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ABSTRACT

Biomaterials have been investigated in recent years with regards to many kinds of
implant surgeries. Especially on surgeries involving bone repair, traditional materials
such as stainless steel, titanium and polyethylene have proven extremely useful, and have
served remarkably well over the last century. However, these materials do have many
shortcomings, such as low bioactivity, poor osseointegration, internal loosing and
displacement, stress shielding, and no bioresorbability. There are many reasons to believe
that biomaterials, specifically composites of biopolymers and bioceramics, are well suited
to overcome these limitations. These problems and the biomaterials which show promise

for overcoming them are fully explained in Chapter 1.

In Chapter 2, a series of biomaterial composites were successfully fabricated using
calcium phosphate microbeads and three kinds of biopolymer as the matrix; PLLA, PCL
and a 50:50 blend of the two. The methods for fabricating calcium phosphate beads were
optimized and the beads characterized using XRD and SEM imaging. Investigations into
the material properties of the novel biomaterials showed that microbead inclusion caused
a slight increase in stiffness for PLLA and PCL, but instead a sharp decrease in stiffness
for the blend. Fracture toughness as measured by Kic and Gj, slightly decreased for the
PLLA and blended polymer with microbead inclusion, however for PCL the value of K¢

barely changed at all.

The mechanism of fracture for each material was also investigated, revealing that
each biocomposite fractured under different conditions. Once microbeads were added,

PLLA fractured by a two phase mechanism caused by intrusion of the polymer into the



microbead. In PCL and the blended polymer, microbeads pulled out during fracture as the
polymer did not intrude upon them, and both showed ductile fracture characteristics. The
reduced fracture toughness of the blended polymer was hypothesized to be caused by the
distinct boundary layer which was seen to form at the bead interface in only this material.
This layer was absent from the bead interfaces with PCL. This system was also
investigated using FE analysis to help establish the fracture mechanism, and fracture
locations and SED supported the theory. Overall, this research shows that inclusion of
microbeads into biopolymers is a promising avenue for research. By understanding the
difference in mechanisms of fracture caused in different materials, we can understand

which might be used to improve in the future.

In Chapter 3, a different application of biopolymer/bioceramic composites was
investigated. PLCL fibres of four different average lengths were produced, and
successfully incorporated into a dicalcium phosphate dihydrate matrix to be investigated
as a potential novel biomaterial for kyphoplasty surgery. Fibres were characterized by
length using SEM imaging, and the effect of fibre length on compressive strength and
compressive elastic modulus of the biocomposite was investigated. . It was shown that by
including PLCL fibres of average length 400um into the bioceramic, the compressive
strength of the material doubled. The fibres also had the effect of reducing the
compressive elastic modulus drastically, making the material as flexible as cancellous
bone. This is another excellent result, as the high stiffness of materials used for
kyphoplasty has previously been blamed for many complications after surgery.
Secondarily, the packing of the fibres within the material was investigated. A parameter,

p, was established to represent fibre packing within the material. Micro-CT scans and FE



modelling were used to successfully correlate p with fibre length, and suggest a
mechanism for why the compressive elastic modulus of the composite material dropped

so significantly.
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CHAPTER 1: INTRODUCTION

1.1 Applications of bone implants
1.1.1 Bone plates, screws and rods

Implants which hold together broken bones during natural healing are the oldest
and most widely used type of bone implant in the world. Once internal surgery under
anaesthetic became routine practice in the first half of the 20" century, it was natural for
surgeons to attempt to replace long-established external braces and supports with internal
braces and supports, when dealing with broken bones [1]. The advantages of supporting
healing bone with internally implanted braces are many. Bones can be held together far
more closely and firmly with internal rods, plates and screws, allowing for faster
recovery from injury and fewer complications from misalignment and movement during
healing. Small plates and screws have also long been the key to carefully repairing
comminuted fractures; where many pieces of shattered bone need to be fixed back
together securely to retain full use of the body part in question, and to prevent

disfiguration [2, 3].

Typically, implants of this kind are either removed by secondary surgery after the
bone has fully healed, or left in the patient indefinitely if further surgery is determined to
be too risky. Often the decision to leave the implant inside the patient is arrived at with
elderly patients, as any kind of anaesthetic surgery can be dangerous for people with pre-
existing conditions and slower rates of healing [4, 5]. This is not ideal of course, as over

time implants can slip and dislocate from their intended place, can cause inflammatory or

19



immunological responses, can be the starting points for secondary infections, and can
also be a nuisance for the patient when travelling. It is desirable then, for a material to be
used which will be strong and flexible during use, bond well with bone to prevent
dislocation, have no immunological response, and be absorbed into the body naturally

after use.

1.1.2 Kyphoplasty

Vertebral compression fractures are very common in patients suffering from
osteoporosis and occur when the central mass of bone in a vertebra gives way due to an
external force and internal weakening. In 2011 for example, around 700,000 vertebral
compression fractures were diagnosed in the United States alone [6]. Around 50% of
bone fractures that occur in osteoporotic patients are vertebral fractures like these, and the
overall risk of contracting a vertebral compression fracture for anyone over the age of 65
is 27% in the U.S.A [7, 8]. Vertebral compression fractures are themselves painful,
deforming and often debilitating, but also have been linked co-morbidly to many other
diseases by way of causing psychiatric problems, sleep disorders, reduced mobility and

pulmonary complications [9, 10].

For a long time, the only treatments for vertebral compression fractures available
to clinicians were courses of bed rest, back braces, and pain medication [11]. These
methods continue to be the recommended treatments for all but the most severe cases of
vertebral compression fracture in most countries. However, in some cases clinicians will
recommend kyphoplasty as a more proactive treatment. Kyphoplasty is a relatively

modern type of minimally invasive surgery used to treat vertebral compression fractures.
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The outline of a modern balloon kyphoplasty surgery is shown in Figure 1.1, and
the radiographs from a real life successful surgery are shown in Figure 1.2. A balloon
tamp is inserted percutaneously into the compressed vertebra and expanded to reform the
shape and alignment of the spine [12]. It is then deflated and removed, and the resulting
cavity is filled with a viscous bone cement, usually poly(methyl methacrylate) (PMMA).
This procedure somewhat restores the height, strength and shape of the vertebra, reducing
pain for the patient as well as improving the quality of life [13, 14]. The surgery can be
completed in under an hour under local anesthetic, and patients are usually able to leave
the hospital the same day or the next day, making it a very quick and affordable treatment.
This simplicity along with its reported benefits has meant the number of kyphoplasty
procedures undertaken each year has grown rapidly. Since the first surgery in 1998, the
rate of kyphoplasty procedures increased to over 25,000 procedures per year in the

United States in 2003, and to around 70,000 per year in 2011 [15].

\’-% y J1 4T 4N
I} S“Q 3%‘;1 wf;j_
» g /g 1 ol |

Balloon inserted into Balloon inflated inside Bone cement Bone cement
fractured vertebra fractured vertebra to injected into hardens creating
create open cavity, and new bone cavity an internal cast

then deflated and removed

Figure 1.1 Diagram of a balloon kyphoplasty procedure on a vertebra which has

undergone a compression fracture.
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Figure 1.2 Stages of performing a kyphoplasty surgery to treat a vertebral compression

fracture, from literature. A) a vertebral compression fracture, B) percutaneous insertion of

a needle, C) inflation of a balloon tamp, D) removal of tamp and injection of filler [14].

Many studies have shown the efficacy of this treatment; however it is not without
its drawbacks. It has been shown that the kyphoplasty treatment can cause a three to five
times increase in the number of secondary fractures occurring in osteoporotic patients;
that is, fractures occurring elsewhere in the spine after the surgery [16]. Factors
considered highly likely to explain this phenomenon are bone cement leakage into the
intervertebral disc, loss in bone density around the implant, and a lack of systematic
orthopaedic treatment post-surgery, though it is believed the mechanical properties of the
implant may also play a role [17, 18]. Studies have suggested that different cements
affect the overall performance of the kyphoplasty procedure dramatically, specifically
that the stiffness (Young’s Modulus) of the material may be inversely proportional to

secondary fracture rate [19, 20].

22



1.2 Organic and inorganic biomaterials

1.2.1 Overview

Biopolymers are widely used in all kinds of surgeries, and even in applications
outside of the medical field. They are environmentally renewable, physically moldable,
and their shapes are customizable at low temperatures. They are extremely versatile in
their chemical and physical properties, meaning stiff, hard, flexible or soft materials can
all be fabricated and implanted. Importantly, they can be made to degrade within the
body at precisely controlled rates, allowing naturally healed tissue to slowly replace the
artificial implant. Their surface properties can also be controlled in order to promote or

deter integration into the host tissue over time [21].

Biopolymers of interest in orthopaedics are synthetic biopolymers based on
naturally occurring monomers, specifically caprolactides and lactides. These materials
can hydrolyze in the body to degrade over time if desired, unlike most oil-based polymers.
When these materials do hydrolyze in the body, they form secondary products that are
easy for the body to process and dispose of, again unlike most oil-based polymers [22].
Co-polymers formed from combinations of monomers, such as poly(L-lactic-co-¢-
caprolactone) (PLCL) are also commonly used to give greater control over the glass
transition temperature, stiffness, hardness and durability of a given material [23, 24]. On
top of this variability, the chain lengths, crystallinity and branching of these polymers can
be controlled too if desired, making this class of polymers extremely diverse and

applicable in many areas.
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Table 1.1 shows the physical properties of the three most commonly used
biopolymers for implants, PLLA, PLCL (50:50) and PCL. All these three materials will
be used in this study. Note that even the physical properties of these linear homopolymers
have to be given as ranges, to account for variation due to average molecular weight,

chain length distribution and crystallinity.

Table 1.1 Basic chemical properties of three biopolymers used in orthopaedics [25-32]

Abbr.  Chemical Name Ty/°'C® Tpn/°C® Tensile Tensile
Strength Modulus
/MPa 6,27,29 /G Pa26,28,29

PLLA poly(L-lactic acid) 60-65 173-178 390-2300 0.5-16
PLCL poly(L-lactic acid -co- 16-35 130-160 3-20 ~0.05
caprolactone) (50:50)

PCL poly(e-caprolactone)  ~-60 60-65 10-17 0.01-1.2

Many biopolymer implants made from these materials, specifically of PLLA,
currently exist on the market, and have been used successfully in non-load bearing
situations before, often in maxillofacial and dental applications. Figures 1.3a and b show
a selection of those available devices, and in Figure 1.3c the implantation of such a
device in vivo as part of a maxillofacial surgery can be seen. The implanted PLLA bone
plate can be seen to be bending, one of the many advantages of using such biopolymer

materials in this context.
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Figure 1.3 a), b) Existing PLLA bone plates and fixation devices and c¢) an in vivo

example of a PLLA bone plate in use during maxillofacial surgery.

1.2.2 Calcium phosphate ceramics

Calcium phosphate based ceramics are of particular interest in the field of
orthopaedics for several reasons. They can provide greater hardness and stiffness than
polymers, which is useful in certain applications, and they can be used when greater load-
bearing capabilities are required [33]. Chemically, calcium phosphate based ceramics are
very similar in composition to the naturally occurring inorganic components of bone and

therefore are much more easily integrated into existing tissue; in other words they are
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good at osseointegration [34-36]. Hydroxyapatite, with the chemical formula
Cas(PO4)3(0OH), is the most commonly used calcium phosphate based cement [37, 38]. It
has a compressive strength similar to that of natural bone, and can easily be integrated

into the surrounding bone tissue.

A second calcium phosphate based ceramic that has received attention as a
biomaterial is dicalcium phosphate dihydrate, chemical formula CaHPO42H,O [39].
This material is formed itself from two calcium phosphate precursors, tricalcium
phosphate, chemical formula Caz(PO,),, and monocalcium phosphate monohydrate,
chemical formula Ca(H,PO,),*H,0, via the reaction shown in Equation 1.1. Dicalcium
phosphate dihydrate is a promising material for use as a bioresorbable, injectable bone
cement in a wide range of orthopedic surgeries, as an anhydrous mix of these precursor
reactants in glycerol can be stored indefinitely in liquid form, then solidify into ceramic
when exposed to aqueous, physiological conditions, as upon injection [40]. Whilst bone-
like in mineral content, the mechanical properties of DCPD cements have yet to be made
rugged enough to allow for loadbearing medical application. DCPD has a compressive
strength of 10-20 MPa depending on powder/ liquid ratios and other environmental
effects [41, 42]. This is at the low end of known cancellous bone strengths and far below
cortical bone strengths [43, 44]. Importantly, the compressive elastic modulus of DCPD
cement, at around 1-10 GPa, is far higher than that of either cortical or cancellous bone at

around 100 MPa and 50 MPa respectively [41, 45].

