabricate scaffolds with collagen fibrils which mimic the nanostructure of ECM in natural bone

tissue.

2.9.3 Porosity

Porosity is defined as the percentage of void space in a solid and it is a morphological property
independent of the material. Pores are necessary for bone tissue formation because they allow
blood vessels and surrounding bone to grow into the bone graft and promote migration and prolif-
eration of osteoblasts and mesenchymal cells. In addition, a porous surface improves mechanical
interlocking between the implanted biomaterial and the surrounding natural bone, providing bet-
ter mechanical stability at this critical interface. Various methods may be used to create porous
scaffolds depending on material properties and desired pore architecture [51]. The bone scaffolds
should have interconnected pores with at least 100 um in diameter for the diffusion of oxygen and
essential nutrients for the survival of the cell. However, macropores with a diameter of 200-350
um are also important since it was found that they are optimum for bone cellular in-growth [52].
Although increased bone graft porosity may increase permeability, the modulus will be sacrificed
[53].

2.9.4 Mechanical Properties

The cooperation between HA crystals and elastic collagen fibers in the nanoscale structure of bone

contribute to its unique mechanical properties, making bone difficult to substitute using synthetic
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materials [54]. Metals, such as titanium and stainless steel, are usually used in orthopedics, be-
cause of the higher strength compared to bone [55]. However, these implants absorb most of the
stimulating forces, which cause a phenomenon called stress shielding effect. This phenomenon
consists in the bone resorption around the implant. Also, metals show elastic modules with differ-
ent values from those of natural tissue having therefore a mismatch of various mechanical proper-
ties. The ideal scaffold should be designed to match the mechanical properties of the specific bone
it will replace [48] and should have enough balance between mechanical properties and porous
architecture to allow cell infiltration and vascularization, which is the key to the success of any
scaffold.

2.10 Bioceramics

Ceramic materials are inorganic materials consisting of chemically bonded metallic and nonmetal-
lic elements. They may be crystalline, non-crystalline or a mixture of both. Most of them have
high mechanical strength at high temperatures but tend to be brittle and typically have a high com-
pressive strength and low ductility, providing high resistance to deformation [56]. The matrices
that have been used to bone regeneration are calcium phosphates, calcium sulphates and bioac-
tive glasses. There are four types of bioceramics, type 1 (nearly inert), type 2 (porous ingrowth),
type 3 (bioactive) and type 4 (resorbable). Figure 2.4 shows the bioactivity spectrum for various

bioceramic implants already on the market.

1. Nearly Inert: The reaction with the tissue is very small, happening on a small scale, af-
ter a long time and are used when no significant reaction is expected. Alumina (A/;03) is
an example of type 1 showing a hexagonal compact structure and greater thermodynamic
stability. The bond strength is so great between Al and O that they do not react with the en-
vironment. They are used in joint prostheses, but also in engine sails, where they resist high
temperatures without degrading. Al,O3 — Si3Ny is an example of a nearly inert bioceramic

implant already on the market.

2. Porous ingrowth: Allow the growth of cells into their pores occuring a stabilization of
the prosthesis by mechanical (interlocking) and biological action i.e, the formation of bone
bridges occurs. It is a classification that does not depend on composition. Increasing the
interfacial area between the implant and tissues results in increased resistance to implant
movement. The limitation is that the pores must be relatively large (more than 50-150 pm)
because it is necessary to have vascularization in the new connective tissue. Porous bioglass

and porous hydroxyapatite are examples of this type of bioceramic.

3. Bioactive: Intermediate between inert and resorbable. Preserved in the body for longer,
stimulating bond between the tissue and the material. So, it is important that the composition
of the ceramic and bone are the same. A biological response occurs at the interface between
the tissue and the material. Bioglass, ceramic glasses and bioactive ceramics are examples

of this type of bioceramic.
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4. Resorbable: React with the body, degrading. One example is calcium sulphate (gypsum-
used as bone cement) and other bone cements. They have the advantage of not having
to remove the material later since it is reabsorbed. The disadvantages are that they may
disappear too quickly so that the mechanical properties fall immediately after their place-
ment, and sometimes it may be difficult to match the rate of resorption to tissue replace-
ment. The alpha-phosphate, macroporous and thin-walled, is at the limit of being resorbable
(Caz(POy4);). This has a calcium/phosphorus ratio of 3:2, hence they are more resorbable
than HA, which has a calcium/phosphorus ratio of 10:6.

(8) Type 4 (resorbable}

! Type 3
(bioactive)

Type 2
porous ingrowth)
—Type 1

f;._(.oﬂrl-,r inert)

Relative
bioreactivity

]
[=]

&
(=

ra
[=

Percentage of interfacial
bane tissue

Implantation time (d)

Figure 2.4: Bioactivity spectrum for different bioceramic implants. (a) relative rate of bioreactiv-
ity, (b) time dependence of formation of bone bonding at an implant interface. (A) 45S5 Bioglass
®), (B) KGS Ceravital (), (C) 5554.3 Bioglass ®), (D) A/W glass ceramic, (E) HA, (F) KGX
Ceravital ®) and (G) Al O3 — Si3Ny. Extracted from [57].

2.10.1 Calcium Phosphates

Calcium phosphates are composed by calcium and orthophosphate ions which are also present in
the mineral components of bone, and are highly biocompatible [58] being therefore suitable for
synthetic bone graft production [59, 60]. The bioactivity of calcium phosphates may vary with the
calcium phosphate ratio, the cristallinity and with the phase purity.

The choice of the calcium phosphate material should be based on their properties combined
with the final purpose. One important property is the resorption rate which is affected not only
by the geometric properties but also for the chemical composition of the calcium phosphate [60].

Geometric characteristics are related with the interconnectivity of the pores and with the porosity.
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Hydroxyapatite (HA) and B-tricalcium phosphate (3-TCP) have an augmented capacity to
bond with bone tissue and show a biocompatible nature, which makes them the most popular

among calcium phosphates [59].

Hydroxyapatite (HA)

Hydroxyapatite is a biocompatible calcium phosphate with a chemical structure similar to the
inorganic component of the bone [61]. This bioceramic can be found in the market either from
natural sources or as a synthetic material. Synthetic hydroxyapatite is a stoichiometric apatite
with a chemical formula of Cajo(PO4)s(OH), and a calcium phosphate ratio of 10:6. Natural
hydroxyapatite is a non stoichiometric apatite, that show traces of CO3, Mg, Na, F and CI and
with a calcium phosphate ratio lower than 1.67 [62]. Hydroxyapatite has low solubility and high
stability inside the human body. It was found that the closer to 1.67 is the calcium phosphate ratio,
the greater the stability, however if this value decreases the bioactivity is improved [62].

Due to the properties mentioned above this calcium phosphate brought great interest to the
biomedical materials field. The clinical applications of hydroxyapatite continue to emerge, but
nowadays it is used as a bone filler, as a bone tissue engineering scaffold, as a bioactive coating,

as a delivery system and as a drug/proteins/genes loading [63].

