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Abstract

Understanding, and ultimately, predicting the degradation of bioresorbable composites
made of biodegradable polyesters and calcium-based ceramics is paramount in order to
fully unlock the potential of these materials, which are heavily used in orthopaedic
applications and also being considered for stents.

A modelling framework which characterises the degradation of bioresorbable com-
posites was generated by generalising a computational model previously reported in
literature. The framework uses mathematical expressions to represent the interwoven
phenomena present during degradation. Three ceramic-specific models were then cre-
ated by particularising the framework for three common calcium-based fillers, namely
tricalcium phosphate (TCP), hydroxyapatite (HA) and calcium carbonate (CC). In
these models, the degradation of a bioresorbable composite is described with four
parameters: the non-catalytic and auto-catalytic polymer degradation rates, k1 and k′

2

respectively and the ceramic dissolution rate and exponent, Ad and θ respectively.
A comprehensive data mining exercise was carried out by surveying the existing

literature in order to obtain quantitative degradation data for bioresorbable composites
containing TCP, HA and CC. This resulted in a database with a variety of case studies.
Subsequently, each case study was analysed using the corresponding ceramic-specific
model returning a set of values for the four degradation constants. Both cases with
agreement and disagreement between model prediction and experimental data were
studied. 76 % of the 107 analysed case studies displayed the expected behaviour.

In general terms, the analysis of the harvested data with the models showed that a
wide range of degradation behaviours can be attained using different polymeric matrix -
ceramic filler combinations. Furthermore, the existence of discrepancies in degradation
behaviour between a priori similar bioresorbable composites became apparent, highlight-
ing the high number of hidden factors affecting composite degradation such as polymer
tacticity or ceramic impurities. The analysis of the case studies also highlighted that
the ceramic dissolution rate needed to depict the portrayed degradation behaviours is
significantly higher than that reported for ceramics alone in dissolution studies under
physiological conditions, indicating that studies of the filler elements alone do not



x

provide a complete picture. Lastly, the computational analysis provided insight into
the complex influence of factors such as sample porosity and degradation protocol in
the degradation behaviour.

In addition to the computational analysis of literature data, an experimental
degradation study was carried out with nanocomposites made of calcium carbonate
and poly(D,L-lactide-co-glycolide). This study showed the existence of a clear buffering
effect with the addition of the ceramic filler and confirmed the assumptions employed
in the modelling framework in this particular bioresorbable composite. The detailed
nature and modest size of these data enabled a more precise and thorough analysis
using the CC composites degradation model.

In summary, the modelling framework is able to capture the main degradation
behaviour of bioresorbable composites and also point to factors responsible for dissimilar
behaviours. The degradation maps generated with the values of k1, k′

2, Ad and θ output
by the models appear to be a good tool to summarise, classify and facilitate the analysis
and search of specific bioresorbable composites.
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Chapter 1

Introduction

1.1 Background and motivation
With an ageing population [206] and an increasing rate of sports related injuries [99],
the need for a steady and reliable source of good quality materials for orthopaedic
applications seems paramount. Currently, the three main commercially available
types of orthopaedic implants are: non-degradable implants, biodegradable polymeric
implants and bioresorbable composites or biocomposites, that is composites made of
biodegradable polymers and calcium-based fillers. Figure 1.1 depicts the different types
of interference screws for anterior cruciate ligament (ACL) reconstruction manufactured
by Stryker [204].

a) Titanium  b) PLLA  c) PLLA/HA 

Fig. 1.1. Three commercially available interference screws for anterior cruciate ligament
reconstruction from Stryker [204]: a) made of titanium, b) made of poly(L-lactide)
(PLLA) and c) made of poly(L-lactide) and hydroxyapatite (PLLA/HA).

The analysis of ACL reconstruction interference screws, which can be used as
a representative case of the overall trend in orthopaedic implants, has not shown
unanimous consensus regarding the relative performance of the different types of



2 Introduction

screws. Although most clinical output studies reported a similar performance for both
resorbable and non-resorbable implants [159, 68], other studies reported a slightly
better performance of the titanium implants [58]. Traditionally, the preferred option
by medical consultants has been non-degradable implants [128], probably due to the
complications of degradable implants such as delayed inflammation, sinus formation
and fluid accumulation [7, 8].

Despite the numerous theoretical advantages of the bioresorbable and bioactive
implants when compared with the non-degradable implants, such as the lack of require-
ment for a second surgery to remove the implant, biocompatibility and bone growth
stimulation [101], in practical terms these advantages have not been translated to the
patients. One of the main concerns halting a wider use of biodegradable polymer
implants and biocomposites is related to its, sometimes, unreliable and unpredictable
degradation behaviour. The current approach is to overengineer these implants in
order to avoid early failure. For example, Drogset et al. reported a residual screw
tract in implanted poly(L-lactide) screws that showed no bone ingrowth several years
after surgery [58], pointing to a extremely slow degradation profile and thus, sacrificing
the advantages related to the biodegradability of the material, indicating that such
materials are not ideal for fixation devices [226].

The ideal material candidate should remain sufficiently strong after implantation
in order to bear the applied mechanical loads and ensure a correct fixation. As tissue
heals and is able to support increasing mechanical loads, the implant should degrade
to facilitate the load transfer. After the healing has finished, the implant should
completely degrade and be replaced by the native tissue [234]. Figure 1.2 characterises
this ideal behaviour in terms of both bone and implant properties.
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Fig. 1.2. Idealized relationship between strengths of a biodegradable implant and bone
for an optimum load transfer. Also included the relationship between implant mass
loss, molecular weight and strength. Adapted from [52] and [173].
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Regrettably, the degradation behaviour of biocomposites is not yet well understood,
with a priori similar poly(L-lactide) and hydroxyapatite biocomposites, such as the
ones studied by Verheyen et al. [219] and Shikinami and Okuno [194] showing notable
differences in their degradation behaviour, partially due to the great variety of factors
which play a role in this degradation process, ranging from particle shape [214] to
sample porosity [48] including properties like particle size [245], solubility product of
the filler [11] or molecular ratio of monomers in the polymeric matrix [125], creating a
complex picture through interactions and interwoven responses.

Experimental studies of the degradation behaviour displayed by biocomposites
require a high demand of resources as they can span up to several years with heavily
time-consuming characterisation for each timepoint. This excessive cost combined with
the endless number of possibilities, in terms of polymer-ceramic combinations, suggest
that using a simple trial and error approach to find the biocomposite with an adequate
degradation profile for a given application seems a daunting and colossal task pointing
to the convenience of using, where possible, data already available in literature.

The degradation of biocomposites presents a combination of factors, such as clinical
relevance, complexity, existence of a significant amount of published data and proximity
to polymer degradation, a heavily modelled phenomenon, which makes it an attractive
problem for computational modelling. Surprisingly, there are very few published
modelling efforts dealing with the different aspects of biocomposites. In terms of
degradation, the mathematical model developed by Pan et al. for composites made
of polyesters and tricalcium phosphate [169, 168] showed promised in advancing the
understanding of the mechanisms involved in the degradation of biocomposites, bringing
closer the possibility of having customised biocomposites with a particular degradation
profile for a certain injury with the subsequent advantages for the patients.

1.2 Aims of the thesis
Given the abovementioned necessity of improving the understanding of the mechanisms
governing the degradation of biocomposites in order to unlock their full potential,
improve their reliability and open the possibility of implant customisation, the general
objective of this thesis is to contribute to this furthering of the degradation understand-
ing by means of analysis of available biocomposite degradation data with a customised
computational tool.

The specific aims of this thesis are:
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• Development of a general modelling framework for the degradation of biocompos-
ites made of biodegradable polyesters and calcium-based ceramics based on the
mathematical model proposed by Pan et al. [169, 168]. This modelling frame-
work will employ different expressions to characterise the interwoven mechanisms
present during degradation as a function of time.

• Analysis of the aforementioned general modelling framework with particular focus
on discussing the employed assumptions and subsequent inherent limitations, in
addition to the modelling framework advantages.

• Development and computational implementation of three ceramic-specific models
resulting from the particularisation of the general modelling framework for com-
mon calcium-based ceramics, namely tricalcium phosphate (TCP), hydroxyapatite
(HA) and calcium carbonate (CC).

• Creation of a database of quantitative degradation data for biocomposites with
a polyester matrix and either tricalcium phosphate, hydroxyapatite or calcium
carbonate as a filler containing information pertaining to the polymer, ceramic and
sample characteristics in addition to protocol and measurements of degradation
by surveying and harvesting the available published literature.

• Analysis of the harvested degradation data with the ceramic-specific models,
including the study of case studies showing both compliant and non-compliant
behaviour with the modelling framework predictions to establish the influence on
biocomposite degradation of a series of factors such as ceramic addition, sample
porosity and degradation protocol.