Ca3(PO4)2 + Ca(H2PO4)2 : H20 + 7H20 - 4CCI.HPO4 : 2H20 11
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Tricalcium phosphate comes in two stable crystalline forms, a and . Both are
available commercially and are used in a wide range of orthopaedic and dental
applications, with the a-form being more readily soluble in aqueous solution, and
therefore much more easily degraded in the body [46, 47]. For the formation of dicalcium

phosphate dihydrate, f-TCP is most commonly used [48].

Under high temperatures, p-TCP also reaches a thermal equilibrium in which it

forms hydroxyapatite under the following conditions [49].

If fired under atmospheric conditions, it is possible to convert large portions of the
S-TCP crystal in an object to hydroxyapatite, as the phosphoric acid byproduct is

evaporated away driving the equilibrium toward the right.

Table 1.2 below summarizes the material and biological properties of the various
calcium phosphates which will be used in this study, as well as the equivalent material
properties of human bone for comparison. When designing and testing composites later
in this study, the values given below for cancellous and cortical bone will be vital, as
these will be the criteria for success; we will try to create a composite which can match or

exceed the compressive strength of bone, or match the elastic modulus, E.
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Table 1.2 Material properties of calcium phosphate ceramics and bone [41, 50-56].

. .. Compressive Solubility
Material Composition strength/ MPa E/GPa /mg L™t
Hydroxyapatite Cas(PO4)s(OH)  75% 134 6.6>
a-tricalcium phosphate ~ Caz(PO,), 20-150 0.3-0.5° 200>
B-tricalcium phosphate ~ Caz(POu), 20-150%° 0.3-0.5° 8.0
Monocalcium phosphate . ) ) 55
monohydrate Ca(H2P04)2 Hzo 93,900
Dicalcium phosphate . 41 1pA 56
dihydrate CaHPOQO4+2H,0 10 1-10 153
Cortical bone - 130-200°* 1117 -
Cancellous bone - 1-16% 0.1-1% -

1.2.3 Poly(L-lactic acid)

The biomaterial poly(L-lactic acid) is a polyester most commonly formed in one
of two reactions; from the direct polycondensation of lactic acid, or through the ring-
opening polymerization of lactide. Both of these monomers are easily obtainable in
industrial quantities from common feedstocks such as corn starch, rice, potatoes and other
cereal crops [57, 58]. As these are both condensation reactions, hydrolysis of these bonds
to reform the biomolecule monomers happens naturally in vivo. The two reactions to
form poly(L-lactic acid) are shown in Figure 1.4. Note the stereochemistry on the methyl
group present in PLA. Biological synthesis of lactic acid usually generates the L
enantiomer, and so this is used in industry. Whilst this is the most common form present

in the human body, the D enantiomer is not toxic.
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Figure 1.4 The two industrial chemical pathways for forming poly(L-lactic acid).

PLLA has been used for many years as a bone fixation device in orthopaedic,
maxillofacial and oral surgeries, due to its relative strength, biocompatibility and
bioabsorbability [59-61]. Very recently, PLLA has also been shown to be a suitable
medium for the incorporation of hydrophobic drugs in order to increase the chance of
osseointegration and reduce the chance of bacterial infections [62-64]. However, though
the material is widely used in bone implant surgeries worldwide, there are many cases of
devices becoming dislocated, fracturing, or in other ways becoming separated in whole or
in part from their intended locations, proving that an adaption from the blank PLLA is

necessary [65-67].
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1.2.4 Poly(e-caprolactone)

Poly(e-caprolactone) is also a polyester, formed via the ring opening
polymerization of a ¢-caprolactone monomer. The reaction can be catalysed either by an
organometallic catalyst such as tin (1) 2-ethylhexanoate, an enzyme such as lipase, or an

organic molecule such as a cyclopentadienide ion, as shown in Figure 1.5.

(@) O Organometallic Compound 0]
Enzyme
Organic ion
‘ O

Heat

Figure 1.5 Viable chemical pathways for forming poly (e-caprolactone).

The most common medical application for PCL currently is in the form of
bioresorbable sutures used to close wounds and surgical incisions. The most widely
distributed PCL suture of this type is manufactured by Medtronic Plc under various brand
names [68]. PCL is effective as a suturing material firstly because by altering fibre
thickness and molecular weight, it is possible to vary the time taken for bioresorption,

and secondly because it is extremely flexible for its relative strength.

PCL has also been studied as a coating for more conventional materials, in the
hopes of gaining some of the advantageous biological properties without sacrificing
material strength [69, 70]. It was seen that these materials did indeed have improved
biological activity, however due to the biodegradable nature of PCL these effects of a

thin coating were short lived.
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Better results were seen by creating fibre mats of PCL from electrospun or melt-
spun fibres. Gomes et al. showed that PCL fibre mats produced by electrospinning were
highly effective both in vitro and in vivo as a cell scaffold in the skin, showing especially
that such PCL mats were very effective at allowing cell migration through the porous
material [71]. A study by Pangesty et al. showed the same excellent cell migration
behaviour from PCL fibre mats when applied to vascular engineering [72]. However, for
the purposes of bone plates, it is considered a better option to use PCL as in a solid, bulk
form. Due to its low strength, few studies have actually been performed using bulk PCL
as a bone plate material, aside from studies in smaller animals where generally loads are
less strong [73]. Most modern research focuses on using PCL as a component in

composite materials.

1.2.5 Existing biopolymer and calcium phosphate ceramic composites

Many improvements to the osseointegrating ability of biopolymers have been made
in recent years by the inclusion of calcium phosphates. Lin et al showed that the inclusion
of the calcium phosphate hydroxyapatite (HA) powder as filler in PLLA increased its
bending and compressive strengths, and that cell proliferation on the material increased
[74]. HA powder has seen increased interest recently due to its ability to be incorporated
into the PLLA feedstock of 3D printers, allowing complex shapes to be formed [75-77].
However, though the HA powder filler makes the materials stronger in compression, it
also makes them more stiff, less tough, and only mildly improves the osseointegrating

properties.

31



In order to provide a better environment for hydroxyapatite anchors to form during
osseointegration, and also in order to prevent the increased stiffness and reduced
toughness fillers cause, many researchers look to morphologies other than powder when
adding HA to their biopolymer. The inclusion of hydroxyapatite whiskers into
biopolymers was investigated by Kane et al, finding that inclusion into collagen scaffolds
increased the compressive elastic modulus of the material by an order of magnitude, and
improve the fatigue properties of the material above that of blank collagen [78]. None of
these studies investigated the fracture toughness of the material however, which is of key
importance. Previous work by Todo et al has shown that the fracture toughness of HA
containing PLLA does vary greatly depending on the geometry of the HA included [79].
Plate and sphere shaped microparticles of HA were incorporated into a PLLA matrix and
their fracture toughness tested. It was seen that there was a slight difference in absorbed
energy during fracture between different shaped particles. Importantly, it was also seen
that the mechanism of fracture depended greatly on the shape of the particles, with plate
shaped particles causing local ductile deformation, whilst spherical particles were causing

smooth brittle fracture of the PLLA matrix.

Calcium phosphate powders have also been incorporated into a PCL matrix in
previous studies. This option is very popular for use with 3D printers, as the low melting
point of PCL allows for easy, low cost fused deposition modelling. Such printed
composite scaffold materials have been shown to drastically increase the biological
activity over blank PCL both in vitro and in vivo [80-82]. PCL has never been studied as
a fibre filler in a calcium phosphate ceramic matrix however, which this study will

investigate.
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1.3 Mechanical characterization of biomaterials

An integral part of this study was to identify the fracture mechanism taking place
in the biomaterial composite, and this was achieved using fracture surface analysis. By
examining microstructures on fracture surfaces, one can understand the mechanisms of
fracture which occurred [83, 84]. Firstly, three point bending tests are used on the
materials expected to undergo large amounts of bending during use; the biopolymer bone
plates with calcium phosphate microbead filler. Once fracture has occurred, the surface
can be investigated under microscopy to identify features which tell how each fracture
occurred. This will tell us whether the presence of microbeads changed the way the
material fractures, and in doing so will explain why the fracture toughness might have

changed.

The main distinction is whether the material fractured in a ductile or brittle
fashion. Ductile fractures are slow moving, deforming fractures which leave behind
distinctive markers on a fracture surface such as fibrils, voids and crazing [85]. These
features are caused by the deformation and necking of small regions of material shortly
before fracture. Brittle fractures on the other hand, are fast, clean breaks. The material
undergoing brittle fracture does not have time to deform, or is too strongly bound. Visible
features of a brittle fracture on a fracture surface are large, smooth areas where the
material has shorn away along a grain boundary, or other such fault line. Brittle fracture
surfaces are also more likely to show secondary cracks perpendicular to the fracture
surface, as the high energy density in the material during fracture can cause other weak
points to fracture too. In general, a far greater strain energy density is required within the

material before a brittle fracture will occur, compared with a ductile one.
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The fracture mechanisms of several specific biomaterials have been investigated,
however almost all studies which look at the mechanical properties of calcium
phosphate/polymer composites focus on particulate ceramic filler being blended with
different kinds of polymer. Very few look at other geometries of bioceramic filler, or at
using the polymer fibres as filler, as this study will do. For example, the integration of
hydroxyapatite and g-tricalcium phosphate powder into various biopolymers and non-

biopolymers has been investigated under compressive and tensile stress.

Wang et al. showed that hydroxyapatite powder in a matrix of the biopolymer
polysulfone resulted in marked increases in the stiffness of the material with higher
volume percentage, and corresponding reduced fracture toughness [86]. Fracture surface
analysis of these specimens showed the reduced fracture toughness to be caused by
debonding between the ceramic particles and the polymer, a fracture mechanism common
to densely filled polymers, which should be considered in this study [87]. Other studies
have shown this same response of increasing stiffness and reduced fracture toughness
under tensile stress when incorporating hydroxyapatite powder into other biopolymers,
and into the non-biopolymers polypropylene, polyether ether ketone (PEEK) and
polyethylene [83, 87-89]. Ma et al. showed through fracture surface analysis, that
hydroxyapatite powder caused PEEK to change from a ductile fracture mechanism to a
brittle one, thus explaining the reduced strain to break and toughness [89]. However,
Bonfield et al. used fracture surface analysis to show that in polyethylene, hydroxyapatite
powders caused fracture by the same debonding mechanism as seen in polysulfone [83].
Liu et al. showed through similar analysis that hydroxyapatite in polypropylene also

fractured by this debonding method [87]. The mechanism of fracture of hydroxyapatite
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particles in chitosan was not determined, however further finite element simulations of
this system have shown that the stress distribution within the material is much higher
around the ceramic particles than in the polymer matrix, and that the geometry of the

particle is important in determining the levels of stress present [90].

Abadi et al. and Fan et al. investigated another calcium phosphate material, -
tricalcium phosphate as a powder filler in polyethylene and the biopolymer poly(lactic-
co-glycolic acid) (PLGA) respectively [84, 91]. Abadi et al. saw exactly the same
increase in stiffness and reduction in toughness seen in polymers filled with
hydroxyapatite, however Fan et al. determined that a single mechanism was not solely
responsible for the change in fracture toughness of the PLGA. They showed that material
stiffness actually decreased and fracture toughness increased with up to 10% B-tricalcium
phosphate powder content. Correspondingly, the fracture surfaces showed increasingly
ductile characteristics, switching from shear, smooth fracture surfaces of blank PLGA, to
fibrillated, rough fracture surfaces for specimens containing the calcium phosphate.
Above 10% powder content however, the material began to undergo the debonding

fracture mechanism referenced above, and fracture toughness began to fall once more.