Tricalcium phosphate (TCP)

Tricalcium phosphate has a nominal composition of Cas(PO4 ), with a calcium phosphate ratio
of 1.5. Two different crystallographic configurations can be found, o-TCP and -TCP which is
more stable than the first.

TCP is a biocompatible and bioresorbable material which shows no osteoinductive activity
[64].

This ceramic has higher biodegradation rate than hydroxyapatite so that, in order to adapt the
material’s biodegradation rate, biphasic calcium phosphate materials with different levels of HA
and TCP are prepared [59].

The dental medicine field is the one that most benefits from these materials since they allow
filling in periodontal defects in bone and repair cleft palates. Also, it can be used as a scaffold for

orofacial fractures, as a coating in metallic materials and as drug carriers [65, 66].

2.10.2 Porous ceramics
2.10.2.1 Processing methods of macroporous ceramics

Porous materials can be classified in three classes, according to pore diameter. Materials with a
pore diameter bigger than 50 nm are designated by macroporous, between 2 nm and 50 nm are
nominated mesoporous and materials with a diameter smaller than 2 nm are called microporous
[67]. Trabecular bone is a macroporous tissue, as seen in subsection 2.9.3, thus a macroporous

graft is required. In this context, the research work was focused in the processing methods of
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macroporous ceramics. Figure 2.5 ilustrates the different processing methods: partial sintering,

sacrificial fugitives, replica templates and direct foaming.

1. Partial sintering: Partial sintering is one of the most frequent approaches to obtain porous
ceramics, and involves the partial sintering of ceramic aggregate particles [67, 68]. It con-
sists in lowering the processing temperature or pressure during the consolidation which will
increase the porosity, interconnectivity and pore size [67, 69]. Also, the porosity can be
increased with the addition of pore forming agent [68]. The porosity obtained with this

process is, generally, inferior to 50%.

2. Sacrificial fugitives: In this process, pore forming agents like some organics or carbon
powders are added to the ceramic slurry. During sintering the agents burn out, leaving be-
hind a porous material [68]. The agents should be homogeneously mixed with the ceramic
slurry to obtain an uniform and regular distribution of pores. The pore size and shape are
dependent of the pore forming agents morphology and the porosity increases with the quan-
tity increase of these agents. The porosity obtained with this process alternate between 70%
and 80 % [67].

3. Replica templates: Replica templates is a very popular method. A sponge or a cellular
natural structure is soaked into a ceramic slurry until all the pores are filled with the suspen-
sion. Then, the suspension excess is removed through rollers. The sintering stage allows to
remove the sponge or the cellular natural structure and the densification of the ceramic. The
resulting structure has the same morphology of the original model. The obtained porosity
varies between 40% and 95%, however some interconnectivity is lost and the pieces show

low mechanical properties [70].

4. Direct foaming: Direct foaming consist in the addition of gas or air to the ceramic slurry
which is stabilized using, generally, a surfactant followed by drying and sintering. The con-
solidated structure shows porosities below 90 %, and the method is cheap and environmentally-
friendly [67].

Despite the fact that the processes cited above showed high values of porosity and interconnec-
tivity, they can not control the material’s microstructure [70] since the connectivity is an arbitrary

result affected by the processing parameters.

Recently, a new processing method capable of creating structures from computed-aided de-
signs (CAD), has gained popularity. This method unlike the previous ones allows to control the
material’s microstructure. It is called additive manufacturing and encompasses several techniques
[71].
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Figure 2.5: Different processing methods of macroporous ceramics. Adapted from [67].

2.11 Additive Manufacturing

2.11.1 Biomodel

Although autografts, allografts and xenografts are the most commonly used grafts nowadays, they
present several complications. The concerns regarding autografts are due to limited supply and to
donor site complications and both allografts and xenografts can contribute to the transmission of
diseases and other infective agents. One of the problems common to the types of grafts mentioned
above is that they do not fit perfectly into the defect [72]. To address these limitations, customized
synthetic bone substitutes began to appear. This required an compromise between computer-aided

design (CAD) and additive manufacturing techniques [73]. Through a computed tomography scan
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(CT scan) or a magnetic resonance imaging a biomodel is created.

Lohfeld et al. defined a biomodel as an entity that replicates the geometry or morphology of
a biological structure, which can be realized in either a computer-based form or a solid physical
form [74]. Macro scale virtual models reproduce the precise structure of the tissues, which is
extremely useful in the surgerie’s planning reducing the risk to the patient. Biomodels can be
manipulated by CAD software, which is usually used in designing implants and prostheses, which
can estimate the risk of fracture and improve some features such as microstructure, shape and size
[74].

2.11.2 STL file

The STL file was designed in 1987 and is a file format native to the stereolithography CAD soft-
ware created by 3D Systems Inc. STL is an abbreviation to “Standard Triangle Language” or to
“Standard Tessellation Language” and it is broadly used for rapid prototyping, 3D printing and
computer-aided manufacturing [75, 76]. The STL file creation process remodel the continuous
geometry in the CAD file into small triangles, or coordinates triplet list of x, y and z coordinates
and the normal vector to the triangles. Depending on the complexity of the surface, the number
of triangles varies. If the surface complexity is greater, the number of triangles will also be larger,
if the surface complexity is smaller, the number of triangles will be smaller. The STL file only
describes the surface geometry of a three-dimensional object without any representation of color,
texture or other usual CAD model features. There are other types of files such as stereolithogra-
phy contour (SLC) and SLI from 3D Systems, CLI from EOS, Hewlett-Packard graphics language
(HPGL) from Hewlett-Packard, stereolithography contour from Stratasys, and F&S from Fockele
and Schwarze and initial graphics exchange specifications (IGES) [77].

2.11.3 Additive Manufacturing of Ceramics

Additive Manufacturing (AM) processes are versatile, flexible and high customizable [78] and
are also known as rapid prototyping and solid freeform fabrication [79]. AM describes a class
of technologies in which is created a physical structure (3D) by layering materials one by one
based on a digital model [80]. These processes have been gaining interest in industries and also at
academic level because of their ability to create complex geometries with customizable material
properties [81]. Ceramic materials generally have low ductility, high crack damage sensitivity, low
toughness that combined with high hardness and high melting temperatures make them difficult to
work with during the manufacturing [82]. However, AM processes have the capability to control
the architecture which is beneficial because scaffolds can be designed and fabricated to fit the
patient’s needs [83]. Below it is presented the processes of additive manufacturing for ceramics,
such as vat polymerization, material extrusion, direct energy deposition, powder bed fusion, binder

jetting and sheet lamination [84]. Figure 2.6 shows the seven processes of additive manufacturing.