• Production, characterisation and in vitro degradation of nanocomposites made
of poly(D,L-lactide-co-glycolide) and calcium carbonate with several ceramic
particle sizes and ceramic weight fractions to study their effect on composite
degradation behaviour and compare those measured effects to the modelling
framework assumptions.

1.3 Structure of the thesis
This thesis is divided in eight chapters, with this first one serving as an introduction
to the work.
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Chapter 2 contains a brief review of the relevant literature, including a summary of
the biocomposite degradation mechanisms and an overview of the published computa-
tional models concerning the degradation of biocomposites.

Chapter 3 introduces a mathematical modelling framework for the degradation of
bioresorbable composites containing calcium-based fillers. This modelling framework is
based on the computational model proposed by Pan et al. [169, 168] for the degradation
of composites made of polyesters and tricalcium phosphate. In addition to the general
framework, three ceramic-specific models, resulting from the particularisation of this
framework for three common calcium-based fillers, namely tricalcium phosphate (TCP),
hydroxyapatite (HA) and calcium carbonate (CC), are reported.

Chapter 4, 5 and 7 constitute an unit. These three chapters share a similar structure
and contain the analysis of the qualitative degradation data harvested from literature
using the ceramic-specific models introduced in chapter 3. In chapter 4, the analysed
data pertain to bioresorbable composites containing tricalcium phosphate, whereas in
chapter 5, the composites contain hydroxyapatite and in chapter 7, calcium carbonate.

Chapter 6 presents an experimental study of the in vitro degradation of nanocom-
posites made of poly(D,L-lactide-co-glycolide) and calcium carbonate.

Chapter 7, in addition to the abovementioned analysis of the harvested CC compos-
ites degradation data, discusses a detailed analysis of the chapter 6 nanocomposites.

Lastly, chapter 8 summarises the key findings of this work and outlines a series of
suggestions for future work stemming from this thesis.





Chapter 2

Literature review

This chapter briefly discusses relevant literature on the degradation mechanisms of
bioresorbable composites and the computational models developed to characterise them.
As mentioned in the introductory chapter, the harvest and analysis of published exper-
imental degradation data from bioresorbable composites is one of the main objectives
of this thesis. Therefore, a majority of the literature on biocomposite degradation is
presented in the following chapters and to avoid repetition, only introductory literature
is included here.

2.1 Degradation mechanisms of bioresorbable com-
posite

A bioresorbable composite, or biocomposite, can be defined as a composite that “can
be disintegrated, eroded, dissolved, broken down and/or experience chain scission to
produce degradation products that the body can 'resorb', i.e. degradation products that
can be metabolised and enter the general metabolic pathways of the body” [237, 13].
Biocomposites, currently being widely investigated for orthopaedic applications [165],
usually have a biodegradable polymeric matrix and a calcium-based sparingly soluble
ceramic filler.

2.1.1 Biodegradable polymeric matrixes

Biodegradable polymers have been widely researched since 1974, which marked their
first clinical application as sutures [105]. A significant part of that research has focused
on homopolymers and copolymers of α-hydroxy-acids, such as lactic and glycolic acid,
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and most recently again on poly(ε-caprolactone), all of them with approved status for
use in the biomedical field by the FDA [151, 216, 238].

Physico-chemical properties

Poly(lactide) (PLA) and poly(glycolide) (PGA) are the main homopolymers of the
poly(α-hydroxy-acids) and their monomers can be combined to form poly(lactide-co-
glycolide) (PLGA). All of them, in addition to poly(ε-caprolactone) (PCL), present
backbone ester linkages (RCOOR’). The structures of poly(glycolide), poly(lactide)
and poly(ε-caprolactone) repeating units are depicted in figure 2.1.

Poly(glycolide)

O CH2 C
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Poly(lactide)

O C•H

CH3
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O



n

Poly(ε-caprolactone)

O (CH2)5 C

O



n

Fig. 2.1. Structures of poly(lactide), poly(glycolide) and poly(ε-caprolactone). “n”
is the number of repeating units. • indicates the position of the chiral centre in the
poly(lactide) repeating unit.

The presence of a methyl group in the central carbon causes chirality in lactide,
resulting in two stereo-isomeric forms: l-lactide, the natural occurring isomer in humans
[202], and d-lactide. Thus, poly(lactide) (PLA) exists in three forms: poly(L-lactide)
(PLLA), poly(D-lactide) (PDLA) and racemic mixture of D,L-PLA (PDLLA), all of
them with different values of properties such as crystallinity, tensile strength and
degradation rate [222]. The existence of two lactide stereo-isomers and the possibility
of copolymerising several different monomers open the door to attain a wide range of
properties. Table 2.1 highlights this range reporting several physical properties for a
selection of biopolymers, including different homo- and copolymers of poly(lactide).

Degradation mechanisms: molecular level

Poly(α-hydroxy-acids) and poly(ε-caprolactone) degrade by hydrolysis of the backbone
ester bonds (RCOOR’) in an aqueous environment [35], yielding a carboxylic acid
(RCOOH) and an alcohol (R’OH). This reaction can be catalysed by a base or an acid
as seen in figure 2.2.
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Polymer Tm (◦C) Tg (◦C) σ (MPa) tdeg (months)

PLLA 185 60 85 > 24
PDLLA Amorphous 55 40 (12. . . 16)
PGA 226 40 80 (6. . . 12)
P(D,L)LGA(50:50) Amorphous 45 47 (1. . . 2)
P(D,L)LGA(75:25) Amorphous 52 47 (4. . . 5)
PCL 61 -63 30 > 24

Table 2.1. Physical properties of various biodegradable polymers. Tm is the melting
temperature, Tg is the glass transition temperature, σ is the tensile strength and tdeg
is the time to complete resorption. Adapted from [216] and [151].
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Fig. 2.2. General schematic of base (OH-) and acid (H+) catalysed hydrolysis of an
ester yielding a carboxylic acid and an alcohol, from [200].

The resulting carboxylic end groups can experience dissociation, increasing the local
acidity, which in turn catalyses the hydrolysis reaction. This phenomenon, known as
autocatalysis, has been widely observed in poly(α-hydroxy-acids) [135, 176]. For poly(ε-
caprolactone) conflicting information has been published with Pitt et al. reporting
the presence of autocatalysis in PCL hydrolysis [174] and Siparsky et al. reporting its
absence [198].

The chain scissions caused by the hydrolysis can either be random or end-scissions,
i.e. hydrolysis can happen to a random ester bond or to the final bond in the chain.
Shih found that poly(ε-caprolactone) experiences random scission while poly(D,L-
lactide) presents a significantly higher proportion of end-scission, also called unzipping
[193, 192]. Additional research has found both evidences of unzipping in poly(lactide)
[46] and random scission [23] in an acidic medium. Park reported random scission for
poly(lactide-co-glycolide), probably due to a preferential hydrolysis of glycolide units
[171]. Gleadall et al. concluded that a mixture of both random and end scission is
necessary to accommodate both mass loss and molecular weight reduction observed
during degradation of bioresorbable polyesters [81].

Degradation mechanisms: macroscopic level

Polymer hydrolysis is activated by the presence of water and thus, heavily dependent on
water diffusion into the material. Macroscopically, degradation can be either surface or
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bulk, with bulk degradation being either homogeneous or heterogeneous [71]. Surface
degradation occurs when the water entrance is slower than the hydrolysis rate, so
hydrolysis is confined to the device surface. Bulk degradation occurs when water
penetration is greater than the hydrolysis rate, so hydrolysis happens in the whole
device. If the degradation rate is constant throughout the device, it is considered
homogeneous, whereas if the inner part degrades faster than the outer part, it is
considered heterogeneous. Figure 2.3 contains schematic representation of the three
degradation types.

Fig. 2.3. Schematic models of different types of degradation: a) surface degradation, b)
homogeneous bulk degradation and c) heterogeneous bulk degradation, from Farrar
[71].

Considering the water ingress/hydrolysis rate interaction, von Burkersroda et al.
calculated a critical device dimension, Lcritical, which marks the transition from bulk
to surface degradation. Lcritical is approximately 10 cm for poly(α-hydroxy-acids) and
1.3 cm for poly(ε-caprolactone) [224], suggesting that the degradation of medical devices
made of these materials will proceed through bulk degradation.

Li and co-workers have extensively studied the degradation of devices made of sev-
eral poly(α-hydroxy-acids) such as poly(D,L-lactide) [136], poly(D,L-lactic-co-glycolic
acid), poly(L-lactic-co-glycolic acid) [137] and poly(L-lactide) [138], characterising
the mechanism as heterogeneous bulk degradation. Similarly, Hurrell and colleagues
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analysed the degradation of poly(glycolide) [108–110], arriving at the same conclusion.
Huang et al. found that poly(ε-caprolactone) and PCL-based copolymer and blends
experience homogeneous degradation unless D,L-lactide is present [107]. Grizzi et al.
observed that device size has a significant influence in the difference of degradation rates
between the core and the surface with bigger devices experiencing larger dissimilarity
[87].