Out of all the studies referenced above however, it must be noted that almost all
used only tensile testing to determine the mechanical properties and fracture mechanisms
of the composite materials. Fan et al. alone used three point bending tests, and saw
different behaviour than the others. In general, in the literature three point bending tests
are not widely used, but for bone plate applications it is necessary as the main mode of
fracture expected, and as has been shown, the mechanism of fracture is dependent on the

mode of testing used.
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The prevalence of the debonding fracture mechanism in biocomposites containing
calcium phosphate powders shows the importance of filler geometry on the fracture
mechanism. No existing studies have investigated calcium phosphate beads of the
microscale investigated in this study, though similar beads have been fabricated and
mechanically tested under compression individually. Perumal et al. fabricated
hydroxyapatite beads with a small amount of magnesium additive for bone regeneration
purposes, and found them to have a compressive strength of 52-80 MPa, though no

further research was made using these beads [92].

The other geometry of filler which has been most widely investigated is
hydroxyapatite whiskers, thin shards of hydroxyapatite crystals of nanometre scale. The
importance of filler geometry is shown by Converse et al. [93]. They added an equal
weight of hydroxyapatite whiskers and hydroxyapatite powder to a PEEK polymer matrix
and compared how they changed the mechanical properties under tension. They showed
that the whiskers caused the PEEK to change fracture mechanism similar to the powder,
from a ductile fracture to a brittle one. However, the tensile strength of the composite
actually increased once whiskers were incorporated, though no explanatory fracture
mechanism is proposed to explain this. Wu et al. modified the surface properties of
hydroxyapatite whiskers in order to investigate whether the polymer/ceramic interface
was the key variable in explaining the unusual mechanical properties of hydroxyapatite
whiskers, though they used the biopolymer PLGA for their study [94]. They saw that
modifying the hydroxyapatite whisker surface to encourage wetting of the polymer
matrix greatly increased the elongation to break and tensile strength of the composite,

compared with ordinary hydroxyapatite whiskers.
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Overall then, it can be seen that the mechanical characterization of biomaterials is
generally underreported, and that the specific materials, geometries and testing regimes
used to analyse composite materials greatly affects not only the reported figures for
strength, toughness and stiffness, but more importantly the fracture mechanisms causing

failure.

1.4 Problem statements

Current biopolymer and bioceramic implants are homogenous, and used only for
non-load bearing and cosmetic applications [95, 96]. In order to move to the next
generation of biomaterial implants, the material and biological properties need to be
improved by investigating and fabricating composites. Biopolymer bone plates and
screws are easily fractured, and prone to dislocation from the bone, which can cause
secondary fracture, infection and immunological response. In order to combat this,
researchers have tried including calcium phosphate fillers into biopolymers, with mixed
results [80, 81]. Material properties seem to depend strongly on the geometry of the
ceramic filler incorporated, but the geometry of bioceramic microbeads in a biopolymer
matrix has never been examined [74, 78, 79]. It is critical that the fracture mechanism of
this composite is understood if it is to be improved and iterated upon, and this is also

currently unknown.

Modern materials used to treat vertebral compression fractures are likewise flawed.
Using PMMA as the material in kyphoplasty has been shown to cause a three to five
times increase in the number of secondary fractures which occur [16]. The exothermic

setting of PMMA also leads to cell necrosis in the surrounding bone, and the mismatch in
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stiffness of the polymer with bone leads to stress shielding and increased loads on other
vertebrae [17, 18]. Research suggests that the relationship between stiffness and
secondary fractures is in fact inversely proportional, and so finding a bioabsorbable
material which can match the stiffness of bone whilst being strong enough to withstand

strong compressive forces is of vital importance [19, 20].

By incorporating biopolymers and bioceramics into composites, these two
problems can be addressed. Previous work on dental implants shows that the bioceramic
microbeads in a biopolymer matrix will provide anchor points for osteocytes to grow, and
initiate osseointegration of the implant much faster and more securely [97]. The fracture
mechanics of this kind of material need to be investigated though, to understand how the
parts of the composite interact and in order to optimize mechanical properties through

iteration.

Regarding kyphoplasty, using a bioceramic matrix with a biopolymer fibre filler as
the injectable material is very promising. Usually, biopolymer fibres are woven as
meshes or used as yarns for stitching. However, by incorporating the fibres into a
bioceramic matrix, the material can be strengthened and made more flexible, preventing
the secondary fractures caused so commonly by the current standard materials, whilst

maintaining the excellent osseointegrating ability and injectability of the ceramic.
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15 Goal of study

The goal of this study is to fabricate and mechanically test two new composite
biomaterials for two applications. Both materials will use calcium phosphate ceramics as
one component, and a naturally derived biopolymer as the second. The first composite
will consist of microbeads calcium phosphates in a biopolymer matrix. Three
biopolymers will be investigated; PLLA, PCL and a 50:50 blend of the two. These
composites will be for use as bone plates, and so must be tested for elasticity and fracture

toughness in the bending mode, and their mechanisms of fracture must be determined.

The second composite will be of PLCL fibres as filler in a calcium phosphate ceramic
matrix, for use as an injectable material in kyphoplasty surgery. The composite needs to
be formed from an anhydrous slurry exposed to physiological conditions in order to show
that the material is suitable in kyphoplasty surgery. In compression, this material needs to
be as strong as cancellous bone and have a comparable flexibility. The reason for any
changes in these material properties caused by the inclusion of PLCL fibres needs to be

understood.
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CHAPTER 2: MICROBEAD / BIOPOLYMER COMPOSITES

2.1 Overview

The process of creating calcium phosphate microbeads was based on the entrapping
of calcium phosphate powder via the ionotropic gelation cross-linking of calcium alginate
and subsequent sintering. The four-step process begins by creating a slurry of calcium
phosphate powder in sodium alginate solution. Both hydroxyapatite powder and a-
tricalcium phosphate powder were tested as the initial form of calcium phosphate, as well
as various powder-to-liquid ratios. The slurry is then dripped into chilled calcium
chloride solution through a needle in order to cross-link the alginate and constrain the
calcium phosphate powder into spheres by a process called ionotropic gelation. The
spheres of calcium phosphate powder bound in calcium alginate are then dried at room
temperature under specific conditions, before being fired at high temperatures to remove
the organic alginate and sinter the calcium phosphate. The effects of this process were
then analyzed too, using scanning electron microscopy and X-ray diffraction

spectroscopy.

2.2 Materials and fabrication methods

2.2.1 Formation of calcium phosphate/alginate beads

In order to fabricate microbeads of calcium phosphates, an ionotropic gelation
method of cross-linking alginate was employed. This method allows the entrapment of
solid particles in a robust alginate gel. The method has previously been employed in other

research to entrap drugs for drug delivery applications. [98-100]
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Sodium alginate is the reagent, existing as a soluble, single chained polymer with
stoichiometrically two +1 charge sodium ions per monomer, bonded to two -1 charge
COOQO carboxylate groups. Upon the introduction of calcium chloride in excess, every two
sodium ions is replaced by a +2 charge calcium ion. This causes the bonding of disparate
polymer chains via the calcium ions, as shown in Figure 2.1. These calcium ions act as
cross-links, connecting disparate parts of the polymer chain and other polymer chains,
and precipitating gelation, trapping solid particles within the gel matrix. Sodium chloride
salt byproduct is washed away during the production process. Calcium chloride acts as a

polymerizing agent in this way by ionotropic gelation cross-linking.
OH

(ef0]6] HO
HO 5
)
: o
/O ~
HO

(o)
COO
oocC OH

Figure 2.1 a) structure of alginate, b) two alginate polymer chains interacting with Ca**

ions to cause ionotropic gelation
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Practically, a two-step process was used to produce this effect. Firstly, a calcium
phosphate powder and 1% sodium alginate aqueous solution were blended and subjected
to ultrasonic dispersion to create five slurries of P/L ratios from 1:5 to 1:20. Two calcium
phosphates were used; a-TCP powder and hydroxyapatite powder at each of these ratios.
The slurries were then dripped into a 4°C 1% calcium chloride aqueous solution through
needles of varying diameter to produce beads of differing radii, as shown in Figure 2.2.
The differences in bead size, roundness, and ease of production with regards to each of
these variables is analyzed. Finally, the calcium phosphate/ alginate beads were washed
and dried sequentially in ethanol at 70/90/95/100% concentrations, then at room
temperature in air for 24 hours. During all drying stages, the beads were uniformly

agitated using a rotating plate to ensure the round shape was not deformed.

Calcium phosphate/
+ NaAlg slurry

18-30G Needle \

Calcium chloride 1%

Figure 2.2 Experimental setup for creating calcium phosphate/alginate microbeads.
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2.2.2 Sintering of microbeads

Dried microbeads were then sintered at 1100°C to remove organic components
and produce the final calcium phosphate material. The sintering process used an electric
furnace to sinter microbeads at the temperature of 1100°C for 4 hours, before passively
cooling to room temperature. By comparing the density of beads before and after
sintering, an estimate of the alginate mass percentage was also made. Only beads made
from o-TCP powder were sintered, as hydroxyapatite powder was found to not form

uniform, round beads suitable for further use.

2.2.3 Fabrication of composite materials

Composite materials of the microbeads and PLLA, PCL and a 50:50 blend of
PLLA and PCL biopolymer were fabricated using a mechanical hot press as it is a
method easily scalable for industry, and generates consistent, repeatable samples in a cost

effective way.

The PLLA/PCL blend was fabricated by using the crashing-out method. Equal
weight of each biopolymer was dissolved in an excess of dichloromethane at 60°C under
reflux. Once fully dissolved, the solution was quickly dumped into a bath of distilled
water at 4°C, of at least ten times greater volume. This immediately caused solid, blended
PLLA/PCL to precipitate out of the solution, which was then filtered out, dried under
atmospheric conditions for 24 hours, and used in further processes. The blended polymer
was investigated using SEM and DSC to determine its phase structure and thermal

properties.
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The blended polymer powder, PLLA pellets, or PCL pellets of medical grade were
placed in a 100mm x 100mm x 5mm brass mould. This size was chosen to allow bars to
be cut from the plate of the correct proportions for standardized mechanical testing,

outlined in Figure 2.3. The thermal properties of each component biomaterial are shown

in Table 2.1.
* Breadth
; 10.0mm
» Width
| v 4,9mm
o > Notch Depth
Length 2.4mm
25.0mm

Figure 2.3 Geometry of samples for three point bending tests showing location of notch

for those samples which required notching.

Table 2.1 Relevant material and thermal properties for hot pressing of biopolymers.

Material Manufacturer Mn/gmol*  T,/°C Tn/°C
Poly(L-lactic acid) Shimadzu Co. Ltd. 200,000 60 178
Poly(e-caprolactone) Shimadzu Co. Ltd. 80,000 -60 62
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After filling the moulds to three quarters full with biopolymer, the microbeads were
then distributed evenly across the surface using square grids. Various amounts of beads
were used to produce different average microbead volume fractions within the material,
ranging from 0% to 11% of total material volume. Table 2.2 outlines the required masses
of biopolymer and microbeads required to produce a 100mm x 100mm x 5m plate of
each sample group. The moulds were then topped up with biopolymer and placed in the
hot press. Each was heated to 185°C, under a pressure of 10MPa for 2 hours, and then
allowed to cool to room temperature whilst still under pressure overnight. After hot
pressing, the composite plates were cut into smaller bars using a band saw, to be
mechanically tested. Specimens which were to be tested for fracture toughness were then
notched at their centre to a depth of half their width, W/2, as per the geometry shown in

Figure 2.3.

Table 2.2 Relative abundance of biopolymer and microbeads in each sample group, for a

100mm x 100mm x 5mm plate fabricated in a hot press.

Microbead vol

fraction / vol% Biopolymer mass/g  Microbead mass/g Total mass/g

0 62.0 0.0 62.0
2 60.8 3.2 64.0
9] 59.0 7.9 66.9
9 56.4 14.2 70.6
11 55.2 17.4 72.6
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2.3 Characterization

23.1 XRD & SEM

A Rigaku MiniFlex Il Tabletop X-ray diffractometer was used to determine the
presence of hydroxyapatite in the sintered beads, by comparing the spectrographic peaks
of powdered, sintered microbeads with those of pure a-TCP and pure HA. Samples were
manually ground and packed onto steel plates. XRD was performed using filtered CuK-«

band X-rays generated at 30kV and with 15mA.