1. Vat polymerisation: Vat polymerisation uses a vat where an photopolymer resin is placed.

An UV laser is applied in order to draw a pre-programmed design or shape onto the surface
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of the photopolymer vat, which is sensitive to UV light and in this way, the resin solidifies
and forms a single layer of the desired 3D object. After each layer polymerization, the build
platform goes up in order to allow the resin to spread and descends for a height equivalent to
the height of the previous one plus the layer thickness, and then the polymerization occurs
[85, 86]. This process is repeated until the 3D structure is completed. The advantages of the
process is the high-resolution capacity, the high-layer speed capacity, low-imaging specific
energy, can build simple or complex structures with very good accuracy and surface finish
and can build parts with specific characteristics. The disadvantages are that is a complex
process, require support, the materials used are expensive, is limited in materials that can
be used, it is only applicable for photopolymers which are not stable over time and have not
well defined mechanical properties, and the build process is slow [86, 87, 88]. Stereolithog-
raphy and Digital Light Processing are examples of this process.

. Material Extrusion: In this process, the material is deposited through a nozzle being possi-

ble to regulate the extrusion force and plunger velocity [89]. The material is heated and the
nozzle moves horizontally depositing it into the required cross section area of the desired
object. Finishing the layer, the platform moves vertically, positioning itself in order to de-
posit the next layer. The process is repeated layer-by-layer until the object is completed. The
material for material extrusion must have a high solid loading in order to avoid shrinkage
and cracking due to sintering, have a homogeneous particle distribution to ensure a constant
flow and to avoid flaws due to agglomerates, minimize the entrapped air, solvent migration
and their sedimentation should be avoided to ensure constant flow and storage stability. In
addition, the particle size, distribution, rheology, interface properties and solidification ki-
netics of the feedstocks should be suitable for the desired structure and the binder phase
should be easy to drain, dry or burn out [86]. The advantages of this technique are that it
can handle higher-viscosity feedstock materials and higher extrusion temperatures [90], the
fabrication system is simple and low cost, the final structure have high density, it is capable

to produce parts with multiple material and has a small waste of material [91].

. Direct Energy Deposition: The operation method of direct energy deposition is similar to

the material extrusion process. However, the nozzle can move in multiple directions and the
material, provided in wire or powder form, is melted using a laser, electron beam or plasma
arc upon deposition [92]. DED is used frequently to material repair since new material can
be deposited in the damaged part, and it has ability to control the grain structure and the
produced pieces reveal good surface quality [93]. On the other hand it may require post

processing and is limited in material [94].

. Powder Bed Fusion: It consists in a laser that heats the powder to just below or right at the

melting point of the material, fusing the particles together creating a compact object. The
platform lowers at a distance equal to the thickness of the layer produced and a recoater
applies a new layer of powder on top. This process is repeated until the 3D model is totally

printed. When the structure cools down, the structure and the powder excess are removed
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[86, 95, 96]. Powder bed fusion can be used with a variety of materials, there is no need for
support structures because the powder bed is used as the support, has good mechanical prop-
erties, low material cost and have good accuracy. However, the feature resolution depends
on laser-beam diameter, materials may degrade during the process because of the tempera-
ture, the structure may have undesired porosity, it is hard to remove the trapped powder and

is a complex and expensive equipment [95, 87].

5. Binder Jetting: The powder bed fusion consists of an ink-jet head that moves applying
droplets of the binder solution to the powder bed, gluing the powder together. When a
certain layer is finished, the build piston is lowered a distance equal to the thickness of
the layer produced and the powder delivery piston raises the powder that is spread on top
of the finished layer through the roller. This process is repeated until all the structure is
formed and the excess of powder is removed [86, 95, 96]. The advantages of powder bed
fusion are the high variability of material choices, good mechanical properties, low cost, is
a quick process, low waste of material, low imaging specific energy, it is possible to print
an object with multiple colors and they have multi-material capabilities through multiprint-
heads [97]. However, the resulting object can suffer from a rough surface quality, some
materials need to be post-processed, the process works well only with a values of viscosity
between 10 and 12 mPa-s [98], sometimes it is hard to remove trapped materials, have low
to medium resolution, the powder particles may not bind well, and it is always necessary to
bind powders [95].

6. Sheet Lamination: The object is built through an additive process that can make different
structures with different shapes and sizes by shacking, bonding and cutting the sheet lay-
ers of a material [99]. This process is performed by joining a sheet to a substrate with a
heated roller, based on the 3D model a carbon dioxide laser traces the desired dimensions
of the structure cutting the outline of each layer and crosshatches the waste material within
and around the layer for easy removal after the structure is completed [96]. The layers are
bonded to each other through pressure using a hot roller, the sheet is moved away, a fresh
sheet of material is rolled into position and the platform is lowered one layer deep, to receive
the next layer. This process is repeated until all the structure is completed. The resulting
structures present very low internal tensions which prevent distortion, shrinking and defor-
mation, have high durability, low brittleness, low fragility, it is possible to produce large
parts with good finishes, machine and process costs are lower than with other RP systems
and there is no need to post-processing or supporting structures. The disadvantages are the
low accuracy, low detail reproduction, low durability of small part features, a significant
waste of material, internal cavities are difficult to be built and the material is dependent
from the direction of the machinability [88, 100].

7. Material Jetting: In this process a movable printhead deposits droplets of a photosensitive

liquid which solidify when exposed to ultraviolet light. Material jetting has low waste,
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produce samples with a smooth surface finish and high dimensional accuracy, however, it

requires support material and the materials are limited [101].

All of the processes have as an input an STL file containing the design of the structure to be
printed. In particular, hydroxyapatite can be printed by all of the additive manufacturing processes,
although each of them has their advantages and disadvantages. Material extrusion techniques
are the most widely employed 3D printing strategies for tissue engineering, which have led to

remarkable progress in the field [102, 91].
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Figure 2.6: Seven processes of Additive Manufacturing. Adapted from [103, 104, 105, 106, 107,
108, 109].



Chapter 3

Materials and Methods

3.1 Raw materials

3.1.1 Resin

The resin is a printing vehicle that needs to be removed to obtain the purest ceramic possible
after processing. It must be organic so that, when it heated up in the kiln it burns-out completely,
leaving no residue behind. In this way it is obtained an inorganic structure that corresponds to the
ceramic. Furthermore, the resin should allow the incorporation of solid-powders maintaining the
needed characteristics for the DLP printer. With this in mind, an exhaustive search was carried
out for the existing resins in the market taking into account the price and characteristics such as
viscosity and density. Table 3.1 shows some of the resins found in the market which comply
with the conditions above described. The chosen resin was the Resin 1 not only for the price, but
also because it has already been used in previous works by the research group that is engaged in
this project, with pretty good results. Resin 1 is a photopolymer curable resin base suitable for
DLP and SLA 3D printing and is designed for experimental use, which allows, together with solid

powders, to create a 3D printable resin.

The firing schedule and maximum sintering temperature for Resin 1 is dependent of the sin-
tering temperature of the ceramic material. A thermal cycle is proposed by the company, in order

to prevent the appearance of cracks on the produced 3D piece.

Table 3.1: Examples of resins in the market and their associated properties and price.