Heterogeneous bulk degradation, also known as autocatalytic bulk degradation, is
generally divided in four stages. Firstly, water diffuses into the device and polymer
hydrolysis starts. Then, degradation continues throughout the sample but oligomers
and monomers at the surface are able to diffuse out, while those in the centre are
trapped and act as a catalyst, accelerating the reaction, resulting in a highly-degraded
core encapsulated in a less-degraded shell. In a third stage, the shell breaks and
releases the acidic degradation products and lastly, the shell remains also degrade
[136–138, 108–110]. For homogeneous degradation, the sequence of events is similar
but the difference between core and surface is not observed [238].

The factors affecting the degradation of biodegradable polymers, which have been
extensively investigated [5, 140, 146, 69, 35], are numerous and include hydrophilicity,
crystallinity, molecular weight, sample size, processing history, sterilisation method,
porosity and presence of additives, plasticisers and residual monomers among material
factors and pH, ionic concentration, temperature, fluid flow rate and mechanical loading
among environmental factors.

2.1.2 Calcium-base ceramic fillers

The chemical similarity of the mineral component of human bone to hydroxyapatite, a
calcium phosphate, has motivated researchers to investigate calcium-based ceramics
as bone substitutes [54]. Most of the research has focused on calcium phosphates,
particularly hydroxyapatite (HA) and tricalcium phosphate (TCP) [55] with some
studies also investigating calcium carbonate (CC) [42].

Physico-chemical properties

Calcium phosphates, also known as calcium orthophosphates (CaP), are salts of
(ortho)phosphoric acid (H3PO4), while calcium carbonates (CC) are salts of carbonic
acid (H2CO3). CaP contain Ca2+ ions and HPO2−

4 or PO2−
4 ions and CC contain

Ca2+ ions and CO2−
3 ions. Several physico-chemical properties for selected calcium



12 Literature review

phosphates and calcium carbonates are included in table 2.2. The significant variation
in properties such as solubility and density suggests a wide range of behaviours.

Ceramic
Chemical
formula

Ca/P or Ca/C
ratio (mol mol−1)

− log10(Ksp) at
37 ◦C

ρcer

(g cm−3)

HA Ca10(PO4)6(OH)2 1.67 117.2 3.16
α-TCP Ca3(PO4)2 1.5 25.5 2.86
β-TCP Ca3(PO4)2 1.5 29.5 3.07
β-CC CaCO3 1 8.6 2.71
λ-CC CaCO3 1 8.4 2.95
µ-CC CaCO3 1 8.0 2.65

Table 2.2. Physico-chemical properties of various calcium-based ceramic fillers. Ca/P
and Ca/C are the molar ratio of calcium to phosphorus and calcium to carbon,
− log10(Ksp) is negative base 10 logarithm of the solubility product and ρcer is the
ceramic density. Adapted from [56] and [157].

Degradation mechanism: dissolution

Both calcium phosphates and calcium carbonate degrade by dissolution in an aqueous
media [29, 157]. The solubility of these calcium-based ceramics is affected by several
ceramic factors, such as Ca2+:anion ratio, crystal structure, crystallinity, lattice defects,
phase purity, presence of foreign ions, chemical composition and porosity [29, 157]
as well as environmental factors, such as pH, activity of biological macromolecules,
temperature and media ionic strength [55].

The dissolution of these calcium-based ceramics has been widely researched, usually
by fixing most of the abovementioned variables and controlling the remaining, particu-
larly composition, pH and undersaturation. The undersaturation of a sparingly soluble
salt, σ, which changes with the specific experimental conditions, can be expressed using
the ionic activity product IP, and the solubility product, Ksp:

σ = 1 −
(

IP

Ksp

) 1
η

= 1 −


n∏

i=1
Cmi

i

Ksp


1
η

(1) (2.1)

with η, the sum of multiplicities of the n different ions in the ceramic chemical
composition : η =

n∑
i=1

mi and the ionic product activity calculated as
n∏

i=1
Cmi

i with
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Ci, the concentration of dissolved ion i and mi, the multiplicity of the i-th ion in the
ceramic chemical composition.

The dissolution rate measured in these experiments, J , which is a function of the
undersaturation, can be expressed as:

J = Adf(σ) (mol m−2 s−1 or mol s−1) (2.2)

with Ad the dissolution rate constant and a given function depending on the dominant
dissolution mechanism [98, 239]. Generally, the dissolution mechanism is found by
identifying the value of the constant n for the obtained experimental data using an
empirical power law of the undersaturation σ:

J = Adσn (mol m−2 s−1 or mol s−1) (2.3)

with n, the effective reaction order for a given experimental set up and Ad, the
abovementioned dissolution rate constant [98, 168].

Hydroxyapatites: Thomann et al. studied pure hydroxyapatite at constant pH and
high undersaturation in a wide pH range finding dissolution governed by diffusion of
calcium and/or phosphate ions (n = 1.34) [211]. Tang et al. observed a change in
dominant dissolution mechanism for hydroxyapatite from n = 2 at the initial stages to
n = 9 [209] as dissolution progressed. Lastly, Christoffersen et al. noted the presence of
a variety of mechanisms in HA dissolution with dominance of polynuclear dissolution,
giving n values from 2.9 to 4.7 [40]. Carbonated hydroxyapatite with a 3.06 % CO2−

3

showed dissolution controlled by surface diffusion (n = 1.9) at low undersaturation
[207]. Chin and Nancollas observed surface controlled dissolution following spiral
dislocation (n = 2) in fluoroapatite, as opposed to hydroxyapatite, which showed
polynucleation-controlled dissolution (n = 6) [39]. An attempt to build a general
hydroxyapatite dissolution mechanisms model by agglutinating different individual
mechanisms was undertaken by Dorozhkin [53].

Tricalcium phosphate: Bohner et al. studied β-TCP and found diffusion-controlled
dissolution at the initial stages with different pH values (n = 2), and a more complex
situation for latter stages in variable pH, indicating a mix of mechanisms (n = 8.31)
[30]. Tang et al. observed surface-pit (polynucleation) controlled dissolution (n = 5.5)
using commercially available β-TCP over a range of undersaturation using the constant
composition method [210]. Lastly, Ito et al. reported also polynucleation dissolution
(n ≈ 4.9) at acidic pH in zinc-containing β-TCP discs [118]. The dissolution of α-TCP
was studies by Ginebra et al. and was found to be surface-diffusion controlled initially
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and become ion-diffusion controlled through the hydrated layer formed around the
reactants in later stages [76]. Durucan and Brown also observed a surface-diffusion
controlled dissolution for α-TCP [61].

Calcium carbonate: Morse et al. found a mixture of dissolution mechanisms for the
different CaCO3 allotropes, with prevalence of transport controlled mechanisms at low
pH and presence of more complex kinetics at higher pH values [157].

Table 2.3 summarises the main characteristics of the different dissolution mechanisms
including examples of calcium-based ceramics displaying said mechanisms.

Dissolution
mechanism

Kinetic form
Effective
reaction

order
Ceramics and References

Volume (ion)
diffusion

J = Adσ n = 1 HA [211]; α-TCP [76]

Surface diffu-
sion

J = Adσ2 n = 2
HA [209]; Carbonated HA [207];

β-TCP [30]; α-TCP [76, 61]; CC [157]
Spiral dissolu-
tion by surface
diffusion

J = Adσ
1
2 ln(1 − σ)

≈ Adσ2 n ≈ 2 Fluoro-HA [39]

Polynucleation
dissolution
(surface pit)

J = Adσ
2
3
(

− ln(1 − σ)
) 1

6

exp
( A

ln(1 − σ)
) n > 2

HA: n = (2.7 . . . 4.9) [40], n = 6 [39],
n = 9 [209]; β-TCP: n = 4.9 [118],

n = 5.5 [210], n = 8.3 [30]; CC [157]

Table 2.3. A selection of dissolution mechanisms with their corresponding kinetic profiles
and effective reaction orders, n [98, 30, 239] for common calcium-based ceramics.

2.1.3 Degradation behaviour of bioresorbable composites

The degradation behaviour of bioresorbable composites is a complex phenomenon not
yet well understood, with a number of factors, pertaining to the polymeric matrix,
the ceramic filler and the interactions between both, playing a role in the degradation
process. Although biocomposites tend to present a different degradation behaviour
than their pure polymer counterparts, conflicting findings have been reported, such
as experimental studies describing biocomposites with both lower [2, 245] and higher
degradation kinetics [75, 127] than the corresponding pure polymer scaffolds.