Beads were further characterized by careful examination under a scanning
electron microscope to determine roundness and diameter. Approximately one out of
every fifty beads made was removed from the group and analyzed in this manner. SEM
was also used to determine any phase separation of PLLA and PCL in the blended

mixture.

2.3.2 Three point bend testing

Three point notched bending methods measure the Mode 1 fracture toughness of a
material, meaning its ability to resist a tensile stress normal to the plane of the crack. The
three types of fracture which can occur in a material are; Mode 1, opening; Mode 2, in-
plane shear; and Mode 3, out of plane shear. As these materials are intended for use as
thin, flat bone plates, bending stresses are the most likely to cause fracture, and as such

only the Mode 1 fracture is likely to occur and cause failure.

46



L2 L2

M\i/

Figure 2.4 Loading arrangement for a three point bending test, as well as moment of

bending, M, and deflection, w, across the beam.

In order to perform a three point bending test, a beam of known geometry is
supported at both ends by rollers, a distance L apart, and the concentrated load, P, is
applied at the centre, as shown in Figure 2.4. The loading head at the centre point can be
moved downward at a constant speed, giving constant strain, whilst measuring the load.
This gives a measure of the material’s properties. Mathematically, the moment of
bending and the deflection of the material during loading are known empirically, and are
also shown in Figure 2.4. It can be seen that the material experiences tensile stress along
the convex side of the beam, while experiencing compressive stress along the concave
side of the beam. This is what causes the mode 1 opening fracture to occur. The forces
are highest at the beam’s centre, as that is where the largest bending moment occurs, as
shown in Figure 2.4. The deflection of the beam at this central point can be expressed by

the following equation.
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PL3

Weentre = m 2.1

Where weentre IS the deflection on the beam at the beam’s centre, underneath the
load head, E is the Young’s elastic modulus of the material, b is the beam breadth and W

is the beam width, as shown in Figure 2.3.

2.3.2.1 Young’s elastic modulus

In order to calculate the Young’s elastic modulus from a three point bending test,

the above Equation 2.1 can be rearranged as follows.

P LB

=_ 2.2
E w4b3W

The Young’s elastic modulus can therefore be seen to be proportional to the rate
of change of load with respect to displacement, as the second term relates only to the
beam’s geometry and is constant. By finding the slope of a graph of load against
displacement, at constant strain, the Young’s elastic modulus of a material can thus be
calculated. An example load displacement curve from this type of measurement is given

in Figure 2.5.
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Figure 2.5 Example load displacement curve showing tangent line for calculation of E

2.3.2.2 Critical stress intensity factor, Kic

The critical stress intensity factor of a material can be considered a constant
measure of toughness for an isometric material in a plane strain condition. Materials were
fabricated for these tests to be of suitable thickness as to avoid a plane stress condition,
which would produce an artificially high toughness, as outlined in ASTM E399 [101]. As
fractures almost always initiate from a defect or crack in a material, fracture toughness
testing on notched specimens is performed. The critical stress intensity factor of a
material is a measure of the strength of the material once a crack has already formed. By
controlling the position, depth and width of the crack, a model can be built around it to
give repeatable and accurate measurements. Figure 2.6 shows a notched specimen ready
for fracture toughness testing in this manner. The notch depth, a, is approximately one
half of the total breadth of the sample; it has a a/b ratio of 0.5. Notches were cut using a 1

mm width diamond wire saw and then the sharp crack tip was cut using a razor blade
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with 0.8 um diamond slurry. The crack had to be situated as close to the centre of the cut
notch as possible and angled parallel to the notch. In order to confirm that the notch was
situated and angled correctly, images of each side of the notch were taken using an
optical microscope and crack angles measured using image analysis software. Any cracks

which deviated from the parallel by more than 5° were discarded.

Once the material sample is notched, three point bending tests are performed and
load-displacement curves of each sample are measured. The important variable to isolate
from the load-displacement curves of these samples in order to calculate the critical stress
intensity factor is P, the peak load required to propagate a crack. It is shown in ASTM
E399 that this value is equal to the intersection of the 5% secant of the load displacement
curve and the curve itself. In situations where the intersection Pq is beyond the peak of
the load displacement curve, Pnax, the value Ppa is taken to be equal to Pq. Figure 2.7

shows the construction used to determine Pq.

Figure 2.6 Notched PLLA sample under optical microscope, angle < 1° from normal.

50



Load /N
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Figure 2.7 Example load displacement curve showing secant line for calculation of K¢

2.3.2.3 Critical strain energy release rate, Gin

A three point notched bending test can also be performed in order to determine
the critical strain energy release rate, Gj,. Once the load-displacement curves of samples
are determined, the area under the load-displacement line up until the point of crack
initiation, Po, as shown in Figure 2.8. This method provides another measure of fracture
toughness, measuring the amount of energy needed by the material in order to initiate a
mode 1 fracture. The equation used to determine the critical strain energy release rate, Giy,
from the value of the area beneath the curve, Uj,, and the sample beam geometry is as
follows., where the width and breadth of the sample beam are W and b respectively, and
@ 1S a geometric correction factor given as a function of x, which is the ratio of the notch

depth to the width of the sample, a/W.
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Figure 2.8 Example load displacement curve showing Ui, the area under the curve until

Pq for calculation of Gip.
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2.3.3 Fracture surface analysis

Fracture surfaces of each group from notched bending tests were analyzed under
optical microscopy and scanning electron microscopy in order to see if the macroscopic
and microscopic features could be correlated with any fracture modes. These analyses
were then in turn correlated with fracture testing data to form a hypothetical fracture
mechanism.

The electron probe microanalysis (EPMA) was also used to measure the calcium
elemental concentrations across the fracture surface using x-ray spectrometry, focusing
on the areas around the microbeads. This was done in order to determine if any calcium
leakage into the surrounding polymer matrix had occurred, or contrarily, if any intrusion
by the polymer into the microbead had occurred. This is useful, as the fracture

mechanism will depend on the interaction between the polymer and ceramic surface.

2.3.4 Finite element analysis

Finite element analysis software, Mechanical Finder v10.0EE was used to
simulate the stress-concentration effects of notched bend testing on the PLLA specimens
under different concentrations of microbead filler [102]. This was done in order to view
the transient properties of the material as it underwent loading, most importantly the
strain energy density (SED) of the material surrounding the microbead near to the
fracture initiation site, and of the region between beads in the two bead tests, in order to
better understand the fracture mechanic responsible. Figure 2.9 shows the simplified

models used; created using the 3D design software SketchUp Pro [103].
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Figure 2.9 Finite element models for analysis of three point bending tests of PLLA

containing a) no microbeads, b) a single microbead, and c), d) and e) two microbeads at

2mm, 4mm and 6mm separation respectively, f) along the crack initiation line.
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The variation in inter-bead distances in the two bead models covers the range of
inter-bead distances seen in the physical specimens of all bead volume concentrations, 2-
6mm. Young’s modulus E and Poisson’s ratio v of the calcium phosphate ceramic
(E=15.0 GPa, v=0.45) and PLLA (E=2.63 GPa, v=0.25) were obtained from literature
[104-107]. The data is extracted from the elements within the crack tip region, shown in
Figure 2.9 f). Each specimen was restrained as in a notched three point bending test; with
a forced displacement applied in the central loading position and two restraints applied
2.5mm from each specimen edge, as shown in Figure 2.10. The load was applied in 10
steps of 0.04mm displacement for a total displacement of 0.4mm in order to determine

strain energy density (SED) values within the material before significant fracture occurs.

Figure 2.10 Boundary conditions showing two restraints and one central loading position

(arrow) in red; used for FE analysis of all models.
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A fracture analysis of the models was also performed in order to see when and
where the fracture occurs, to determine if this is in agreement with the physically
observed results. The analysis is focused on the notched area of the sample, where the
crack initiation will occur under tension during the three point bending test. As such, the
failure criterion for each element was defined as the principle stress in tension with a
critical value of 50MPa. These analyses used a larger displacement to ensure fracture; 5
steps of 0.2mm, for a total displacement of 1.0mm. When investigating fracture rates the
stiffness of the microbeads was also varied between 5-50GPa, to investigate whether this
had a significant effect. The calculations were all performed was using a linear elastic

model and the number of elements and nodes of each FE model is given in Table 2.3.

Table 2.3 Elements and nodes used in FE models.

Model Elements Nodes
Blank 137487 25046
Single microbead 148634 27002
Double microbead 2mm 159389 28894
Double microbead 4mm 205257 37636
Double microbead 6mm 205208 37644
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2.4 Results and Discussion

24.1

Microbeads

It was found that following the procedure for ionotropic gelation outlined in Figure

2.2 resulted in 5 different outcomes, depending on needle gauge and P/L ratio. By testing

each combination of needle gauge and P/L ratio, an optimized setup was established. The

five outcomes which occurred were as follows:

1.

2.

3.

Blocked - complete blockage of the needle, resulting in no bead formation.

Beads — Smooth flow of slurry, resulting in round microbeads.

Pancake — Smooth flow of slurry, but too much volume or too dilute, leading to
deformation of bead shape upon impact with the calcium chloride solution.
Irregular — slurry flowed but did not dissociate into distinct droplets, resulting in
irregular shaped pieces of entrapped calcium phosphates.

Flow — Slurry flowed too freely, resulting in “strings” of entrapped calcium

phosphate rather than distinct microbeads.

Table 2.4 shows which combinations of needle gauge and P/L ratio produced which

result. It can clearly be seen that the 23G and 25G needles performed best, whilst the P/L

ratios of 1:5 and 1:8 also performed best. It was seen that for ease of operation and

quantity of microbeads produced, the set up with a 25G needle and P/L ratio of 1:8 was

optimal. For all further experiments, microbeads mentioned were fabricated using this

optimized setup.
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Table 2.4 Results of microbead fabrication with varying needle gauge and P/L ratio.

1:3 1.5 1:8 1:10 1:20
18G Blocked Blocked Blocked Blocked Irregular
20G Blocked Blocked Beads Pancake Irregular
23G Blocked Beads Beads Pancake Irregular
25G Blocked Beads Beads Pancake Flow
271G Pancake Beads Irregular Pancake Flow
30G Pancake Flow Flow Flow Flow

The mass difference before and after sintering was found to be 8.0+£0.2 % across
all beads made in the optimum method. A small amount of this mass is lost as phosphoric
acid during the reaction of the calcium phosphate, however most of it is lost due to the
alginate polymer burning. It can be estimated then, that microbeads were around 8%
alginate before sintering. For the beads formed from HA powder, no change in the
calcium phosphate occurred, and mass difference was found to be 10+1 %, meaning even

more alginate was present in these microbeads before sintering.
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The XRD taken to determine whether a-TCP had indeed converted in HA during
sintering is shown in Figure 2.11. Full peak lists are given in Appendix A.1. The peaks
appearing on the XRD spectrograph of the sintered calcium phosphate ceramic beads all
correspond to those of either HA or a-TCP, suggesting that the expected reaction did
convert a-TCP into HA during the sintering process. SEM micrographs of bioceramic
beads are also shown in Figure 2.12. It is seen that the ceramic microbeads have
successfully formed a biphasic calcium phosphate of a-TCP and HA, with an average

bead radius of 85050 pum.
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Figure 2.11 XRD spectrometry of a) a-TCP, b) HA and c) sintered bioceramic
microbeads. The peaks in the bioceramic microbead spectrum correspond to those of

either HA or o-TCP.
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Figure 2.12 SEM micrograph of microbead a) to measure diameter, b) to confirm

presence of HA crystals.

The beads composed of HA powder encapsulated by the ionotropic gelation
method were discarded, as they failed to form microbeads of regular shape or size. Figure
2.13 shows a micrograph of such beads compared to a-TCP beads. As the sintering
process successfully converted the a-TCP into a biphasic calcium phosphate containing

HA, it was determined the pure HA beads were unnecessary to investigate further.