Resin  Viscosity @ 25°C Density Price (per L)
Resin 1 - - 24995 €
Resin 2 552 mPa-s 1.10 g/cm? 258.00 $

Resin3  250-325mPa-s  1.02-1.12 g/cm? 249.00 €
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3.1.2 Hydroxyapatite powders

Four different hydroxyapatite synthetic powders were used which were acquired in four different
companies and named as HA1, HA2, HA3 and HA4. All these powders obey to ISO 13779-6 for
surgery implants.

3.1.3 Dispersant

The hydroxyapatite powders may form aggregates, which will cause a decrease in strength and
reliability of the final printed piece [110]. In order to improve particle separation and to prevent
aggregation or deposition of the hydroxyapatite particles during 3D printing, sodium lauryl sulfate

was used as a dispersant.

3.1.4 Non-polymerized resin cleaning liquid

After the pieces are printed it is necessary to remove residues of unpolymerized resin that may
have remained. This is an crucial step, since these residues may develop cracks, delamination
and/or swelling [111]. For this purpose, three different solvents (S1, S2 and S3) were evaluated as

cleaning liquids.

3.2 Slurry preparation

In order to obtain a ceramic piece, a slurry was prepared which was constituted by a photopolymer
resin, a hydroxyapatite powder and a dispersant. The synthetic hydroxyapatite powders were
maintained overnight in a oven (J.P.Selecta, s.a., Spain) at 70 °C, and cooled down and placed in a
desiccator in order to remove moisture. After that, the hydroxyapatite powders and the dispersant
powder were mixed using a 3D shaker mixer (TURBULA ® from WAB company) at different
concentrations, as can be seen in Table 3.2 , for thirty minutes. The mixed powders were added
incrementally to the resin and thereafter placed in the 3D shaker mixer. After mixing, the resin
was ready to be printed.

It is noteworthy that this procedure must be carried out in a radiation free environment so that

resin polymerization does not occur.

3.3 3D printing

DLP printer was used to print the pieces from files that were previously modelled using CAD
software. Digital Light Processing (DLP) is a process that arises from stereolithography using UV
photopolymerised materials. A vat of liquid polymer, constituted by monomers, oligomers, pho-
toinitiators [112] and ceramic powders, is exposed to light from a DLP projector under safelight
conditions and the projector displays the image of the 3D model onto the liquid polymer (Figure
3.1). After the layer polymerization, the build platform goes up in order to allow the resin to spread

and descends for a height equivalent to the height of the previous one plus the layer thickness, and
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Table 3.2: Composition of the different printable suspensions using 0.5 wt% and 2.0 wt% of SDS.

Formulations

Formulation HA powder HA (w/v %) Dispersant Dispersant (wt %)

HA1_40_05 HA1 40 SDS 0.5
HA1_40_2 HAL1 40 SDS 2.0
HA1_45_05 HA1 45 SDS 0.5
HA2_35_05 HA2 35 SDS 0.5
HA3_45_05 HA3 45 SDS 0.5
HA3_50_05 HA3 50 SDS 0.5
HA4 35_05 HA4 35 SDS 0.5

then the polymerization occurs [85]. This process is repeated until the 3D structure is completed.
DLP shows high resolution, fast processing and less shrinkage however this process has high costs
and the resin is toxic when uncured [113]. The main difference between DLP and SLA is that
SLA laser printing projects the UV radiation point by point while DLP projector printer projects

the entire layer into the resin.

A partner company provided a low cost LCD DLP 3D printer which have a compact and ded-
icated design, easy to use and store and has a colorful user-friendly interface with a 2.8 inch touch
screen exhibiting the printing process in real-time. The LED emit a UV light with a wavelength of
405 nm and a light source of 25W and show uniform UV light for a prolonged serving time. The
3D printer is allied to an open-source slicing software capable of processing 30-megabyte file in
1 minute and therefore the file can be stored in an USB (Universal Serial Bus) allowing an offline
printing. Furthermore, this printer has the ability to filter bad odors and keep the air clean thanks

to an activated carbon air purification system which is beneficial to the user’s safety.

The software slices the piece’s model into several layers with a thickness defined by the user.
Parameters such as normal exposure time, off time, bottom exposure time and bottom layers may
also be defined by the user. Moreover, this software allows the addition of supports, not only
automatically but also manually, in order to attach the piece to the platform so that it does not
drift in the reservoir. The number of supports, their location and where they touch the piece are
estimated by the software which are dependent of the architecture, orientation and weight of the
piece to be printed. The resin vat has a thin FEP (fluorinated ethylene propylene) film with high
quality, high transparency and with a short curing time with a very good curing effect. These
features enables the UV light to pass into the resin leading to its cure, the build plate is pulled out,
and the cured resin detached from the FEP film.
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Figure 3.1: Working principle of Digital Light Processing. Adapted from [114].

3.4 Materials characterization

3.4.1 Resin
3.4.1.1 Viscosity measurement

The viscosity of the resin was measured in terms of steady state equilibrium and it was conducted
at Departamento de Engenharia Quimica, Faculdade de Engenharia da Universidade do Porto.
The viscosity was determined with a rotational rheometer MCR92 from Anton Paar supplied with
a plate system with a diameter of 50 mm. The test plate is controlled to generate shear rate profiles
as a function of the incremental rotational speed. Measurements were performed at 25°C for shear

rates in the range of 1-200 s~ and 50 points were acquired to obtain each curve.

3.4.2 Hydroxyapatite powders
3.4.2.1 Granulometric analysis

Granulometric Analysis were obtained at Departamento de Engenharia Quimica, Faculdade de
Engenharia da Universidade do Porto. The particle size distribution was measured using a COUL-
TER LS 230 laser diffraction analyzer and the powders were suspended in ethanol at 99 %. For the
data acquisition, a channel diameter ranged between 0.04-2000 um and one representative sample

of the powder was used for the analysis.
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3.4.2.2 Scanning electron microscopy (SEM)

Particle size and shape of hydroxyapatite powders were analysed by SEM and samples were at-
tached to the aluminium supports with carbon tape and then sputtered, through a SPI Module
Sputter Coater device at 15 mA over 80 seconds, with a thin film of gold-palladium.

The analysis was carried out at Centro de Materiais da Universidade do Porto using a Quanta
400 FEG ESEM / EDAX Genesis X4M, which is a high resolution (Schottky) Environmental Scan-
ning Electron Microscope with X-Ray Microanalysis and Electron Backscattered Diffraction anal-

ysis.

3.4.2.3 X-ray diffraction (XRD)

To determine the thermal stability of the hydroxyapatite powders, X-ray Diffraction analyses were
performed at Servico de Caracterizacdo de Materiais (SEMAT), Universidade do Minho.

The samples were analysed before and after sintering in order to verify if there was a phase
transformation from HA to B-TCP or o-TCP. A parallelepiped specimen was 3D printed and
sintered at 1300 °C, to reach the maximum coesion and resistance, and this sample was then
transformed into powder through an agate mortar.