Due to the complexity, rather than providing a brief discussion and considering that
one of the principal aims of this thesis is to contribute to the biocomposite degradation
understanding with the analysis of biocomposite degradation data, chapter 4, 5 and



2.2 Computational models concerning the degradation behaviour of bioresorbable
composites 15

7 present a detailed study of the influence on biocomposite degradation of factors
such as ceramic addition, sample porosity and degradation protocol for bioresorbable
composites containing tricalcium phosphate (TCP), hydroxyapatite (HA) and calcium
carbonate (CC), respectively. In addition, chapter 3 presents and discussed the expected
biocomposite degradation behaviour during the analysis of the modelling framework.

2.2 Computational models concerning the degrada-
tion behaviour of bioresorbable composites

Computational models play a key role in modern materials science research as they allow
to deepen the understanding of complex materials behaviours [17]. The degradation
behaviour of biodegradable polymers has garnered significant attention from the
modelling community since the 80’s when the first simple mechanistic models appeared
[174]. Sadly, the degradation behaviour of biocomposites has not sparked the same
interest and there are scarce examples of such models in literature.

Monitoring the molecular weight of the polymeric matrix in biocomposites has
been frequently used as a technique to characterise the degradation of biocomposites
[115, 194]. As a significant number of the biodegradable polymers degradation models
aim to provide a characterisation of the evolution of the molecular weight over time,
these computational models have been included in this review as the employed modelling
approaches could be of interest for the modelling of biocomposite degradation.

2.2.1 Models for biodegradable polymers

Literature provides abundant examples of models for multiple aspects of biodegradable
polymers such as mechanical properties [201, 43, 25], drug delivery [84, 131], bone
tissue formation [153] and degradation behaviour among others. To keep this review as
concise and relevant as possible, only computational models for degradation behaviour
are included. A mathematical description is included solely for mechanistic models
with a deterministic approach as the composite degradation models presented in this
thesis employ said approach.

The development of mathematical models for chain scission in biodegradable
polymers with bulk degradation started in the 80’s with Pitt and co-workers proposing,
in 1981 and 1987, simple mechanistic models for autocatalytic [174] and non-catalytic
[175] hydrolysis using the following expressions for polymer chain scissions rate, Rs
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(mol m−3):
dRs

dt
= k2CeCH2OCCOOH (mol m−3 s−1) (2.4)

and
dRs

dt
= k1CeCH2O (mol m−3 s−1) (2.5)

respectively, with Ce, the concentration of ester bonds (mol m−3); CH2O, the concen-
tration of water (mol m−3); CCOOH, the concentration of carboxylix acid end groups
(mol m−3) and k1 (m3 mol−1 s−1) and k2 (m6 mol−2 s−1), the non-catalytic and autocat-
alytic polymer hydrolysis rate constants respectively.

The autocatalytic model, which considered the concentration of carboxylic end
groups as catalyst, was modified in 1998 by Siparsky et al. and in 2007 by Lyu et al.
to include the concentration of hydrogen ions as catalyst instead of the chain ends
concentration, using the equilibrium dissociation condition for weak acids [198, 145]
giving the following expression:

dRs

dt
= k2CeCH2OCH+

= k2K
0.5
a CeCH2OC0.5

COOH (mol m−3 s−1) (2.6)

with CH+ , the concentration of hydrogen ions (mol m−3); Ka, the equilibrium constant
for the deprotonation reaction of the carboxylic end groups (mol m−3) and k2, Ce,
CH2O and CCOOH, the abovementioned magnitudes. A good summary of these initial
modelling efforts, including analytical solutions and a critical analysis, can be found in
the review written by Farrar [71]. More complex mechanistic models, still employing a
deterministic approach, capable of characterising full molecular weight distribution in
bulk-degrading polymers, were developed by Batycky et al. in 1997 for non-catalytic
hydrolysis including a distinction between end and random scissions [22] and by
Antheunis and co-workers in 2009 for autocatalytic hydrolysis [10, 9].

The last few years have seen numerous modelling contributions employing a deter-
ministic approach, either aiming to generate a model as general as possible, such as
Rothstein et al. with a model combining bulk and surface degradation [187], or trying
to customise the model as much as possible, such as Casalini et al. with a model for the
degradation of poly(lactide-co-glycolide) microspheres, using the approach of Perale
et al. [172], which included autocatalysis and oligomer diffusion within the matrix
with a molecular weight dependent diffusion coefficient [36]. Similarly, Busatto and
co-workers proposed models for both homogeneous and heterogeneous degradation
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of poly(lactide-co-glycolide) microspheres considering the three possible bond types
present in the polymer [33, 34].

A stochastic approach for modelling bulk-degrading polymers was pioneered by
Göpferich in 1997 using a Monte Carlo technique and considering erosion, also referred
as mass loss [85]. In 2002, Siepmann et al. modified the model to include drug release
rate without including autocatalytic hydrolysis or monomer and oligomers diffusion
through the matrix [197]. In 2011, Chen et al. proposed a model with stochastic
hydrolysis and mass transport to simulate both polymeric degradation and erosion
considering autocatalysis [38]. Modelling attempts combining atomistic bulk approaches
with quantum chemical approaches for hydrolytic degradation of aliphatic polymers
have also been investigated by Hofmann et al. [104] and Entrialgo-Castaño et al. [70].

A significant amount of effort over the last few years has been dedicated by the
Mechanics of Materials research group at Leicester University to comprehensively
model the behaviour of biodegradable polymers with bulk degradation. These efforts
are specially relevant because of the strong relationship with the modelling approach
employed in this thesis.

In 2008, Wang et al. proposed a mechanistic model with a deterministic approach
consisting of a set of simplified reaction-diffusion equations considering both auto-
catalytic and non-catalytic hydrolysis and including two adimensional parameters
employed to generate biodegradation maps which indicated the conditions for hav-
ing degradation controlled by autocatalytic hydrolysis, non-catalytic hydrolysis or
oligomer diffusion [232, 229]. The rate of chain scissions and the monomer diffusion
were modelled using, respectively, the following expressions:

dRs

dt
= k1Ce + k2CeC

n
m (mol m−3 s−1) (2.7)

and
dCm

dt
= dRm

dt
+ divxi

[Dgradxi
(Cm)] (mol m−3 s−1) (2.8)

with Ce, the concentration of ester bonds (mol m−3); Cm, the concentration of monomers
(mol m−3); n, the dissociation degree (mol mol−1); Rm, the monomer production rate
(mol m−3 s−1); D, the diffusion coefficient (m2 s−1); and k1 (s−1) and k2 (m3 mol−1 s−1),
the non-catalytic and autocatalytic polymer hydrolysis rate constants respectively.
Han and Pan expanded the model in 2009 by including a characterisation of polymer
crystallisation during degradation [91, 90] and the effect of temperature on degradation
[94, 90]. In 2010, Wang et al. coupled an entropy spring model to the original model to
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obtain the characterisation of the Young’s modulus as a function of polymer degradation
[230, 229].

Han and Pan proposed a major development in 2011, with the addition of the
distinction between random and end scission mechanisms in both autocatalytic and
non-catalytic hydrolysis, changing to a stochastic approach for polymer chain scission
and oligomer production using a kinetic Monte Carlo scheme coupled with a finite
differences approach for the diffusion equation, resulting in the capability to compute
the evolution of the molecular weight distribution over degradation time [92, 90]. In
2012, Gleadall et al. generated a simplified version of the 2009 model to characterise
the hydrolysis-induced crystallisation in biodegradable polymers [78, 83]. A year later,
Han and Pan used a simple version of the model in a commercial finite element package
(COMSOL Multiphysics) to analyse degradation of medical devices with complex
geometries [93]. A detailed and complete description of updated and harmonised
versions of the abovementioned models was published by Pan in book format [168].

Further work by Gleadall and co-workers encompassed a simple ready-to-use simu-
lation tool in Excel to analyse different chain scission scenarios in 2013 [77, 83] and the
modification of the deterministic version of the model in 2014 to include four hydrolysis
mechanisms: non-catalytic random scission, non-catalytic end scission, autocatalytic
random scission, and autocatalytic end scission using the following expressions for
chain scissions rate and diffusion respectively:

dRs

dt
= kr1Ce + ke1Cend + kr2Ce

(
Cacid

1 − Xc

)n

+ ke2Cend

(
Cacid

1 − Xc

)n

(mol m−3 s−1) (2.9)

and
dCa

dt
= dRa

dt
+ divxi

[Dgradxi
(Ca)] (mol m−3 s−1) (2.10)

with Ce, the concentration of ester bonds (mol m−3); Cend, the concentration of chain
ends (mol m−3); Cacid, the concentration of carboxylic end groups (mol m−3); Xc, the
degree of crystallinity (1); the subscript in the transport equation “a” being either “m”
or “ol”, to represent monomer or oligomer diffusion: Rm/ol, the monomer/oligomer
production rate (mol m−3 s−1) and Cm/ol, the concentration of monomers/oligomers
(mol m−3); D, the diffusion coefficient (m2 s−1) and kr1 and ke1 (s−1), the random
and end non-catalytic rates and kr2 and ke2 (m3 mol−1 s−1), the random and end
autocatalytic rates. This new version was employed to analyse the effect of random
scissions, end scissions, autocatalysis, initial molecular weight and residual monomer
on degradation behaviour [81–83]. In 2015, Gleadall and co-workers explored a totally
different approach using an atomic-scale finite element method to analyse the Young’s
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modulus of amorphous polymer structures during degradation [79, 80, 83]. In 2017, a
simple version of the model was adapted to analyse the degradation of bioresorbable
polymeric stents using Abaqus/Standard [196] and lastly in 2018 the same simple
version was coupled with erosion to simulate drug release during degradation [191].