S00pm

Figure 2.13: Optical micrograph of a) HA and b) a-TCP microbeads after gelation.
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2.4.2 Microbead/ PLLA composite

2.4.2.1 Chemical and micro-structure

Inclusion of bioceramic microbeads into the PLLA matrix was successful, as
shown in Figure 2.14, with even distributions of beads at consistent volume
concentrations being found. The average distance between beads for each sample group
was determined by observation, and was found to follow the expected distribution. The
sample groups produced, and average distance between beads of each group is given in
Table 2.4. The distance between beads reported were determined by averaging distances
between 10 beads in each sample, for 10 samples per group, therefore n=100 for the

average of each group.

Figure 2.14 Optical micrographs of PLLA composite with a) 2%w/w and b) 11%w/w

calcium phosphate microbeads.
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Table 2.5 The volume fraction of microbeads in each sample group, along with the

measured average distance between beads in each group.

Microbead vol. fraction/  Av. distance between Standard deviation /
vol% microbeads / mm mm

2 6 1

5 4.5 0.6

9 3.6 0.2

11 3.3 0.2

2.4.2.2 Mechanical properties

Young’s modulus, E, did not significantly vary across all groups, as shown in
Figure 2.15. This graph shows how the initial inclusion of microbeads into the material
caused only a slight increase in E, from 0.55 GPa to 0.76 GPa, equivalent to within error
and in agreement with recognized values for PLLA [26]. The slight increase in E seen

with increasing microbead volume concentrations is also ambiguous within error.

The load-displacement curves measured during K¢ fracture tests of the specimens
are shown in Figure 2.16. Any inclusion of microbeads in the PLLA matrix caused a
sudden decrease in displacement to fracture, a sharp decrease in peak load, and a small
increase in initial stiffness, i.e., the initial slope of the curves. Microbeads also caused a
sharper fracture profile, indicating a brittle fracture mechanism was responsible.
Increasing concentrations of microbeads however, did not cause more brittle fracture
behaviour, but instead simply reduced the displacement and peak load required for the

same type of fracture to occur.
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The average calculated critical stress intensity factor, K,c, for each group of
specimens is shown in Figure 2.17. K,c decreased by at least 47% with microbead
inclusion, from 34 Pam™? for bulk PLLA, to 18 Pam™? for the strongest bead
containing group, 2 vol% microbead fraction. At increasing bead volume fractions
however, Kic fell off more gently, decreasing only to 8.4 Pa.m™? by 11 vol% microbead
fraction. This decrease was clearly linear in nature, and again indicates that all microbead
containing specimens are fracturing under the same mechanism, one which is different

from that of bulk PLLA.

0.8

0.6

E/ GPa
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Figure 2.15 Young’s modulus of PLLA/microbead composite materials with

respect to microbead concentration.
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Figure 2.16 Load displacement curves obtained from three point bending tests,
comparing mechanical behaviour of PLLA with and without microbeads at all

concentrations.
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Figure 2.17 K,c as a measure of fracture toughness of PLLA/microbead composite

materials with respect to microbead concentration.
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Figure 2.18 G;j, as a measure of fracture toughness of PLLA/microbead composite

materials with respect to microbead concentration.

Calculated values of the critical strain energy release rate, Gj,, of each material
showed a very similar pattern, as can be seen in Figure 2.18. Any inclusion of microbeads
in the material reduced calculated Gi, by at least 81%, from 1030 Jm™ for blank PLLA to
200 Jm™ for the best performing microbead containing group, again the 2 vol% group.
Increasing the microbead volume fraction lead to a gentle, linear decrease in Gj,, similar

to that seen in K¢ calculations, with the 11 vol% group having a Gi, of 43 Jm™.
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2.4.2.3 Fracture surface analysis

Optical microscope imaging of the fracture surfaces showed clear differences
between the composite and the bulk PLLA, as was expected from the mechanical testing
data. Figure 2.19 shows the fracture surface of bulk PLLA under optical magnification.
Clearly visible are hackle patterns and areas of fibril formation caused by a slow, ductile
fracture. SEM micrographs of the same surface, shown in Figures 2.19b, ¢ & d confirm
this analysis, with both hackle patterns, fibril formation and void formation visible at all

scales from the macroscopic to microscopic.

Figure 2.19 Micrographs of blank PLLA fracture surfaces after three point bending tests

a) optical micrograph, b), ¢) and d) SEM micrographs, showing ductile deformation.
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Figure 2.20 shows an optical micrograph of the fracture surface of each of the
four bead containing groups, at each volume fraction. It must first be noted that the
microbeads didn’t once pull out of the PLLA matrix, instead shearing along the fracture
plane. This indicates that the PLLA-microbead interface is stronger than the internal
tensile strength of the microbeads themselves. It can be seen that the fracture patterns
surrounding microbeads at the fracture plane did not show even and continuous signs of

ductile deformation. Instead, two distinct regions of the fracture surface were observed.

Figure 2.20 Optical micrographs of microbead containing PLLA fracture surfaces after

three point bending tests of a) 2%, b) 5%, c) 9% and d) 11% microbead volume fraction

specimens.
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Firstly, the regions closest to the crack initiation site show no hackle formation,
little crazing, and clean, smooth fracture surfaces. These indicate fast, brittle fractures
occurring, with little material deformation. Figure 2.21 shows SEM micrographs of this
region for a typical beaded specimen, in this case one of 2 %w/w microbead fraction.
Light crazing was seen in Figures 2.21b and c. Furthermore, at the smallest scale shown
in Figure 2.21d, fracture seems to have occurred through shearing along the plane of

crack propagation, indicating a more brittle fracture.

Figure 2.21 SEM micrographs focusing on the upper region of the fracture surface of a

PLLA specimen containing 2%w/w microbeads.
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The second region is the region furthest from the crack initiation site, below the
bead, and showed crazing and a less smooth, more ductile fracture surface. Figure 2.22
shows SEM micrographs of this region of the same specimen over the same range of
magnifications. In contrast to the upper region, it can be seen that strong hackle patterns
formed as shown in Figure 2.22b, and Figure 2.22d shows that the PLLA material was
deformed into short fibrils during fracture at the smallest scale. This fibrillation and

patterning indicates strongly that a slower, more ductile fracture occurred here.

Figure 2.22 SEM micrographs focusing on the lower region of the fracture surface of a

PLLA specimen containing 2%w/w microbeads.
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The PLLA-microbead interface was also examined by SEM to determine whether
poor cohesion may be the reason for the reduced fracture toughness of the material.
Figure 2.23 shows the PLLA-microbead interface for a typical bead at the fracture
surface, in this case a 5 vol% microbead fraction specimen. It can be seen that no voids or
cracks are visible at the interface at all, and that in fact the materials seem very well
bonded. The PLLA matrix has fully wetted the outer surface of the bead, and there are
indications of polymer penetration into the bead’s interior. This may be due to the

pressure applied to the polymer bead mix during hot pressing, forcing the polymer to

intrude upon the porous microbead.

Figure 2.23 The PLLA/microbead interface on the fracture surface of a 5%w/w

microbead containing specimen showing wetting and polymer intrusion.
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To support this theory, EPMA was performed upon the same specimen. Figure
2.24 shows the same fracture surface under EPMA, with calcium concentrations
measured in units of x-ray intensity. It can be seen that the Ca concentration in the
microbead is highest at the centre, decreasing towards the edge. This indicates that the
matrix may be intruding into the bead, due to its porosity and the application of pressure
during the hot press fabrication process. All other embedded microbeads measured this
way showed similar behaviour. This explains why the microbeads did not pull out of the
matrix, instead shearing along the fracture plane. It also removes void formations at the

polymer-bead interface as one mechanism to explain fracture.
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Figure 2.24 EPMA analysis of a 5%w/w microbead containing specimen of PLLA

showing calcium elemental concentration.
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2.4.2.4 Finite element analysis

Figure 2.25 shows the distribution of strain energy density (SED) along the
fracture surface of each specimen calculated under linear elastic conditions after 0.4mm
simulated displacement. Note that this face corresponds to the fracture surfaces observed
earlier. The SED is increased greatly by the presence of the microbead, especially in
PLLA surrounding the bead, in the region between beads, and the regions parallel to the
bead, close to the crack initiation site. These regions of higher SED correspond very
closely to the regions of brittle fracture observed on the fracture surface of beaded
samples. Figure 2.26 shows the strain energy density calculated along the crack initiation
site. Note that the SED clearly peaks at the precise locations where beads are present. Not
only that, but the SED is also increases in the PLLA between bead locations, increasing
by an amount inversely proportional to their distance apart. These two independent

features are important in understanding the fracture behaviour of these materials.
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Figure 2.25 Strain energy density across fracture surfaces after simulated three point

bending tests of a) blank PLLA, b) a single microbead containing specimen, c—e) two

microbead containing specimens separated by a distance of 2 mm, 4 mm and 6 mm,

respectively. Circles indicate bead locations. Calculated by finite element analysis.
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Figure 2.26 Strain energy density calculated by finite element analysis along the crack

initiation site after simulated three point bending tests of each model.
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Figure 2.27 Fracture rates calculated by FE analysis. Comparison of blank PLLA, single,

and double microbead containing PLLA, varying microbead stiffness of 5-50 GPa.
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Analysis of the fracture rates of the PLLA model with and without microbeads
was also enlightening. All of the basic models were compared; blank PLLA, PLLA
containing a single microbead, and PLLA containing two microbeads at 6mm distance.
Also, the stiffness of the microbeads in these simulations was varied between 5-50 GPa.
The results are summarized in Figure 2.27, and full numerical results from this
experiment can be found in Appendix A.2. Figure 2.28 shows the angle of view for
Figures 2.29 and 2.30, which show the locations of tensile fracture elements in the bead

containing models (50 GPa stiffness models pictured) as the load is applied.

Figures 2.27, 2.29 and 2.30 together offer several interesting insights. Firstly,
Figure 2.27 shows that over a 1.0mm displacement, both the single and double beaded
models underwent significant fracture, whereas the model without a microbead did not
fracture at all. Secondly, it can be seen that for a given arrangement of microbeads,

increased microbead stiffness leads to increased fracture rates.

Thirdly, the simulations showed that double beaded models fracture more easily
than single beaded models. Figures 2.29a and b, and Figures 2.30a and b show that the
first regions to fracture were along the interface between microbead and polymer matrix.
This shows that the highest tensile stress concentrations were found here, indicating the
reason for microbeads lowering overall fracture toughness of the material. Figures 2.29
and 2.30 also show that whilst the first elements which underwent tensile fracture were
concentrated around the microbead/polymer interface, they were not limited only to these
regions. Instead, although fracture was concentrated around the beads, microbead
presence lead to fracture across the entire crack initiation line, focused on the region

between the two beads when two beads were present. In Figure 2.29 this fracture region
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expands in both directions, but in the double bead containing simulation of Figure 2.30,
the crack expands preferentially into the region between beads, showing that the stress
concentrations are not only increased along the microbead/ polymer interface, but also in

the region of material between them.

These simulations therefore tell us that the increase in SED we saw in the earlier
experiment shown in Figure 2.25 and 2.26 caused an increase in stress concentration at
the microbead polymer interface, and did correlate with an increase in fracture rate. There
was also a marked increase in fracture elements in the area between two microbeads,
showing that the increase in stress concentrations under tension was not limited to only
the microbead/polymer interface, but also the area of material between microbeads along
the fracture initiation line. Our conjecture that this is the cause of the fracture seen in

physical PLLA is thus further upheld.
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Figure 2.28 Angle of view for Figures 2.29 and 2.30, looking down at the notch

tip region, from the front and slightly above.
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Figure 2.29 Location of fractured elements in single 50GPa stiffness beaded FE model

after a) 0.4, b) 0.6, ¢) 0.8, and d) 1.0 mm simulated displacement. Black marks indicate

tensile fractured elements.
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Figure 2.30 Location of fractured elements in double 50GPa stiffness, 6mm distant

beaded FE model after a) 0.4, b) 0.6, ¢) 0.8, and d) 1.0 mm simulated displacement.