The acquisition was obtained at 1 second per step, a stepsize of 0.04° with a 26 range between
5° and 80°.

3.4.3 Formulations
3.4.3.1 Deflocullation analysis

In order to evaluate the optimum concentration of surfactant that leads to the lowest viscosity, flow
curves were performed for concentrations of surfactant at 0.0 wt%, 0.5 wt%, 1.0 wt%, 1.5 wt%,
2.0 wt% and 2.5 wt%. All the slurries were constituted by 40 w/v% of HA1 hydroxyapatite. These
experiments were conducted at Departamento de Engenharia Quimica, Faculdade de Engenharia
da Universidade do Porto with a rotational theometer MCR92 from Anton Paar supplied with a
plate system with a diameter of 50 mm. Measurements were performed at 25 °C for shear rates
in the range of 1-200 s~! and 50 points were acquired. Through the flow curves, the viscosity of

each concentration was withdrawn at a shear rate of 200 s~ [115].

3.4.3.2 Viscosity measurements

The viscosity measurements of the ceramic slurries were performed in the same way as the section
3.4.1.1 at the page 26. The viscosity of the formulation was a fundamental parameter for the 3D

printing using DLP, as will be discussed later.

3.4.3.3 Cure depth determination

Among all the printing parameters the exposure time to UV light is probably the most important

since it is directly correlated with the cured layer thickness. To find out the exposure time needed
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for a certain thickness, a cure depth determination was performed [116]. An UV light with a
wavelength of 405 nm was applied to the formulation placed inside of the resin vat at different
exposure times. The duration of the exposure time varied between 45s and 195s and 16 points
were obtained. Finishing each exposure time, the samples were taken from the vat, cleaned with
a solvent and the thickness of the sample was measured with a digital vernier caliper with an

accuracy of + 0.02 mm.

3.4.4 3D printed pieces
3.4.4.1 Scanning electron microscopy (SEM)

The 3D printed and sintered pieces were submitted to SEM analysis to verify the presence of
cracks, delamination and their overall geometry. Samples were attached to the aluminum supports
with Araldite® glue, fixed with a carbon conductive adhesive tape and coated with a thin film of
gold-palladium. The sputtering was performed through a SPI Module Sputter Coater device at
15 mA along 120 seconds and the analysis was made at Centro de Materiais da Universidade do
Porto using a Quanta 400 FEG ESEM / EDAX Genesis X4M.

3.4.4.2 Porosity determinations

Porosity plays an important role in bone scaffolds since it ensures largest surface area relatively
to dense scaffolds, which allows having friendly conditions for growth of cells and transport of
nutrients. The main objective was to obtain a level of porosity compared to that of the human

bone. The following equations were used for porosity determination.

Mass of the solid (g)
3
= 3.1
P (g/em’) Volume of the solid (cm?) G-
Piece’s Geometric Volume (cm3) = Solid’s Volume (cm3) + Pore’s Volume (cm3) 3.2)
Pore's Vol 3
Pores (%) = — ores Volume (cm’) 100 (3.3)
Piece's Geometric Volume (cm3) - p (g/cm3)
Through Equations 3.1, 3.2, 3.3 it is obtained 3.4.
M the solid
Pores (%) = [ 1— — ass of the solid (g) 100 (3.4)
Piece's Geometric Volume (cm3) - p (g/cm?)

Knowing that the theoretical density of hydroxyapatite is p = 3.16 g/cm?, and that the mass of
each sample was measured after sintering, it is possible to obtain the volume of the solid through
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the Equation 3.1. To the piece’s geometric volume, measured using a vernier caliper with an
accuracy of 4 0.05 mm, the volume of the solid is withdrawn, obtaining the pore’s volume. In this

way, and using Equation 3.4 it is estimated the pore’s percentage.

3.4.5 Volumetric shrinkage determination

In order to evaluate the volumetric shrinkage of the samples, the dimensions were determined
using a vernier caliper with an accuracy of + 0.05 mm, before and after sintering. Then, the

shrinkage value of each dimension can be calculated according to Equation 3.5.

Initial Dimension (cm) — Final Dimension (cm)

Volumetric shrinkage (%) = 100 3.5

Initial Dimension (cm)

3.4.6 Mass loss determination

The mass of each piece was measured, using an analytical balance with an accuracy of 4 0.0001

g, before and after sintering. The mass loss was calculated resorting to Equation 3.6.

Initial Mass (g) — Final Mass (g)

<100 3.6
Initial Mass (g) (3.6)

Mass loss (%) =



30

Materials and Methods



Chapter 4

Modelling and 3D Printing

Any product obtained through a 3D printing technique has to undergo a previous modelling phase.
This phase allows the virtual creation of the product through a Computer-aided-design (CAD)
software.

The adopted models had their origin in a single initial model, represented in Figure 4.1 and
it mimics the bone’s trabecular structure. Representative smaller models were obtained from this
initial model that were used in each tests that was performed in this work. To obtain such small
models, all of them as STL files, the 3D Builder software from Microsoft® was used.

The STL file creation process converts the continuous geometry in the CAD file into small
triangles, or coordinates triplet list of X, y and z coordinates and the normal vector to the triangles.

Depending on the complexity of the surface, the number of triangles may change [77].

Figure 4.1: Original spherical trabecular model.

3D Builder software allows to rearrange, resize and compile, in order to be able to obtain the

desired model. However, the model is not yet printable, as it is necessary to determine the number
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of supports and set the 3D printing parameters.

The linkage between the CAD model file and the compatible file for printing was performed
through the printer’s own software. This is one of the most important steps regarding the 3D
printing process.

The input of this software is a STL file where, as said before, will be included supports to the
model. The supports are thin cylinders with short tips slightly touching the model that attach the
object to the platform and prevent warping (Figure 4.2). These pillars were printed in the same
material of the piece and removed manually after printing. The structures have features that can be
customized such as the shape of the tip, the radius and the length of the supports, the contact depth
and the support angle between the support and the object, and also the structure (light, medium or
heavy). The algorithm determines the number of the supports to add according with the defined

features and their proper location.

Figure 4.2: Piece’s model with the generated supports. In blue is represented the piece and in dark
yellow the supports.

Printer parameters are the most important process variables since they affect directly the qual-

ity of the printed pieces. These variables are enumerated below:

1. Layer Thickness (mm): Layer thickness reside in the layer height of the slurry that will
be polymerized. Low thicknesses are associated to higher resolution while high thicknesses

are related with enhanced mechanical properties.

2. Normal Exposure Time (s): Time of exposure to the UV-LED light for each layer. In case
the exposure time is too high, the piece loses definition. However, if the exposure is too low

the layers will not attach one to each other.

3. Off Time (s): Time interval between the polymerization of consecutive layers. Corresponds
to the time that the platform takes to set itself in the next position to polymerize the next
layer, and in this way, the resin spreads through all the vat uniformly. The higher the vis-

cosity of the suspension, the higher must be the off time.
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4. Bottom Exposure Time (s): Time of exposure to the UV-LED light of each bottom layer.