2.2.2 Models for bioresorbable composites

Despite numerous advantages that a thorough understanding of biocomposites in
general, and their degradation behaviour in particular would bring to patients, there
are documented really few modelling attempts for this type of material. The modelling
of mechanical properties in bioresorbable composites has received some attention in
recent years. Ebrahimian-Hosseinabadi et al. employed two simple semi-empirical
models to describe the elastic module of poly(lactide-co-glycolide)–nano-biphasic cal-
cium phosphate composites [63] and Doyle et al. proposed a finite element model to
characterise the elastic properties of poly(ε-caprolactone)–β-TCP scaffolds [57].

To the author’s knowledge, only two significant attempts to model the degradation
of bioresorbable composites have been published: a model for the degradation of
composites made of polyesters and TCP proposed by Pan et al. with equations for both
polymer hydrolysis and ceramic dissolution [169, 168] and a simple mechanistic model
proposed by Kobayashi and Yamaji for poly(L-lactide)–β-TCP composites in which
polymer hydrolysis is water-controlled, and the unique role attributed to the ceramic
filler is the increase in water content within the portions of the matrix surrounding
the particles [127]. Considering numerous studies attributing buffering capacity to
calcium-based ceramics during composite degradation [2, 217, 11], assigning only a
water capture capability to the ceramic phase did not seem a complete characterisation
of the degradation phenomena. The mathematical description of the ceramic role in
composite degradation proposed by Pan et al. seemed more comprehensive, making
said model attractive as a base for a general modelling framework intended to be use
for the analysis of the vast amount of available literature data. A full description of
Pan et al.’s model will be provided in chapter 3.

In summary, this chapter contained a review of the relevant literature on degradation
mechanisms for both biodegradable polymer and calcium-based ceramics. Additionally,
an overview of the different available models for the degradation behaviour of biodegrad-
able polymers was presented and lastly, the two available models for biocomposite
degradation were introduced. Of the two computational models, Pan et al.’s model
[169, 168] presented the best features to become the foundation of the general modelling
framework for the degradation of biocomposites that will be discussed in chapter 3.





Chapter 3

Degradation of bioresorbable
composites: the models

This chapter discusses the development of computational degradation models for
different bioresorbable composite materials. The models were developed in a two-stage
process. Firstly, a general modelling framework was generated and analysed and
secondly, this general framework was particularised for specific ceramic fillers yielding
the degradation models.

The first section, section 3.1, presents the general modelling framework, which
acted as a universal model, and arose from a generalisation of the degradation model
for composites made of biodegradable polyesters and tricalcium phosphates proposed
by Pan et al. [169, 168]. The analysis of this framework is also included in this section.
This analysis highlighted all the components which affect the composite degradation
and how those components are interconnected. This generic framework can be tailored
to mimic the degradation of various composites with different biodegradable polymeric
matrixes and calcium-based materials fillers and thus using this general framework as
a template, degradation models for specific composites may be generated.

After the presentation and discussion of the general framework and its main features
in the first section, the second section, section 3.2, discusses three specific models
for three given composites. These models were derived through the particularisation
of the general modelling framework. The first specific model deals with composites
made of tricalcium phosphate (TCP) [169] whereas the second and third models deal
with hydroxyapatite (HA) and calcium carbonate (CC) composites respectively. For
each one of the three models, two different sets of equations are included. The first
set of equations, composed of dimensional equations, is the customisation of the
general modelling case to the composite of interest. The second set of equations,
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composed of non-dimensional equations, is an nondimensionalisation of the first set
in order to facilitate the computational resolution using numerical techniques. The
numerical methods used are indicated and briefly discussed. For conciseness, a thorough
description only of the first model, the TCP model, is included.

Figure 3.1 reflects the relationships between the general modelling framework and
the specific models discussed in this chapter. Chronologically Pan et al. developed
the first model [169], a model for composites made of biodegradable polyester and
tricalcium phosphate. This thesis describes the subsequent development of the general
framework through abstraction from this TCP model. Once this framework was
established, two new specific models were then produced for two cases of interest:
hydroxyapatite and calcium carbonate.
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CC model 
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Fig. 3.1. Schematic representation of the relationships between the general modelling
framework and the three models for specific ceramic fillers: the tricalcium phosphate
(TCP) model, the hydroxyapatite (HA) model and the calcium carbonate (CC) model.

In order to attain a global and complete picture of the approach employed in the
composite degradation modelling, section 3.3 discusses the construction and characteri-
sation of the representative unit cell used as a representation of the whole composite
sample in the modelling framework and subsequently, in the three ceramic-specific
degradation models.

In the same manner, in order to provide an overview of the constituent elements
of the degradation models, section 3.4 includes a compilation of all these constituent
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elements classified according to two criteria: dependence and type. In terms of
dependence, the constituent elements can be composite, polymer or ceramic dependent.
In terms of type, the constituent elements can be variables, constants or derived
constants.

The fifth and last section of the chapter, section 3.5, includes a description of
the method of use for the specific composite degradation models presented in section
3.2. In order to run the computational simulations and further the insight into
composite degradation, experimental composite degradation data were harvested from
the available literature. The literature search and data extraction methods are presented
and discussed here and lastly, the data analysis process employed with the harvested
literature data in this work is described.

3.1 Degradation modelling framework for biodegrad-
able composites

The modelling framework discussed in this chapter aims to characterise the degradation
behaviour of composites made of biodegradable polymer matrices and calcium-based
ceramic fillers. The framework provides a mathematical description of the different in-
terwoven phenomena that govern the time-dependent composite degradation behaviour
based on the model proposed by Pan et al. for TCP-polyester composites [169, 168].

A first step towards the construction of the modelling framework was the identifica-
tion of both the principal elements in the system to be modelled and the interactions
between those elements. In the studied system, biodegradable composites, there are
two main elements. Figure 3.2 contains a schematic representation of these elements
and their interactions.

Polymeric 
matrix 

 

Polymer degradation 
 
 
 

Ceramic 
particle 

 

Ceramic dissolution 
 
 
 

Ceramic 
anions 

Ca2+ 
cations 

Degradation 
products 

Interactions 

Fig. 3.2. Schematic representation of the relationships between the two main elements
and its processes involved in composite degradation.

The first element, the polymeric matrix, experiences degradation by polymer
backbone scission. The second element, the calcium-based ceramic filler, experiences
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dissolution resulting in the release of its constituent ions, including Ca2+. Some of the
released ions may react with the by-products of the polymer degradation giving rise to
a complex interwoven evolution of both polymer degradation and ceramic dissolution.

In order to provide a realistic characterisation of the degradation process, accurate
ways of modelling both elements, and their time-dependent processes, in addition
to the interactions between both were needed. The framework modelled the whole
physical composite sample using a representative unit cell. This unit cell consists of a
representative calcium-based ceramic particle surrounded by polymer phase. Figure
3.3 shows an example of a representative unit cell for a composite made of spherical
ceramic particles. The unit cell volume, Vunit (m3), results from the addition of the
polymer and initial ceramic volumes, Vpol (m3) and Vcer0 (m3) respectively. All these
volumes are calculated using different parameters of the constituent matrix and filler
materials. A detailed description of the unit cell with the necessary mathematical
characterisation is discussed later in section 3.3.
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Polymer matrix, Vpol = 4.05× 10−14 m3

Fig. 3.3. Example of a representative unit cell used in the modelling framework to
characterise the whole composite. Vpol and Vcer0 are the polymer and initial ceramic
volumes respectively, and both add to Vunit, the volume of the unit cell. The unit cell
depicted in this figure corresponds to a poly(L-lactide)–20%wtβ-tricalcium phosphate
composite. The ceramic particles have spherical shape and an average particle size
(diameter) of 20 µm.