Black marks indicate tensile fractured elements.
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2.4.3 Microbead/ PCL composite

Calcium phosphate microbeads were successfully incorporated into PCL in
concentrations matching the range outlined. Samples were prepared with 2, 5, 8 and 10%
w/w concentrations, as well as blank PCL samples. Example load displacement curves
obtained from three point bending tests for each group are shown in Figure 2.31. It can be
seen that there was very little variation in the mechanical behaviour of each group, with

similar initial gradients and Pnax Values across all PCL bead containing groups.
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Figure 2.31 Load displacement curves obtained from three point bending tests,
comparing mechanical behaviour of PCL with and without microbeads at all

concentrations.
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Figure 2.32 Young’s modulus of PCL/microbead composite materials with respect to

microbead concentration.

The Young’s modulus, E, again did not vary across all concentrations, as shown
in Figure 2.32. Any inclusion of microbeads caused only a slight increase in E, from 20
MPa to 24 MPa, which is within the expected range from literature [29]. This is
promising, as a major benefit of PCL is its high flexibility, and the high stiffness of the

calcium phosphate microbeads does not seem to have affected the material.

Calculations of K,c and Gj, were performed to determine whether microbead
inclusion caused a change in fracture toughness of the material. As can be seen in Figures

2.33 and 2.34, the inclusion of microbeads into the polymer did not drastically alter the
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fracture toughness of the materials at all. The average critical stress intensity factor was
highest in the 10%w/w microbead concentration group, rising from 6.9 to 7.5 Pa.m™?,
though within error there is no noticeable change. The average critical strain energy
release rate was within error unchanged despite any microbead inclusion, rising from an
average of 2.55 Jm™ for blank PCL to 2.63 Jm™? for the 4%w/w group. This indicates
strongly that the microbeads are not changing the fracture mechanism of the material at

all.
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Figure 2.33 K¢ as a measure of fracture toughness of PCL/microbead composite

materials with respect to microbead concentration.
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Figure 2.34 Gj, as a measure of fracture toughness of PCL/microbead composite

materials with respect to microbead concentration.

By looking at the fracture surfaces of PCL with and without microbead inclusion,
we can confirm that indeed, there seems to be a consistent fracture mechanic occurring
across all groups. Figure 2.35 shows the fracture surface of PCL with no microbead
inclusion, and Figure 2.36 shows the fracture surface of the 2%w/w group. The hackle
pattern is far more pronounced on the larger scales on the blank PCL, however they are
present on all specimens. At smaller scales, the fracture surfaces begin to look more
alike, with strong crazing visible with the SEM. At the smallest scales, all specimens
show the same kind of deformation, as the polymer material was pulled parallel to the
direction of travel of the crack front creating ridges and lines and some small fibrils. This

pattern suggests that all specimens underwent ductile deformation, and that the crack
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propagated through the material at a slow rate. The interface between bead and polymer
can be seen in Figure 2.36. It is clear that no polymer has intruded into the microbead,
however the PCL seems to have fully wetted the surface of the bead and no large voids or

gaps can be seen.

Figure 2.37 shows an optical micrograph of the fracture surface of each of the
four bead containing groups, at each volume fraction, to show the lack of variation across
each group. Unlike with PLLA, the microbeads did seem to pull out of the polymer
matrix instead of cleaving parallel to the crack front, indicating no polymer intrusion and
no strong bonding between polymer and microbead surfaces. This is possibly why there
was no perceived change in flexibility in the material, as all stress seems to be passing

through the polymer matrix, not the beads.

750 pm

Figure 2.35 Micrographs of blank PCL fracture surfaces after three point bending tests a)

optical micrograph, b), ¢) and d) SEM micrographs, showing ductile deformation.
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Figure 2.36 a) Optical and b, ¢, d) SEM micrographs of the fracture surface of a PCL

specimen containing 2%w/w microbeads, showing ductile deformation.

Figure 2.37 Optical micrographs of microbead containing PCL fracture surfaces after

three point bending tests of a) 2%, b) 5%, c) 8% and d) 10% microbead volume fractions.
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2.4.4 Microbead/ PLLA/ PCL composite

PLLA and PCL were successfully combined by precipitating dissolved polymer
out of dichloromethane using distilled water. Figure 2.38 shows SEM micrographs of the
blended material before further fabrication. The images show that no visible phase
boundaries are present, and as such it can be concluded that the polymers were miscible
and have blended fully. The only other visible features are small voids, formed most

likely by the expulsion of dichloromethane during the precipitation process.

30.0 pm

Figure 2.38 SEM micrographs of PLLA/PCL blended polymer showing no phase

separation and small voids from dichloromethane outgassing.

Calcium phosphate microbeads were successfully incorporated into the
PLLA/PCL mix, in concentrations matching the range outlined. Samples were prepared

with 2, 5, 9 and 11% w/w concentrations, as well as blank samples. Example load
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displacement curves obtained through three point bending tests are shown in Figure 2.39.
Interestingly, all groups showed a similar ductile form of fracture in their curves,
indicating a different fracture mechanic for bead containing specimens of the blended
polymer from that of PLLA. Unlike in PCL however, increasing microbead concentration
did seem to have a strong effect on the fracture toughness of the material, lowering Pmax

considerably as concentration increased.
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Figure 2.39 Load displacement curves obtained from three point bending tests,
comparing mechanical behaviour of the PLLA/PCL polymer blend with and without

microbeads at all concentrations.
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Figure 2.40 Young’s modulus of blended polymer/microbead composite materials with

respect to microbead concentration.

As can be seen in Figure 2.40, the Young’s modulus, E, varied in a way unlike
PLLA or PCL, as any inclusion of microbeads caused a sudden drop in stiffness. The
blank blend had stiffness between that of PLLA and PCL, of 300 MPa, but an inclusion
of 2%w/w microbeads caused a sudden decrease in modulus to 38 MPa. With increasing
microbead inclusion, the stiffness dropped even further, until at 11%w/w microbead

concentration the Young’s modulus was measured to be 24 MPa.
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Kic and Gj, were also calculated in order to determine whether microbead
inclusion caused a change in fracture toughness of the material more similar to that of
PLLA or PCL. As can be seen in Figures 2.41 and 2.42, the inclusion of microbeads into
the polymer did indeed affect the fracture toughness of the blended material, in a manner

similar to PLLA.

Blank blended polymer had a Kic of 25 Pam™? and a Gi, of 20.6 Jm?
comparable to the values of blank PLA. However, as with PLLA, even the smallest
concentration of microbeads, 2%w/w, caused a sharp decrease in fracture toughness. The
Kic of 2%w/w microbead sample was 16.0 Pam™? and the Gi, was 9.6 Jm™. With
increasing concentration of microbeads, both K,c and G;, continued to fall, decreasing
linearly until at 11%w/w microbead concentration the values are 3.9 Pa.m™? and 1.5 Jm™
respectively. This indicates that the microbeads are possibly causing a change in the

fracture mechanism.
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Figure 2.41 K,c as a measure of fracture toughness of blended polymer/microbead

composite materials with respect to microbead concentration.
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Figure 2.42 Gj, as a measure of fracture toughness of blended polymer/microbead

composite materials with respect to microbead concentration.
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Again, we can look at the fracture surfaces of the blended biopolymer with and
without microbead inclusion to investigate the fracture mechanic which was present in
each group. Figures 2.43 and 2.44 show the fracture surfaces without microbeads and
with 2%w/w microbead volume respectively. As can be seen, the fracture patterns do not
seem very different between the two specimens. Both show strong crazing patterns at all
scales, and both show ductile deformation of material at the smallest scales. This is in
line with all groups undergoing a low energy, ductile fracture, creating microscopic
features such as ridges aligned with the direction of crack propagation, fibrils and void

formation.

1.0 mm

Figure 2.43 Micrographs of the fracture surface of blended polymer showing ductile

deformation a) optical micrograph, b), ¢) and d) SEM micrographs.
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Figure 2.44 Micrographs of the fracture surface of blended polymer containing 2%w/w
microbeads showing ductile deformation a) optical micrograph, b), ¢) and d) SEM

micrographs.

750 pm b e 300 pm

Figure 2.45 SEM micrographs of the blended polymer/microbead interface of a 5%w/w

microbead containing specimen.

This is unexpected, as the fracture toughness for microbead containing groups

was significantly lowered. However, one clear difference between the fracture surfaces of
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PLLA and the blend stands out; the polymer interaction with the ceramic microbead. As
can be seen in Figure 2.44 and more clearly in SEM images of a second beaded sample
from the same microbead concentration group, Figure 2.45, there is a clear and distinct
boundary between the biopolymer matrix and the microbead. This could explain the
reduced fracture toughness of the material by causing larger voids more frequently in the

polymer matrix.

Figure 2.46 shows an optical micrograph of the fracture surface of each of the
four bead containing groups, at each volume fraction, to confirm that each microbead
containing sample fractured in a similar way. The only major difference is the level of
crazing which occurs, with the 11%w/w concentration sample fracturing very easily and

creating a very distinct, ductile hackle pattern.

Figure 2.46 Optical micrographs of microbead containing blended polymer fracture
surfaces after three point bending tests of a) 2%, b) 5%, ¢) 9% and d) 11% microbead

volume fraction specimens.
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2.4.5 Comparison of three composites

Firstly, the mechanical properties of each material can be compared, in order to see
which dealt best with the inclusion of calcium phosphate microbeads. Figures 2.47, 2.48
and 2.49 show the values for E, Kc and G, respectively for each material. Note that the
comparisons of E and Gj, are made on logarithmic scales to include the wide range of

values measured for each material.
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Figure 2.47 Comparison of Young’s modulus for each material with varying microbead

volume fraction.
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Figure 2.48 Comparison of K,c as a measure of fracture toughness for each material with

varying microbead volume fraction.
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Figure 2.49 Comparison of Gi, as a measure of fracture toughness for each material with

varying microbead volume fraction.
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It can be seen that PCL was the only material which successfully incorporated
microbeads into its structure without any significant changes in material properties. All
measured and calculated values stayed constant from 0-10%w/w microbead inclusion.
PLLA and the 50:50 blended polymer by contrast saw a significant change in both
measures of fracture toughness caused by the inclusion of beads. By looking at the
fracture surfaces of each of the materials we can explain most of this behaviour; however

the exact mechanism for why the stiffness of the PLLA/PCL blend reduced is unknown.

PLLA saw polymer intrusion into the microbeads, and so fractures cleaved the
ceramics along the plane of crack propagation rather than pulling out. The fracture
surfaces showed that this lead to two regions of different fracture type within the PLLA,;
an upper region above the bead of fast, brittle fracture, and a lower region below the
bead, where the crack slowed down and caused ductile fracture. This hypothesis was
confirmed using FE analysis to study SED within the material during fracture. It also
helped show that the increasing concentration of microbeads increases average SED
across the crack region, explaining the further decrease in fracture toughness as

concentrations increased.

PCL saw microbeads pulling out of the polymer matrix rather than cleaving,
indicating no intrusion or strong bonding at the polymer microbead interface. The
fracture surfaces of PCL without microbeads showed the same features of ductile fracture
that PCL with microbeads showed. At the smallest scales, the pulling and deforming of

the PCL material into ridges and fibrils was almost identical across all groups.
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The PLLA/PCL 50:50 blended polymer showed ductile deformation similar to that
seen in both the lower region of the PLLA and all of the PCL samples. The blended
polymer did not show the distinct separate regions of differing fracture type seen in
PLLA and also did not intrude upon the microbeads, forming instead a distinct boundary
layer between the material and the bead. It is uncertain how this layer affects the overall
fracture toughness of the material; however the large regions of poorly bonded polymer,
and the voids formed might explain the reduced fracture toughness of the blended

polymer as microbead concentrations increased.
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2.5 Conclusions

In conclusion, the biopolymer/bioceramic microbead composite was successfully
fabricated. Bioceramic microbead production was investigated and optimized, and their
inclusion into three kinds of biopolymer matrix was successfully completed. These three
novel materials were then investigated and characterized with varying concentrations of
microbeads in order to determine their change in material properties. Three point bending
tests were performed, as they are critically important for investigating the bending
properties of the materials, properties which are under-reported in the literature yet must

be known for bone plate applications.