5. Bottom Layers: Number of layers to be polymerized.

It is important to emphasize that increasing the printing parameters may lead to very high
printing times. Hence, it is necessary to have an equilibrium between quality and the printing

time.

After the parameters have been defined and the supports added, the model was sliced into
several layers. This allowed to create paths for the 3D printer to follow when printing, and each
path was displayed in the LCD’s screen in real time (Figure 4.3). The generated file is compatible
with the 3D printer and uploaded to it through a USB stick. The touchscreen enables to choose
which file to print, displays the current printing time and the remaining time to finish the printing,
the percentage of work already accomplished, the number of layers still to be printed and the
cross section of the layer that is being printed. Additionally, the screen allows to stop, pause and
continue the printing job during the processing. These are important features since it allowed to
stop the printing if something goes wrong, pause the printing to restore the suspension and then

continue the printing of the piece.
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Figure 4.3: Cross sections of the different constituents of the model to print.

4.1 3D printed models

Starting from Figure 4.1 were created new models (Figure 4.4), whose purposes are different.

The first model (Figure 4.4a) was created in order to carry out the preliminary studies and to
define printing parameters. In order to perform the SEM analysis, smaller models (Figure 4.4b
and 4.4d) were created to fit in the SEM support. The difference between them is that the model 2
has an open mesh while model 4 has a closed mesh, similar to the bone. Both of them were used
to determine if the printed piece shows cracks or delaminations in the structure, and model 4 was
also used for evaluate the volumetric shrinkage, the mass loss and the pore’s volume of the piece.
Model 3 (Figure 4.4c) was resized and thickened to have dimensions of 3 cm x 3 cm x 3 cm after

printing to evaluate the volumetric shrinkage, the mass loss and the pore’s volume of the piece.
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(c) Model 3 (d) Model 4

Figure 4.4: Different used models created from the original file.

4.2 Post printing procedure

Once the printing was finished, the pieces were carefully removed from the platform using a non-
sharp spatula, the resin was filtrated and placed in a container for further use, and both platform

and vat were cleaned using isopropyl alcohol, as recommended by resin supplier.

The post-printing is essential to achieve high strength of the 3D printed piece. According to
Johansson et al. and Varghese et al. [111, 117] it was necessary to dive the piece in an appropriate
cleaning liquid, in order to ensure that the un-polymerized material was removed. Subsequently,
the supports were detached from the piece using a cutting plier and the piece undergone a post-
curing treatment. This treatment consists in placing the piece in a UV camera with a wavelength
of approximately 400 nm, in order to improve the mechanical properties [118]. Lastly, the samples
were subjected to a heat treatment to achieve the desired densification and to improve the mechan-
ical properties. Also, this treatment promotes the photosensitive resin burn-out, leaving behind

only the ceramic structure. Figure 4.5 shows this post printing process applied to the Model 1.

Figure 4.6 illustrates the thermal cycle of the ceramic samples. Starting at room temperature,

the temperature increases at a heating rate of 0.5 °C/min until reach the 700°C, temperature at
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(b) Post-cleaning piece.

(c) Post removal supports piece. (d) Post-sintering piece.

Figure 4.5: Practical use of the post-printing process applied to Model 1.
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Figure 4.6: Sintering cycle of ceramic samples.

which it remains constant for three hours. These steps allows to remove completely the resin from

the structure. Then, the sample is heated to 1300 °C at a heating rate of 4 °C/min, and remaining
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at this temperature for one hour. As a result, occurs the densification/consolidation of the ceramic
particles forming a solid piece. Finally, the piece is allowed to cool down to room temperature

inside the furnace.



Chapter 5

Results and Discussion

5.1 Hydroxyapatite powders

The powder morphology and size have influence in the packing density and also in the rheological
properties of the suspension such as viscosity, flowability and suspension stability [119]. There-
fore the granulometric analysis was performed to evaluate the particle’s size distribution using
laser diffraction analysis and the particle shape was analyzed resorting to scanning electron mi-
croscopy. HA1 hydroxyapatite particles exhibit an uneven particle distribution with a large particle

distribution, as can be seen in Figure 5.1a and in the Table 5.1.
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Figure 5.1: Hydroxyapatite powders granulometric analysis.
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Figures 5.2a and 5.3a shows that the HA1 particles are predominantly compact and spherical

or with a donut-type format.

(c) HA3 (d) HA4

Figure 5.2: Scanning electron microscopy of the different powders. 5.2a, 5.2b and 5.2c were
captured at a magnification of 1000x while 5.2d was captured at a magnification of 100x.

HAZ2 hydroxyapatite presents a bimodal particle distribution with a smaller particle distribution
when compared with HA1 (Figure 5.1b and Table 5.1). However, as can be seen in Figure 5.2b,
the particles are floc-type shaped and exhibit high heterogeneity, but at higher magnifications it is

found that each particle is composed by an agglomeration of needles (Figure 5.3b).

HA3 also shows a bimodal particle distribution with a large particle distribution (Figure 5.1c)
confirmed by the particle size shown in Table 5.1. From Figure 5.2c and Figure 5.3c it is possible
to deduce that this is a pre-sintered powder since the grains are in mutual contact. Regarding the

shape of the grains, there are a huge divergence between them.

HAA4 powder has a unimodal and the highest particle distribution (Figures 5.1d and Table 5.1).
Figure 5.2d demonstrates that the particles size of this powder is higher than the others, since this
figure has a magnification 10x smaller than all of them. Moreover, it is possible to observe that the

particles have different shapes presenting connected crystallites (Figure 5.3d). According to Chen
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et al. [120] particles with size higher than 10 ym can damage the FEP film of the DLP machine,
and since the dsq of the HA4 is 99.070 um, this powder was discarded.

Table 5.1: Particle size of each powder particle using the concept of equivalent spheres. djg, dso

and dy corresponds to the percentages 10%, 50%, and 90% of particles under the reported particle
size.

dyo dsp doo

HAl 1563 um 5434um 17.470 um
HA2 0.651 um 2.878 um  9.664 um
HA3 0338um 8.938um 21.370 um
HA4 16980 um 99.070 um  144.9 um

(b) HA2

(d) HA4

Figure 5.3: Scanning electron microscopy of the different powders particle. 5.3a, 5.3b and 5.3c
were captured at a magnification of 20000x while 5.3d was captured at a magnification of 2000x.

Concerning the identification of crystalline phases present in the powders and thereby the

phase composition information, an X-Ray diffraction was performed. In Table 5.2 is summarized
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the main intensity peak of possible phases that could be present in this type of materials. To iden-
tify the existing phases, the acquired data was compared with the ones of the reference databases.

Figure 5.4 represents the diffractogram of the HA1 powder before and after sintering.

Table 5.2: Reference values for the maximum intensity values of the HA and TCP phases. Adapted
from [121].