In these biodegradable composites, the matrix is usually made of a biodegradable
polyester, a specific type of biodegradable polymer. Polyesters are polymers with
linear long chains which include a R-COOH group in their repeating unit. Figure 3.4a
depicts a poly(L-lactic acid) (PLLA) molecule, whose repeating unit has the molecular
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formula C3H4O2, as an illustrative example of biodegradable polyesters. Green dots
are used to signal the ester bond in each repeating unit. PLLA is a commonly used
polymer in bioresorbable composites which belongs to the poly-α-hydroxy-acids family.
In the presence of water, polyester chains degrade by ester bond hydrolysis. Figure
3.4b shows the structure of the initial PLLA molecule (fig. 3.4a) after the scission of
its second ester bond resulting in two shorter PLLA chains. The incorporated water
molecule is highlighted in orange. The scission rate of the ester bonds can be used as a
polymer degradation characterising parameter.

Polyester molecules can also experience dissociation of the hydrogen ion in the
carboxylic end group as shown in figure 3.4c. The hydrogen ions released from the ester
bonds are highlighted in magenta. The acidic environment created by the released
hydrogen ions affects the polymer degradation rate, causing an increase in its magnitude,
i.e. the by-products of the polymer degradation speed up further degradation. The
acid dissociation of the carboxylic end groups can be represented by an equilibrium
expression at physiological temperature as:

R-COOH 37 ◦C−−−⇀↽−−−
Ka

R-COO− + H+ (3.1)

where Ka is the acid dissociation constant for the chosen polymer at 37 ◦C (mol m3)∗.
The effect of the released hydrogen ions due to the acid dissociation of the car-

boxylic end groups points to the necessity of including two different contributions in
the mathematical characterisation of the polymer backbone scission rate. The first
component needs to reflect the non-catalytic degradation and should depend only on
the number of ester bonds present in the polymer phase at a given time. The second
component needs to reflect the autocatalytic degradation and should also depend on
the quantity of hydrogen ions at a given time.

Considering these two contributions, the polymer degradation can take the following
expression, previously used by Wang et al. [232, 229] and Pan et al. [169, 168]:

dRs

dt
= k1Ce + k′

2CeCH+ (mol m−3 s−1) (3.2)

where Rs is the concentration of chain scissions (mol m−3); k1, the non-catalytic degrada-
tion rate constant (s−1); k′

2, the autocatalytic degradation rate constant (m3 mol−1 s−1);
Ce, the concentration of ester bonds (mol m−3) and CH+ , the concentration of hydrogen
∗ In this work, acid dissociation constants are always expressed in terms of concentrations instead of
in terms of activity and therefore Ka has concentration units [178], usually reported as mol/L which
can be easily converted to mol m−3.
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Carbon 

Oxygen 

Hydrogen 

(a) 3D representation of a poly(L-lactic acid) molecule
with ester bonds marked with green dots. C atoms de-
picted in grey, O atoms in red and H atoms in white.

(b) 3D representation of poly(L-lactic acid) molecules
resulting from the cleavage of a longer chain. The atoms
of the H2O molecule consumed in the bond hydrolysis
are highlighted in orange.

(c) 3D representation of poly(L-lactic acid) molecules
after acid dissociation of the ester bond hydrogens. The
released hydrogen atoms are highlighted in magenta.

Fig. 3.4. Illustration of a polyester molecule undergoing degradation by ester bond
hydrolysis. 3D representation of the molecules created with MolView [26].

ions (mol m−3), with all the concentrations defined per unit of polymer phase volume,
rather than per unit of composite volume. This mathematical expression of the polymer
degradation does not include the concentration of water molecules, CH2O (mol m−3),
as polymer degradation is assumed to be independent of the water content with an
excess of water in the polymer phase.
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The dissociation of the carboxylic end groups, which results in an increase of
hydrogen ions, can be represented as:

Ka = [H+][R-COO−]
[R-COOH] (mol m−3) (3.3)

where Ka is the polymer dissociation constant at a given temperature (mol m−3);
[R-COO−], the concentration of dissociated chains (mol m−3) and [R-COOH], the
concentration of non-dissociated chains (mol m−3) with all the concentrations defined
per unit of polymer phase volume.

The quantity of chains per unit of volume at a given point in time can be charac-
terised as:

Cchain = Cchain0 + Rs = [R-COOH] + [R-COO−] (mol m−3) (3.4)

where Cchain is the concentration of polymer chains at a given time (mol m−3); Cchain0,
the polymer chains concentration at the time origin (mol m−3) and Rs, the concentration
of chain scissions at a given time (mol m−3) with the concentrations also defined per
unit of polymer phase volume.

Lastly, the number-average molecular weight of the polymer phase, Mn (Da), can
be expressed as the ratio between the concentration of total molar mass in the polymer
phase and the concentration of polymer chains at a given time:

Mn = Ce0Munit

Cchain0 + Rs

(Da) (3.5)

with Ce0, the initial concentration of ester bonds (mol m−3); Munit, the molar mass
associated to one ester bond (Da); Cchain0, the concentration of polymer chains at
the time origin (mol m−3)and Rs, the concentration of chain scissions at a given time
(mol m−3), with the concentration defined per unit volume of polymer.

As noted by Pan, experimentally measured Mn values tend to exclude the short
chains as they are too small to be detected using techniques such as gel permeation
chromatography (GPC) [168]. Considering this, the number-average molecular weight
of the polymer phase, Mn (Da), can be characterised, when short chains are excluded,
as the ratio between the concentration of total molar mass in the polymer phase
associated to long chains and the concentration of long polymer chains at a given time:

Mn = (Ce0 − Rol)Munit

Cchain0 + Rs − Rol

m

(Da) (3.6)
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with Ce0, the initial concentration of ester bonds in long chains (mol m−3); Rol, the
concentration of ester bonds in short chains at a given time (mol m−3); Munit, the molar
mass associated to one ester bond (Da); Cchain0, the concentration of long polymer
chains at the time origin (mol m−3); Rs, the concentration of chain scissions at a given
time (mol m−3) and m, the average degree of pseudo-polymerisation of the short chains
(1) with all the concentration per unit of volume of the polymer phase. The relationship
between the concentration of chain scissions, Rs, and the concentration of ester bonds
in short chains, Rol, is determined by the polymer scission type such as random, end
or a mixture of both.

Equations 3.2, 3.3, 3.4 and 3.6 fully describe the general behaviour of the biodegrad-
able polymers commonly used in composites and were employed in the modelling
framework to mathematically describe the polymeric matrix during composite degrada-
tion. Equation 3.2 characterises the polymer degradation behaviour taking into account
both its non-catalytic and autocatalytic components. A specific polymer is completely
characterised with only two parameters: the appropriate values of non-catalytic and
autocatalytic degradation rate constants, k1 (s−1) and k′

2 (m3 mol−1 s−1).
The calcium-based ceramic fillers used in these composites are, usually, sparingly

soluble ceramics. This type of ceramic is characterised by a sustained, albeit slow,
dissolution in an aqueous media. In this framework, the ceramic dissolution is modelled
by means of the degree of undersaturation, σ (1)∗, with the following expression,
previously used by Wang and Nancollas [228, 227] and Tang et al. [208, 209]:

σ = 1 −
(

IP

Ksp

) 1
η

= 1 −


n∏

i=1
Cmi

i

Ksp


1
η

(1) (3.7)

where IP is the ionic activity product (molη m−3η); Ksp, the solubility product of the
calcium-based ceramic filler (molη m−3η)† and η, the sum of multiplicities of the n

different ions in the ceramic chemical composition : η =
n∑

i=1
mi (mol mol−1). The ionic

product activity is calculated as
n∏

i=1
Cmi

i with Ci, the concentration of dissolved ion i
(mol m−3) and mi, the multiplicity of the i-th ion in the ceramic chemical composition
(mol mol−1).

The undersaturation represents the deviation of the actual quantity of dissolution
products from the equilibrium quantity of dissolved ions at a given time and is a
∗ In this work, dimensionless units are expressed with the symbol “1” and usually displayed between
parentheses: (1). † The definition and mathematical expression of the solubility product Ksp is
given in Appendix A.2.
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measure of the driving force for continuous dissolution. The ceramic dissolution rate
J , defined as the number of molecules dissolved from the particle per unit area of the
ceramic surface per unit time, can be represented by a power law approximation of the
undersaturation:

J = Adσθ = Ad

1 −
(

IP

Ksp

) 1
η

θ

(mol m−2 s−1) (3.8)

where J is the dissolution rate (mol m−2 s−1); σ, the aforementioned undersaturation
(1); Ad (mol m−2 s−1) and θ (1) the rate and coefficient of the power law respectively.
This power law approximation can represent a variety of dissolution mechanisms
commonly observed in these materials [168, 98].