Microbead inclusion caused a slight increase in stiffness for PLLA and PCL, but
instead a sharp decrease in stiffness for the blend. Fracture toughness as measured by K,c
slightly decreased for the PLLA and blended polymer with microbead inclusion, however
for PCL the value of K\c barely changed at all. Measuring fracture toughness by Gi,
showed again, that PLLA and the blended polymer were reduced, this time by a much

greater proportion. For PCL again, this value barely changed.

The mechanism of fracture of each material was investigated using fracture surface
analysis, load displacement curves, SEM, EPMA and finite element analysis. The
mechanism of fracture was shown to have changed between materials distinctly due to
the inclusion of microbeads. Without microbeads, all materials fractured in a ductile
manner. Once microbeads were added, PLLA fractured by a two phase mechanism of

brittle fracture followed by ductile in a manner confirmed through FE analysis of strain
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energy density and fracture analysis. FE analysis also showed that the tensile stress
concentration was greatly raised at the microbead/polymer interface, leading to the initial
fractures always originating from this region, and expanding outwards from there. This is
a key to explaining why PLLA saw such a marked reduction in fracture toughness once

microbeads were added.

Intrusion into the microbead was also seen for PLLA, causing microbeads to cleave
during fracture. In PCL and the blended polymer, microbeads pulled out during fracture
as the polymer did not intrude upon them. Both showed only ductile fracture still after
microbead inclusion; however the blended polymer formed a boundary layer between

polymer and microbead, unseen in PCL.

The only existing study into spherical calcium phosphate particles in a PLLA matrix
was by Todo et al., as referenced in Chapter 1.2.5. This study showed similar reduced
fracture toughness as measured by Gj, and the transition from ductile to brittle facture
when beads were introduced [76]. However, the effects of inclusion into PLLA and a
blended polymer are unreported in the literature. As discussed, older studies focus firmly
on compressive testing, such as Kane et al., and newer studies whilst also focusing on
compressive testing, also only investigate calcium phosphate filler materials which are
suitable for 3D printing [72-75]. Materials of more bespoke geometry are under-reported,
especially in the bending mode, and this is why the results of this new study are so useful

and important.

Overall, this research shows that inclusion of microbeads into biopolymers is a

promising avenue for research. By understanding the difference in mechanisms of
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fracture caused in different materials, we can understand which might be used to improve
in the future. The intrusion of PLLA into the microbeads was unexpected, and its unusual
fracture profile may provide insight for improving future materials further. PCL
performed remarkably well, and inclusion of calcium phosphate microbeads into existing

PCL applications is a very promising way to apply this research immediately if desired.
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CHAPTER 3: PLCL FIBRE / CALCIUM PHOSPHATE

COMPOSITES

3.1 Overview

In order to improve the flexibility and bioactivity of a dicalcium phosphate
dihydrate ceramic for use in kyphoplasty surgery, PLCL fibres are added. The average
length of fibres is investigated, in order to determine the effects on material properties.
Compressive strength and compressive elastic modulus were measured. Longer fibres
were seen to create weaker but more flexible composites than shorter fibres at equal
concentrations. The reasons for this effect were investigated using microscale computed

tomography (micro-CT scans), SEM and XRD.

3.2 Materials and fabrication methods

3.2.1 Fabrication of PLCL fibres

PLCL fibres were formed using the melt-spinning method. A commercial melt-
spinning machine, more commonly sold as a cotton candy making machine, is used to
create the PLCL fibres. This method has been proven to be a cost effective, quick and
reliable way to fabricate biopolymer fibres for biomedical applications in the past. In
2010, Chung et al. used a custom set up which closely resembled a cotton candy maker in
order to produce fibres of the biopolymer PLCL by heating the polymer pellets to 155°C
under 150rpm rotation [108]. The fibres were then successfully made into scaffolds for
vascular grafts. More recently in 2018, the same results were achieved using the same

PLCL polymer and for the same vascular grafting purpose by Pangesty et al. using a
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commercial cotton candy maker [109]. It was seen that the fibre structure, cell affinity
and mechanical properties achieved using the cotton candy maker were equal to those
created using the custom set up. Subsequently, other studies have used this method
successfully to create PLCL fibres for other applications. Tran et al. this year showed that
the method can be used to create layers microfibrous structures, and also showed the
importance on the degradation of the PLCL before spinning in order to improve

performance [110].

PLCL fibres were created using this method in a four-step process. Firstly the as
received PLCL pellets were degraded to lower the average molecular, as experience
showed the melt spinning by commercial cotton candy maker was impossible with high
My, PLCL. To degrade the polymer it was stored at 120°C for 6 weeks, which effectively
accelerated the hydrolyzation process. Once prepared, 3g of polymer pellets were
inserted into the cotton candy maker heated to 180°C and rotating at 180rpm, and fibres
were collected using a Teflon rod, as shown in Figure 3.1. Once collected as a dense fibre
mat, the PLCL was cut from the Teflon rod. Fibres were then further processed in one of
four ways, in order to create fibres of short and varying average lengths. The first group
was immediately blended with water in a commercial blender, as shown in Figure 3.1b,
for 30 seconds. The second group was immediately blended with water in the same
commercial blender for 2 minutes. The third group was further allowed to degrade before
blending, by leaving in a humid, incubated environment for 3 months before similar
blending for 30 seconds. The final group was further degraded, then blended for 2

minutes. This process resulted in 4 groups of fibres, each with a different average length,

1, determined using SEM microscopy.
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Figure 3.1 Fabrication processes of PLCL fibres using commercial cotton candy maker
and blender; a) degraded PLCL pellets are spun into fibres and collected on a Teflon rod,
b) fibre mats are then blended to create PLCL fibre floss, either with or without further

degrading.

3.2.2 Fabrication of composite material

Monocalcium phosphate monohydrate was combined with B-tricalcium phosphate
in a 1:1 molar ratio to form the dry powder as outlined by Han et al. [111]. This was in

turn combined with glycerol in a solid/liquid mass ratio of 3.7, to form the anhydrous
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slurry. Anhydrous cement slurries were combined with PLCL fibres at varying w/w ratios
and mechanically mixed for >5 minutes. This final slurry was compressed into Teflon
moulds, being firmly compacted with a Teflon rod. Samples were then incubated in
phosphate buffer solution under a 5% CO, atmosphere at 37°C for 48 hours to simulate

physiological conditions post-injection.

3.3 Characterization

3.3.1 XRD and SEM

X-ray diffractometry was performed using the method outlined in Chapter 2. Each
of the five samples as well as samples of each reactant and the product of the reaction
were measured. This was done in order to confirm the completion of the reaction, and

determine whether the fibres present in samples prevented completion of the reaction.

SEM images of each group of fibres were used to determine average fibre lengths,

[, in each group. Images were also made of the composite after fabrication to investigate
the fibre/ceramic interface, and determine the prevalence of voids in the material. Finally,
SEM imaging was used to confirm the presence of dicalcium phosphate dihydrate in the
material by looking for its distinctive, rectangular crystals. Figure 3.2 shows an example

of the distinctive rectangular shape of dicalcium phosphate dihydrate crystals.

104



Figure 3.2 SEM micrograph of distinctly rectangular dicalcium phosphate dihydrate

crystals, from literature [112].

3.3.2 Compressive testing

Compressive testing is used to measure the compressive strength and compressive
Young’s modulus of a material. A sample of material is cut or moulded into a known
geometry; a cylinder is used in this study. The sample is placed on a flat surface under a
mechanical loading head, and put under load at a constant strain. The calcium phosphate
ceramic material is a brittle material, and so it can be assumed that the surface area of the
material, A, under load is constant. A load-displacement curve is measured for the
material under compression, until fracture. The peak load withstood by the material, Pmax,
divided by the cross sectional area, A, of the sample is the strength of the material under
uniaxial compression until failure, also called the Ultimate Compressive Strength/Stress

(oc) of the material, see Equation 3.1 below.

105



P
o, = fmax 31

It is also possible to derive a formula relating the gradient of the load-

displacement curve and the compressive Young’s modulus of the material, such that.

E. = 3.2

S
|

Where Ec is the compressive Young’s modulus of the material, P is the
compressive load, 4L is the change in length of the specimen, L is the original length of
the specimen before compression, and A is the cross sectional area of the specimen. As
AL is equal to w, the displacement of the load head, 4P/AL is the initial gradient of the
load-displacement curve. Figure 3.3 shows a typical load-displacement curve from this

experiment, with relevant features discussed, as well as the typical geometry of a sample.

max

Compressive Load / N

Displacement / mm

Figure 3.3 A typical load displacement curve obtained from a compressive test, showing

Pmax, 4P/4L, and the geometry of samples prepared for compressive testing.
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3.3.3 Micro-CT imaging and FE analysis

A Bruker SKYSCAN 1176 — High Resolution X-Ray Microtomograph was used
to image samples of composite containing each fibre type, alongside a blank control. CT
imaging was performed using x-rays filtered through 0.5 mm of aluminium, at 50 kV and
a 500 pA current. The resulting images measured calcium density in a volume within the
composite, with a voxel size of 8.8 um per side. The software Mechanical Finder v7.0
was used to stitch individual images into three-dimensional finite element models for

analysis.

In order to determine the effect of fibre length on the formation of voids within
the ceramic composite, FE models were used. The total volume of the sample, V1 was
determined based only on measuring the outside of the material and assuming a
homogenous solid within. Then, the ceramic volume, V¢ was determined by measuring
the volume of all voxels in the FE model which had a high calcium density. The
difference between the two gives the apparent volume of empty space within the sample.
The apparent empty space is a combination of the volume of the PLCL fibres, Vg, and the
volume of empty voids, Vy. If the fibres are completely meshed within the cement matrix,
then the volume of truly empty voids should approach zero. If the fibres are causing voids
within the cement matrix, then the value of Vy will increase. The ratio of Vy to Vr
therefore provides a dimensionless parameter for ceramic/fibre integration, p. Equation

3.3 summarizes this calculation, and shows that as V¢ +Vg— V1, p — 0.

— Vv/ — 1 _ (Vc+VE)
T Vr

33
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3.4 Results and Discussion
3.4.1 Bioceramic/ biopolymer fibre composite

The results from the FE-SEM imaging of fibres are summarized in Table 3.1,
which measured the variation in I from the four processing methods. Figure 3.4 shows

SEM micrographs of fibres from each group used for determining L.

Table 3.1: Variation in mean fibre length for each processing method.

Group 1/pm o/ um n

A 1280 350 10
B 396 107 20
C 744 238 16
D 445 127 20

150pm by 150fum

Figure 3.4 SEM micrographs of PLCL fibres from group a) A, b) B, ¢) C and d) D.
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Fabrication of the composite was also successful. Figure 3.5 shows an example
bioceramic/biopolymer composite of 25%w/w PLCL fibres of average fibre length
445um in a dicalcium phosphate dihydrate ceramic matrix. Figure 3.6 is the XRD
spectrum taken to show the conversion of monocalcium phosphate dihydrate into
dicalcium phosphate dihydrate during the fabrication process. All composites showed 26
peaks at 11.8 and 21.1, indicating dicalcium phosphate dihydrate present. All also
showed no 26 peaks at 15.2 and 46.6, indicating no significant monocalcium phosphate
monohydrate present, hence a completed reaction. 26 peaks at 27.9, 31.1 and 34.4 are
attributed to excess B-tricalcium phosphate. Figure 3.7 shows an SEM image of the
distinctive dicalcium phosphate dihydrate crystals present in the composite, which

supports the XRD data in confirming the reaction took place.