. . 20 value ICDD File
Crystallographic phase Chemical Formula for maximum intensity ~ Card No.
Hydroxyapatite (HA) Cas(P0O4)3(OH) 31.773° 9-432
o-Tricalcium Phosphate (a-TCP) Ca3(PO4)2 30.753° 9-348
B-Tricalcium Phosphate (3-TCP) Caz(POy4), 31.025° 9-169

Through the HA1 spectrum (Figure 5.4) it was found that the powder before sintering was
poorly crystalline and that after sintering, the powder exhibits crystallinity and a phase transfor-
mation occurred in o-TCP and B-TCP. The estimated quantification of these phases is given in

percentage in the Table 5.3.
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Figure 5.4: HA1 powder diffractogram, before and after sintering.

Looking at the spectrum of HA3, it is verified that before the sintering occurs, it already
exhibits crystallinity. This is due to the fact that this powder is already a pre-sintered powder. After
sintering, a small phase transformation occurs in 3-TCP (Table 5.3). However, as in HA, these
phases have very low intensity peaks relative to the hydroxyapatite peak, so it can be concluded

that both powders match to a nearly pure phase of hydroxyapatite.
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Table 5.3: Estimated quantification of the crystallographic phases for each powder.

HA powders
HAI HA3
Peak Phase Peak Phase
intensity Percentage Intensity Percentage
Chrystallographic O:—,IFACP 4(5)6 >9?% 4 { 8 >9_7%
phase B-TCP 5 - 11 <3%
450 —After Sintering
400 Before Sintering
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Figure 5.5: HA3 powder diffractogram, before and after sintering.

5.2 Formulations

Ceramic powders have low solubility in polymeric solutions [87] and in order to increase the
solubility and the powder dispersion, to have a homogeneous suspension and to make a suspension

with high ceramics loading, it is essential to add a dispersant.

Hydroxyapatite have net positive charge. In this contex, the adoption of dispersants with
negative charge will result in a deagglomeration of particles by eletrostatic stabilization [122, 123].
Sodium dodecyl sulfate (SDS) was the chosen dispersant based on Halloran et al. [124], in which
itis advisable to use concentrations between 0.5 wt% and 5.0 wt% for hydroxyapatite suspensions.
To find the optimal concentration of dispersant a flocculation curve was performed. Figure 5.6
shows that the concentration with the lowest viscosity is 0 wt% of SDS, however it is mandatory
to have a dispersant because they drive the solution stable, decreasing the sedimentation during

the 3D printing process.
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Figure 5.6: Flocculation curve of the suspension with 40 w/v% of HA at a shear rate of 200 s~

Therefore, 0.5 wt% and 2.0 wt% of SDS were chosen, since these are the concentration values
that report lower viscosity. To study whether the dispersant concentration had influence in the
formation of cracks and delamination on the 3D printed samples, pieces created with the formu-
lation HA1_40_05 and HA1_40_2 were analyzed by scanning electron microscopy (SEM). It was
observed, from the Figure 5.7, that the printed samples with 2.0 wt% of SDS have greater number
of cracks compared to those with dispersant concentration of 0.5 wt%. For this reason, the con-
centration of dispersant was kept constant at a value of 0.5 wt% regarding to the further testing in

this work.

(a) Sample with 0.5 wt% of dispersant concentration. (b) Sample with 2.0 wt% of dispersant concentration.

Figure 5.7: Scanning electron microscopy of the samples with 40 w/v % of hydroxyapatite and
different dispersant concentrations. The images were captured at a magnification of 35x.

Viscosity is a crucial factor when studying a suspension behavior.

After determining that the optimum dispersant concentration was 0.5 wt%, it was studied
which of the hydroxyapatite powders would originate lowest viscosity. The formulations based on
HAA4 and HA2 powders were discarded since that the first one has a high sedimentation rate due to
having high powder particle size [120] and the second one has very small particles which caused

a agglomeration of the suspension due to the fact that this powder presents a particle shape that
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deviates from the spherical or equiaxial form [115], and also because the small powder particle
size increases the viscosity of the suspension, according to Chen et al. and Konijn et al. [120, 125].

In this respect, the viscosity’s of the different suspensions were measured, as can be seen in
Table 5.4 and in Figure 5.8.

Regarding the behavior of the suspensions, all of them exhibit a Newtonian behavior (Figure
5.8), which means that the measured viscosity is independent of the shear rate. Using the same
solids loading, 45 w/v%, and the same surfactant concentration, 0.5 wt%, it was found that the
suspension with the HA3 powder showed lower viscosity than that of the HA1 (Figure 5.8 and
Table 5.4).
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Figure 5.8: Viscosity behavior of the suspensions.

The viscosity values of the suspensions with different solid loadings of HA3 were measured
with the aim of determining the behavior of the suspensions with the increase of solid loading. In
fact, it is necessary to take into account that the viscosity of the suspensions for the DLP printer
should be less than 3 Pa's at 100 s~ ! according to several works [115, 120, 124, 125, 126, 127].
The obtained results, shown in Table 5.4, have viscosity’s below the limit previously exposed
which are in agreement with the literature, revealing that with the increase of solid content also
increases the viscosity of the suspension, as expected. On the other hand, high solid loads are
recommended to avoid formation of fissures, cracks and delamination, to achieve a homogeneous
shrinkage during sintering and to obtain dense ceramic pieces [111]. Thus, a balance between

viscosity and solids loading should be attained.

Table 5.4: Viscosity values of the different Newtonian suspensions.

Formulation Viscosity (mPa-s)

Resin 221.6
HA1_45_05 597.3
HA3_45 05 387.9

HA3_50_05 530.6
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Formulation HA3_50_05 was used to determine the exposure time needed to reach a certain
cured layer thickness. The results are exposed in Figure 5.9 demonstrating that it is possible to
determine the exposure time based on the required cured layer thickness for example, if the cured
layer thickness chosen is 0.30 mm, the cure time of the suspension must be at least 95s. Initially,
the layer thickness increases quickly because of the UV energy absorption by the resin and then
the polymerization of the layers occurs in which the formulation is converted from the liquid to
the solid state. Also, with the increase of the exposure time, the thickness begins to stabilize since
that penetration of UV light becomes difficult due to turbidity of the suspension, which causes less
energy to be absorbed by the uncured resin. This effect happens, in the case of our formulation,

after 165s of exposure to ultraviolet light, as can be seen in Figure 5.9.
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Figure 5.9: Obtained layer thickness with different exposure times and corresponding standard
deviations.

5.3 3D printed pieces

The piece’s quality can be enhanced with the 3D printing process parameters [128]. The initial
parameters used were based upon the user manual and in internet forums. However, in this work
novel improved parameters were obtained by trial-error and by using the results obtained in Figure
5.9. The quality of the 3D printed pieces was analysed using a scanning electron microscopy
(SEM). The initial parameters would not be sufficient for the layers to adhere well to each other,
causing cracks and delamination in the piece (Figure 5.10a). In this way, the layer thickness
was decreased in order to have better definition of the build and the normal exposure time was
increased to have a better adhesion between layers. Since the suspensions viscosities are low,
and that the printing time had to be optimized, the off-time and the bottom exposure time were

reduced. However, the number of bottom layers was increased to ensure the necessary supports
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so that samples do not fall off on the platform. The optimization of the parameters revealed a
decrease in cracks, as can be seen in Figure 5.10b.