The variation in concentration of dissolved ceramic molecules in the polymer phase,
Ccer (mol m−3), with respect to time can be derived from the ceramic filler dissolution
rate, J (mol m−2 s−1), using Scer (m2) and Vpol (m3), the ceramic particle surface area
and the polymer phase volume in the representative unit cell respectively:

dCcer

dt
= 1

Vpol
ScerJ (mol m−3 s−1) (3.9)

A more convenient notation can be achieved using the total area of interface per
unit of volume in the composite acer (m2 m−3), acer = Scer/Vunit, and the ratio between
the polymer phase and unit cell volumes expressed as function of the initial ceramic
volume fraction, fcer0 (m3 m−3): Vpol/Vunit = (Vunit − Vcer0)/Vunit = 1 − Vcer0/Vunit = 1 − fcer0.

dCcer

dt
= 1

Vpol
ScerJ = Vunit

Vpol
acerJ = acer

1 − fcer0
Adσθ (mol m−3 s−1) (3.10)

where σ is the aforementioned undersaturation (1); Ad (mol m−2 s−1) and θ (1) the
rate and coefficient of the power dissolution law respectively.

The variation in calcium ions concentration in the polymer phase, [Ca2+] (mol m−3),
with respect to time is directly proportional to the variation in concentration of dissolved
ceramic molecules; with ICa

cer (mol mol−1), the number of calcium ions per molecule of
the calcium-based ceramic filler, as the proportionality constant:

d[Ca2+]
dt

= ICa
cer

dCcer

dt
= ICa

cer
acer

1 − fcer0
Adσθ (mol m−3 s−1) (3.11)

with acer the total area of interface per unit of volume in the composite (m2 m−3); fcer0,
the initial ceramic volume fraction (m3 m−3); σ, the aforementioned undersaturation
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(1); Ad (mol m−2 s−1) and θ (1) the rate and coefficient of the power dissolution law
respectively.

The reduction rate of the ceramic volume in the unit cell can be expressed as a
function of the released ceramic molecules and the volume of those ceramic molecules:

dVcer

dt
= −ScerJΩcer = −Ωcer

ICa
cer

Vpol
d[Ca2+]

dt
(m3 s−1) (3.12)

where Scer is the surface area of the representative ceramic particle (m2); J , the ceramic
dissolution rate (mol m−2 s−1); Ωcer, the ceramic molar volume (m3 mol−1); ICa

cer, the
number of calcium ions per molecule of the calcium-based ceramic filler (mol mol−1);

Vpol, the volume of the polymer phase in the representative unit and d[Ca2+]
dt

the
variation of concentration of calcium ions with respect to time (mol m−3 s−1).

As the ceramic dissolution is a surface mediated phenomenon, it is of interest to
characterise the evolution of the total area of interface between the ceramic and the
polymer per unit of composite volume with respect to time. This rate can be easily
calculated using the definition of acer (acer = Scer/Vunit) (m2 m−3), the calculus chain
rule, equation 3.12 and expressing Vpol/Vunit as 1 − fcer0:

dacer

dt
= dScer

dt

1
Vunit

= dScer

dVcer

dVcer

dt

1
Vunit

= −dScer

dVcer

Ωcer

ICa
cer

Vpol

Vunit

d[Ca2+]
dt

= −kgeom
Ωcer

ICa
cer

(1 − fcer0)
d[Ca2+]

dt
(mol m−3 s−1) (3.13)

where kgeom is a geometry dependent constant (m−1); Ωcer, the ceramic molar volume
(m3 mol−1); ICa

cer , the number of calcium ions per molecule of the calcium-based ceramic

filler (mol mol−1); fcer0, the initial ceramic volume fraction (m3 m−3) and d[Ca2+]
dt

, the
variation of concentration of calcium ions with respect to time (mol m−3 s−1).

The reduction of acer with respect to time depends on the geometry of the particle
through the constant kgeom, which captures how the particle surface area varies with
its volume: kgeom = dScer

dVcer
(m−1).

Equations 3.11 and 3.13 characterise completely the ceramic behaviour and for
a given ceramic just two parameters are needed to attain this characterisation: Ad

(mol m−2 s−1) and θ (1), respectively the rate and exponent of the power dissolution
law.
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After characterising the polymer degradation and ceramic dissolution, the frame-
work needed to model the different interactions between both elements. In the next
paragraphs these interactions are explored and mathematically characterised.

As previously mentioned, the dissolution process of the calcium-based ceramic
results in the release of negatively charged ions, as well as Ca2+ ions. These anions will
vary depending on the specific ceramic employed in the composite. As an illustrative
example, the use of tricalcium phosphate (Ca3PO4) causes the release of both phosphate
(PO3−

4 ) and calcium (Ca2+) ions whereas the use of calcium carbonate (CaCO3) causes
the release of both carbonate (CO2−

3 ) and calcium (Ca2+) ions instead.
The released anions are available to react with the hydrogen ions, a by-product

of the polymeric matrix degradation, to produce different compounds following the
inverse acid deprotonation route. In a general case, the ceramic releases from one to
several types of negatively charged ions, Bn-. These Bn- ions undergo recombination
with hydrogen ions as follows:

Bn− + H+ 37 ◦C−−−⇀↽−−−
Kn

HB(n-1)− (3.14a)

· · · (3.14b)

Hn-1B− + H+ 37 ◦C−−−⇀↽−−−
K1

HnB (3.14c)

with K1, . . . , Kn being the first, . . . , n-th deprotonation constants of the polyprotic
acid composed of B ions.

The recombination of hydrogen ions with Bn- ions causes a decrease of local
environmental acidity, provoking a reduction of the autocatalytic component of the
polymer degradation. This buffering effect was incorporated into the mathematical
framework using the equilibrium constants of all the involved deprotonation reactions,
K1, . . . , Kn expressed as ion concentrations (mol m−3). As previously mentioned, these
reactions change depending on the chosen ceramic filler. The final number of reactions
for a given ion will be equal to the negative charge (n-) of the released anion Bn-.

Kn = [H+][Bn−]
[HB(n−1)−] (mol m−3) (3.15a)

· · · (3.15b)

K1 = [H+][Hn−1B
−]

[HnB] (mol m−3) (3.15c)
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When the calcium-based ceramic contains more than one anion, the individual
buffering effect of each anion needs to be incorporated using the method described in
the set of equations 3.15, resulting in as many set of equations as different released
ceramic anions.

In order to complete the framework, the mass conservation equations needed to be
included. Assuming stoichiometric ceramic dissolution, the ratio between the amount,
in concentration units, of anions (either in its uncombined state, [Bn−] (mol m−3), or
recombined as any of the elements present in the polyprotic acid deprotonation route,
[HB(n−1)−] (mol m−3), · · ·, [HnB] (mol m−3)) and the amount of Ca2+ cations, also
in concentration units (mol m−3), should be equal to the ratio of the two ions in the
ceramic chemical composition. This equality can be expressed mathematically as:

IB
cer

ICa
cer

[Ca2+] = [Bn−] + [HB(n−1)−] +· · · + [HnB] (mol m−3) (3.16)

with IB
cer, the number of B ions per molecule of calcium-based ceramic filler (mol mol−1)

and ICa
cer, the number of calcium ions per molecule of calcium-based ceramic filler

(mol mol−1). Similarly to the set of equations 3.15, the modelling framework needs to
incorporate as many equations 3.16 as different types of released ceramic anions.

The last equation of the framework was given by the conservation of hydrogen ions.
Assuming negligible hydrogen ion diffusion from the outer layer of the composite, the
initial hydrogen ion quantity, in concentration units, plus the amount produced by
the polymer degradation, also in concentration units, should equal the total amount
of hydrogen ions, either in its free state, [H+] (mol m−3), or in its recombined states
[HB(n−1)−] (mol m−3), · · ·, [HnB] (mol m−3)). As each chain that releases a hydrogen
ion becomes dissociated the equality can be expressed as:

[H+] + [HB(n−1)−] +· · · + n[HnB] = [R-COO−] + ∆CH+
0

(mol m−3) (3.17)

with [R-COO−] the concentration of dissociated chains (mol m−3) and ∆CH+
0

the initial
hydrogen ions concentration not resulting from carboxylic end groups dissociation
(mol m−3). In a similar fashion to equations 3.15 and 3.16, if the ceramic releases more
than one anion, all of them need to be consider in the mathematical expression of the
hydrogen mass conservation.

In summary, the general modelling framework encompassed a series of equations
which reflect the matrix and filler behaviours and their interactions during degradation
using the mechanisms outlined by Pan et al. for TCP-polyester composites [169, 168].
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Figure 3.5 depicts a schematic representation of these master equations grouped
according to two different criteria.
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Fig. 3.5. Schematic representation of the master equations included in the general
modelling framework grouped according to their physical meaning and mathematical
characteristics.

Each green block corresponds to one of the nine master equations which form the
general modelling framework. The first classification is given by the blue blocks or
rows. Equations enclosed in the same blue block or row characterise the same physical
reality, which is explicitly mentioned above the equations.