PA11011)

Figure 3.5 Example calcium phosphate ceramic with 25%w/w 445um average length

PLCL fibre a) optical micrograph, b) photograph.
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Figure 3.6 XRD spectrographs of a) monocalcium phosphate monohydrate, b) dicalcium
phosphate dihydrate, ¢) 1280um, d) 396um, e) 744um and f) 445um average PLCL fibre

length containing composite materials.
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Figure 3.7 SEM micrographs showing dicalcium phosphate dihydrate crystals present in

1280um average length PLCL fibre containing composite, b) blue arrows indicate

dicalcium phosphate dihydrate crystals compared with red arrows, s-TCP crystals.
3.4.2 Micro-CT and void calculations

The total volume and ceramic volume, Vrand V¢ of each sample was determined
using the data gathered from micro-CT scans and the software Mechanical Finder v7.0.
Figure 3.8 shows the distribution of ceramic within a central slice of the cylindrical
sample for each group. Figure 3.9 shows the calculated values of p for each group, using
the data from the micro-CT scans, and Equation 3.3. The value of Vg was calculated by
weighing the mass of PLCL fibres used to fabricate each sample before inclusion into the

ceramic matrix, and dividing by the known constant density of PLCL, 1.145g mL™ [113].

As expected, p for blank dicalcium phosphate dihydrate ceramic approached zero,
indicating that fibre presence was the major cause of void formation. Increasing fibre
length correlated linearly to an increase in p. Thus, it can be concluded that p is an

accurate parameter for fibre/cement integration.
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Figure 3.8 FE models built from micro-CT data showing total volume, V1, and the

ceramic volume, V¢, of a slice of each sample, a) blank ceramic, b) 1280um, ¢) 744um,

d) 445um and e) 396um average length PLCL fibre containing composites.
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Figure 3.9 Linear correlation between packing factor, p, and average fibre length, .

3.4.3 Mechanical testing of bioceramic/biopolymer fibre composite

The compressive elastic modulus, E, of all composites was far lower than that of
blank dicalcium phosphate dihydrate. The PLCL fibres of around 700um length reduced
the compressive elastic modulus of the dicalcium phosphate ceramic most drastically,
from 1.3 £ 0.2 GPa to 0.27 £ 0.07 GPa. Figure 3.10 shows the change in E as a variable
of both p and 1. It seems that the presence of any PLCL fibre reduces the elastic modulus
of the composite drastically, levelling out between 0.27 and 0.6 GPa. This is an excellent
result, as Table 1.2 tells us that cancellous bone has a compressive elastic modulus, E, of

0.1-1GPa. This means that the PLCL fibre has reduced the elastic modulus of dicalcium
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phosphate dihydrate down to match that of bone, an essential requirement to designing a

kyphoplasty filler biomaterial which will not cause stress shielding in vivo.

Figure 3.11 shows the variation in compressive strength of the composites with

varying [. Ceramics containing fibres were uniformly stronger than dicalcium phosphate
dihydrate alone, as the fibres bound the material together. Even though the longer fibres
also created empty voids within the material (increased p), the effect of binding
overpowered the effect of increased voids. It can be seen that fibres of average length
around 400um were the strongest, as they received the benefit of the fibres binding the
material together, whilst also having the lowest value of p. The compressive strength of
this material doubled from 16 + 3 MPa for blank dicalcium phosphate dihydrate ceramic,
to 32 + 2 MPa. As the compressive strength of cancellous bone, as before taken from
Table 1.2, is around 1-16 MPa, this increase due to the inclusion of biopolymer fibres

actually ensures this material could be used in load bearing applications.
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Figure 3.10 Variation in elastic modulus of PLCL fibre containing composites and blank
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Figure 3.11 Variation in compressive strength of composite material with respect to I,

average PLCL fibre length.

115



3.5 Conclusions

The fabrication of PLCL fibres and their characterization was completed, and the
methods and materials used are all suitable for low-cost and quick large scale application
if required. The fibres were successfully incorporated into a bioceramic slurry of two
precursor calcium phosphates, and under aqueous, physiological conditions the correct
dicalcium phosphate dihydrate composite was formed. This was confirmed through SEM
imaging and XRD spectroscopy. The packing of the fibres of different lengths within the

composite was analyzed using computed micro-CT data and FE modelling, and a packing

parameter, p, was established. p was seen to increase linearly with average fibre length 1.

The improvement in flexibility and compressive strength shown by the shorter fibre
groups, around 400um length, is remarkable, and has brought the biomaterial into the
range where it is useful for biomedical applications. By reducing the compressive elastic
modulus to within the range of cancellous bone, and doubling the compressive strength of
the material, many of the problems faced by ordinary dicalcium phosphate dihydrate have

been overcome.
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CHAPTER 4: GENERAL CONCLUSIONS

In this study, two types of biomaterial composites were successfully fabricated and

mechanically tested; a biopolymer matrix containing calcium phosphate bioceramic

microbeads for use as bone plates, and a calcium phosphate injectable ceramic containing

biopolymer fibres for kyphoplasty surgery. The results of this research can be

summarized as follows:

1.

In Chapter 2, the method for producing bioceramic microbeads was
investigated and optimized. The optimized beads were then included in three
types of biopolymer matrix; PLLA, PCL and a 50:50 blend of the two. The
effects of adding microbeads on the mechanical properties of the materials
varied greatly by material, due to differences in their elastic moduli and their
interactions with the microbead surface. Close analysis of the fracture surfaces
showed that PLLA permeated into the microbeads, causing the beads to cleave
during fracture, and creating regions of high strain energy density in the
surrounding polymer, which lead to brittle fracture and reduced fracture
toughness. In the blended polymer, no polymer inclusion into the microbeads
was seen, instead the polymer formed a boundary layer around each bead,
creating voids and also reducing fracture toughness and causing beads to pull
out during fracture. In PCL, the material wetted the surface of the microbeads,
but did not permeate the calcium phosphate surface, leading to beads also
pulling out during fracture, but no corresponding reduction in fracture

toughness. Overall, PCL maintained its mechanical properties best, providing
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an interesting composite material for future research. The investigation into
fracture mechanisms was important to understand why these different effects

occurred, and gives information when designing future materials.

In Chapter 3, PLCL fibres of four different average lengths were produced,
and successfully incorporated into a dicalcium phosphate dihydrate matrix
through the reaction of monocalcium phosphate monohydrate and B-tricalcium
phosphate under physiological conditions. This showed that the material
composite could be suitable for use in kyphoplasty surgery. The effect of fibre
length on compressive strength of the bioceramic and compressive elastic
modulus of the bioceramic was investigated, as well as the packing of the
fibres within the material. A parameter, p, was established to represent fibre
packing within the material. Micro-CT scans and FE modelling were used to
correlate p with fibre length. It was shown that by including PLCL fibres of
average length 400pum into the bioceramic, the compressive strength of the
material doubled. The fibres also had the effect of reducing the compressive
elastic modulus drastically, making the material as flexible as cancellous
bone. This is another excellent result, as the high stiffness of materials used
for kyphoplasty has previously been blamed for many complications after

surgery.
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A.1 XRD peak data from microbead analysis, Figure 2.10.

APPENDIX

CuK-a: 30kV: 15mA.a-tricalcium_phosphate

No. 2-theta(deg) d(ang.) Height(cps)
1 12.225(17) 7.234(10) 24(4)

2 14.140(14) 6.258(6) 16(4)

3 15.266(17) 5.799(6) 11(3)

4 17.21(3) 5.148(9) 23(4)

5 22.283(19) 3.986(3) 38(6)

6 22.955(14) 3.871(2) 124(10)
7 24.249(18) 3.667(3) 71(8)

8 26.77(7) 3.327(8) 12(3)

9 29.787(11) 2.9969(11) 50(6)
10 30.777(8) 2.9028(7) 332(17)
11 31.350(16) 2.8510(14) 74(8)
12 31.876(8) 2.8051(7) 20(4)
13 32.29(4) 2.770(3) 34(5)
14 34.372(11) 2.6070(8) 162(12)
15 40.05(13) 2.250(7) 14(3)
16 41.76(3) 2.1610(14) 55(7)
17 42.34(4) 2.1330(19) 28(5)
18 44.39(7) 2.039(3) 26(5)
19 46.810(14) 1.9391(6) 112(10)
20 47.85(2) 1.8994(9) 31(5)
21 50.080(12) 1.8199(4) 32(5)
22 50.64(6) 1.801(2) 19(4)
23 52.15(2) 1.7525(8) 28(5)
24 52.91(10) 1.729(3) 14(3)
25 55.05(9) 1.667(3) 19(4)
26 59.66(11) 1.549(3) 19(4)
27 62.98(15) 1.475(3) 9(3)
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CuK-a: 30kV: 15mA. hydroxyapatite

No. 2-theta(deg) d(ang.) Height(cps)
1 10.82(5) 8.17(4) 14(3)

2 16.91(4) 5.237(12) 7(2)

3 21.88(5) 4.058(10) 10(3)

4 22.99(4) 3.865(6) 11(3)

5 25.930(13) 3.4333(17) 117(10)
6 28.18(3) 3.164(3) 24(4)

7 29.02(3) 3.075(3) 29(5)

8 31.86(2) 2.8065(18) 114(10)
9 32.19(3) 2.778(2) 202(13)
10 32.980(17) 2.7137(13) 143(11)
11 34.171(19) 2.6218(14) 62(7)
12 39.98(3) 2.2533(17) 50(6)
13 42.03(7) 2.148(4) 15(4)
14 43.92(6) 2.060(3) 17(4)
15 46.76(3) 1.9411(11) 76(8)
16 48.19(5) 1.8869(19) 28(5)
17 49.508(17) 1.8396(6) 98(9)
18 50.58(4) 1.8030(12) 39(6)
19 51.43(6) 1.7753(18) 26(5)
20 52.15(4) 1.7525(12) 34(5)
21 53.21(2) 1.7200(7) 57(7)
22 55.92(8) 1.643(2) 15(4)
23 57.15(9) 1.610(2) 12(3)
24 61.65(6) 1.5032(13) 20(4)
25 63.04(7) 1.4734(15) 20(4)
26 64.05(5) 1.4526(9) 39(6)
27 65.19(7) 1.4298(13) 22(4)
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CuK-a: 30kV: 15mA. sintered_microbead

No. 2-theta(deg) d(ang.) Height(cps)
1 10.99(3) 8.04(2) 15(4)

2 12.17(3) 7.266(18) 15(4)

3 13.71(3) 6.453(13) 22(4)

4 14.13(5) 6.26(2) 9(3)

5 17.093(18) 5.183(6) 40(6)

6 20.29(4) 4.373(8) 13(3)

7 21.95(3) 4.047(5) 30(5)

8 22.27(4) 3.989(8) 20(4)

9 22.933(17) 3.875(3) 60(7)
10 24.23(3) 3.670(4) 32(5)
11 25.92(2) 3.435(3) 85(8)
12 26.61(2) 3.347(3) 26(5)
13 27.905(14) 3.1946(16) 176(12)
14 29.75(3) 3.001(3) 63(7)
15 30.87(2) 2.895(2) 138(11)
16 31.097(13) 2.8736(11) 357(17)
17 31.784(17) 2.8131(15) 116(10)
18 32.27(4) 2.772(3) 68(8)
19 32.54(3) 2.749(2) 65(7)
20 32.93(2) 2.7174(19) 80(8)
21 34.461(12) 2.6004(9) 266(15)
22 35.14(4) 2.552(3) 32(5)
23 35.62(4) 2.518(3) 35(5)
24 37.44(3) 2.4001(18) 41(6)
25 37.88(4) 2.373(2) 30(5)
26 39.207(17) 2.2958(10) 11(3)
27 39.85(3) 2.2602(14) 61(7)
28 41.13(4) 2.1927(18) 42(6)
29 41.77(3) 2.1606(16) 49(6)
30 43.63(4) 2.0728(18) 32(5)
31 43.97(3) 2.0577(13) 23(4)
32 44.62(6) 2.029(2) 28(5)
33 45.36(4) 1.9977(18) 32(5)
34 46.89(3) 1.9362(10) 101(9)
35 48.06(4) 1.8915(13) 76(8)
36 48.42(3) 1.8784(10) 62(7)
37 50.53(3) 1.8048(12) 23(4)
38 51.36(11) 1.777(3) 21(4)
39 53.04(3) 1.7251(8) 116(10)
40 53.68(6) 1.7061(17) 32(5)
41 55.077(17) 1.6660(5) 22(4)
42 57.43(9) 1.603(2) 15(4)
43 59.58(2) 1.5505(6) 60(7)
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A.2 Fracture element data from FE simulations in Chapter 2.4.2.4.
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