The mechanical properties of ceramics may decrease abruptly due to the presence of cracks.
Clearly, it is necessary to eradicate all the existing cracks and besides the parameters described
above, the cracks may also be caused by the solvent where they are dipped after printing [111].
It was found, through the Figure 5.11, that the S1 promotes cracks and delamination, S3 caused

moderate delamination and the S2 is the solvent that causes less delamination and cracks.

(a) Initial Parameters (b) Optimized Parameters

Figure 5.10: Scanning electron microscopy of the samples printed with HA3_45_05 with different
printing parameters. The images were captured at a magnification of 35x.

These solvents were based on a literature survey [111]. These results were only obtained at
the end of the dissertation, reason why the pieces produced until then were immersed in solvent
S3, since that, according to Johansson et al. [111], it was the solvent with the best results. In
the future, the solvent with less delamination may be used for cleaning the non-polymerized resin
which might be present in the newly 3D printed pieces.

(a) S1 (b) S2 (c) S3

Figure 5.11: Scanning electron microscopy of the samples constituted by 50 w/v% of HA3 and
0.5 wt% with different non-polymerized cleaning liquids. The images were captured at a magnifi-
cation of 35x.
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For the porosity, volumetric shrinkage and mass loss studies, model 3 and 4 were used being
obtained through the manipulation of the initial file (Figure 4.1).

One of the noteworthy bone scaffold properties is the porosity, since it improves the bone in-
growth into the scaffolds and encourage osteogenesis [129]. According to the literature, trabecular
bone has a porosity between 50% and 90% [130], and similar values can be achieved with the 3D
printed scaffolds. The porosity obtained through calculations, indicated in Table 5.5, demonstrate
that both models have porosity values close to the human trabecular bone porosity. Model 3 has
lower porosity in relation to the model 4, since that in the first model the trabeculae were thick-
ened, which may have caused occlusion of the pores. The increase in solid content showed no
influence on the porosity of the piece, however, formulations with powders of different origins
were shown to produce pieces with different porosity. This may be due to the viscosity of the for-
mulations since formulations with higher viscosity have less fluidity, which causes the suspension

to be trapped between the pores and can be further polymerized.

Table 5.5: 3D printed pieces porosity on Model 3 and 4 with different formulations.

Model Formulation Porosity (%) Standard Deviation (%)

3 HA3_45 05 80.8 0.8
3 HA3_50_05 79.8 0.6
4 HA1_40_05 90.5 0.1
4 HA3_45_05 94.8 0.2
4 HA3_50_05 94.6 0.3

The 3D scaffolds that were fabricated are oriented to be customized according to the patient’s
defect and therefore it is essential to determine the volume shrinkage percentage for the scaffold
to fit perfectly into the bone defect. It was verified that the shrinkage was uneven for the different
powders, as can be seen in Table 5.6, being that 3D printed pieces from formulations with HA3
powder reported a smaller shrinkage than the ones with HA1 powder, due to the fact that the first

one is already a pre-sintered powder.

Table 5.6: 3D printed pieces volumetric shrinkage on Model 3 and 4 with different formulations.

Model Formulation Volumetric Shrinkage (%) Standard Deviation (%)

3 HA3_45_05 59.2 2.0
3 HA3_50_05 57.7 1.1
4 HA1_40_05 72.9 0.7
4 HA1_45_05 69.8 39
4 HA3_45_05 554 7.4
4 HA3_50_05 48.9 4.9

It is possible to evidence that increasing the solids loading the shrinkage decreases [131],
since the piece printed with HA3_50_05 formulation has lower shrinkage than the piece printed
with HA3_45_05 formulation.
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The mass loss is a consequence of the burn-out of the resin during the heat treatment. Thus, it
is logical that for higher concentrations of hydroxyapatite, the mass loss be lower, which is verified
by the values showed in the Table 5.7.

Table 5.7: 3D printed pieces mass loss on Model 3 and 4 with different formulations.

Model Formulation Mass Loss (%) Standard Deviation (%)

3 HA3_45_05 69.9 0.1
3 HA3_50_05 67.0 0.1
4 HA1_40_05 75.6 0.3
4 HA1_45_05 75.3 23
4 HA3_45_05 70.4 23
4 HA3_50_05 64.0 0.9
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Chapter 6

Conclusions and Future Work

Digital light processing technique allowed to sucessfully obtain 3D printed pieces with high solid
content and it was capable to reproduce the bone complex microstructure.

Printing parameters decision is vital to the final quality of the 3D printed piece being the most
critical parameters the exposure time and the layer thickness. High exposure time led to better
adhesion between layers and allowed the piece to not slip off the platform and better resolution
was obtained when the layers thickness was decreased. It is worth mentioning that increasing the
exposure time and decreasing the thickness of the layers leads to longer printing times, creating
printing problems in unstable suspensions.

With the formulation HA3_50_05 the best results have been obtained since it was reached
a higher solid content maintaining low viscosity and whose 3D printed pieces produced show
very few cracks and delaminations when compared with the other formulations. The medium
size powder particles associated with a large and bimodal particle distribution of HA3 powder
allowed to achieve low viscosity values which is important to obtain 3D printed pieces with good
resolution.

Low surfactant concentrations have been shown to be more effective in reducing viscosity
and the cracks than high surfactant concentrations and the high solid loading guaranteed a greater
densification of the piece, avoiding the formation of cracks and delamination.

Regarding the formation of cracks and delamination it was found that the resin cleaning solvent
has impact in the 3D printed pieces defects. S2 was the solvent who caused less defects and
therefore, the one that should be used. The optimized 3D printed pieces showed a porosity similar
with that of the bone which is logical since the 3D model was based in a trabecular bone CT scan.

Although there are still work to do, the objective of this dissertation was completely achieved
since it was possible to successfully produce, a novel and customizable bone graft not yet available
in the market.

As a future work, the stability of HA3_50_05 suspension should be optimized if the printing
times are high. Also, further studies applied to a larger number of samples should be carried out
on the unpolymerized resin cleaning solvent in order to obtain pieces exempt of cracks and de-

lamination. Moreover, the interaction of the ceramic suspension with different surfactants should
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be analysed, to find the surfactant which provides the minimal viscosity in order to be possible
to load the resin with a bigger concentration of ceramic powders. Regarding the final 3D printed
bone graft, the mechanical properties may be measured, to compare with those of the human bone,
and degradation analysis should be performed to check if the material degrades over time. Also,
before comercialization of the bone graft here produced, which needs clinical trials, a brief set
of experiences to assess their in vitro and in vivo biocompatibility should be performed. Further-
more, it would be insightful to create our own resin in order to reduce production costs and cease

to be dependent on suppliers.
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