A second classification, corresponding to the mathematical characteristics of the
master equations is given by the red blocks or columns. This classification criteria is
relevant when attempting to solve the system of equations (section 3.2 outlines and
discusses the particularities of finding a numerical solution for each specific model).
The left column includes the three time-dependent differential equations: the polymer
scission equation, the calcium ions concentration equation and the particle dissolution
equation. The second column includes the non-time-dependent (non-differential)
equations: equilibrium constants equations that model all the buffering reactions and
matter conservation equations for both the calcium and hydrogen ions.

This general modelling framework gave rise to different specific models when
particularised for different calcium-based ceramics. As previously mentioned, the
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specific anions released by each filler determine the particular form of the equations
used to characterise the matrix-filler interactions, included in figure 3.5 bottom right
blue box.

The particularisation of the general modelling framework for three different calcium-
based ceramics, namely tricalcium phosphate, hydroxyapatite and calcium carbonate
is presented and described in section 3.2 but before introducing the ceramic-specific
models, an analysis of the modelling framework is presented.

3.1.1 Analysis of the modelling framework

The analysis of the modelling framework is divided into two different parts. Firstly,
the main assumptions employed, either explicitly or implicitly, in the mathematical
characterisation of both polymer matrix and ceramic filler during the generation of the
modelling framework are discussed. In addition, the associated limitations stemming
from these assumptions, are also considered. Secondly, a list of advantages resulting
from the use of the modelling framework is also presented.

The main assumptions made in the characterisation of the polymeric matrix em-
ployed in the general modelling are:

• Polymer scission with water excess: the polymer scission rate was modelled using
equation 3.2

(
dRs/dt = k1Ce + k′

2CeCH+

)
. The water concentration is deemed to

be high enough to ensure water is not a limiting factor in polymer scission as
conveyed by the absence of the concentration of water molecules, CH2O (mol m−3),
in this equation.

• Given polymer scission type: the equation used to calculate the number-average
molecular weight excludes short chains and considers only the long ones. The
relationship between the concentration of short chains and the concentration of
polymer scissions is determined by the type of polymer scission. For example, in
a polymeric matrix with preferential end scission, also known as unzipping, all
the scissions will produce short chains while in a polymeric matrix with random
scission only a few of them will produce short chains. For practicality, in this
work the polymer scission type was fixed as a mixture of random and preferential
end scission, which might not be valid for all the polymeric matrixes.

• Absence of crystallinity in the polymer phase: none of the polymer related
equations of the modelling framework considers the presence of crystalline phase.
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This assumption does not pose any shortcomings in the characterisation of amor-
phous polymers such as most poly(lactide-co-glycolide) and poly(D,L-lactide)
matrixes or polymeric matrixes with low degree of crystallinity such as certain
poly(L-lactide) copolymers. Conversely, this assumption could lead to mischarac-
terisations of semi-crystalline polymeric matrixes with an initial high degree of
crystallisation or matrixes experiencing a significant amount of crystallisation
during polymer degradation.

• Negligible diffusion of polymer degradation products: monomers, oligomers and
hydrogen ions resulting from polymer chain scissions and acid dissociation of
ester hydrogen atoms during the polymeric matrix degradation are assumed
to remain inside the composite sample, as exemplified by equation 3.17 in the
modelling framework, which models the mass conservation of hydrogen ions and
considers only two possible fates for a given hydrogen ion: either the hydrogen
ion remains as a free hydrogen ion or recombines with one of the released ceramic
anions. The existence of exclusively these two possibilities rules out the diffusion
of hydrogen ions from inside the composite towards the surrounding environment.
This assumption could lead to underestimations of the autocatalytic polymer
degradation rate k′

2 as biodegradable polymers often experience diffusion of the
polymer degradation products towards the surrounding environment, at least
in the outer layer of the sample, as reported by Grizzi et al. [87] lowering the
concentration of hydrogen ions available to catalyse the hydrolytic polymer chain
scissions.

• No significant swelling: the unit cell volume, Vunit (m3), and the polymer and
initial ceramic volumes, Vpol (m3) and Vcer0 (m3) are calculated prior to the start
of degradation using materials properties for non-swollen matrixes and fillers as
discussed later in section 3.3. As these volumes are not changed during composite
degradation, the representation is valid only if there is no significant swelling.

Similarly, the main assumptions made in the characterisation of the ceramic filler
employed in the general modelling framework are:

• Adequate representative ceramic particle size: the contribution of the ceramic
phase was characterised in the modelling framework employing a unique repre-
sentative particle size. In most cases, composites contain fillers with a broad
particle size distribution and the representative particle size was computed as
a Sauter mean diameter using the available information as described in section
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3.5.2 as part of the data extraction methods. The validity of this representation
is determined by both the quantity and quality of the available particle size
information. A representative particle size of a poorly characterised ceramic filler
could result in a misrepresentation of the composite sample.

• Composite spatial homogeneity: the use of a representative unit cell consisting
of one ceramic particle with the representative particle size surrounded by a
determined quantity of polymer phase, as described in section 3.3, produces
average values, representing the whole composite sample, as output of the com-
putational simulations. These simulated results are representative of the reality
only when the composite sample is fully represented by the unit cell and that
requires certain homogeneity in the composite, i.e. that the spatial distribution of
ceramic particles is even throughout the polymeric matrix and that each particle
is fully surrounded by polymer phase. For composites with a strong deviation
from this assumption, e.g composites with agglomeration of the ceramic particles,
the use of this modelling framework does not pose an accurate representation.

• Sufficient diffusion of dissolved ceramic ions: the ceramic anions and calcium
cations released during the ceramic filler dissolution are assumed to diffuse fast
enough to result in an uniform concentration throughout the whole unit cell,
i.e. the distance between the ceramic particle surface and the confines of the
representative unit cell is of the same magnitude or smaller than the distance
that the dissolved ceramic ions can diffuse in the analysed time step. In cases
deviating from this assumption, the use of this modelling framework could lead
to underestimations of the ceramic dissolution rate Ad.

A non-exhaustive list of advantages of the framework includes:

• Versatility: the mathematical expressions used in the modelling framework to
characterise the different elements involved in composite degradation hold for a
variety of materials. The polymeric degradation expression is widely accepted as
an accurate way of characterising several members of the poly-α-hydroxy-acids
family [232, 169, 168]. The ceramic dissolution law has been widely used to
characterise calcium-based materials [208, 209, 227]. These factors make the
modelling framework suitable for the analysis of a wide range of composites with
different polymeric matrix and ceramic filler combinations.

• Low computational cost: the use of a representative unit cell to characterise a
whole composite significantly reduces the computational cost of the simulations.
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This characteristic allows the data analysis to be carried out in a reasonable
time-scale. A single simulation of any of the specific models presented in the next
section (section 3.2) took on average from 180 to 300 seconds in a commercially
available laptop (2012 MacBook Pro with processor Intel Core i7 at 2.9 GHz and
8 GB at 1600 MHz DDR3 SDRAM).

• Modularity and simplicity: the relative simplicity of the modular approach
employed in this modelling framework, dividing the characterisation of composite
degradation in three different independent blocks, allows the introduction of
modifications and improvements with ease.

Having now presented the analysis of the main assumptions and advantages of
the general modelling framework, the next section discusses the specific degradation
models obtained with the particularisation of the general framework for tricalcium
phosphate, hydroxyapatite and calcium carbonate.

3.2 Degradation models for bioresorbable compos-
ites with common calcium-based materials as
filler

In this section, complete models with all the constituent equations for several common
calcium-based materials are presented. As previously mentioned, only the numerical
solution of the tricalcium phosphate (TCP) model is thoroughly described. Brief
remarks about the singularities of the numerical solutions of the hydroxyapatite (HA)
and calcium carbonate (CC) models are included.

3.2.1 Tricalcium phosphate (TCP) composites degradation
model

This degradation model for composites made of biodegradable polymer and tricalcium
phosphate (Ca3(PO4)2) spherical particles results from the particularisation of the
general modelling framework employing TCP as ceramic filler. Although the modelling
framework was based on the TCP model proposed by Pan et al. [169, 168], the version
discussed here presents some minor differences with the original, which are summarised
before the discussion of the numerical solution.
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The TCP composites degradation model is given as a set of eleven governing
equations, which expresses the relationships amongst eleven variables. For clarity, the
same nomenclature adopted by Pan et al. [168], is employed here. The eleven variables,
named x1, x2, . . . , and x11 represent eleven magnitudes of interest to understand the
composite degradation phenomena. These magnitudes are:

• x1 = Rs, concentration of polymer chain scissions (mol m−3).

• x2 = [H+] = CH+ , concentration of hydrogen ions (mol m−3).

• x3 = [Ca2+], concentration of calcium ions (mol m−3).

• x4 = [PO3−
4 ], concentration of phosphate ions (mol m−3).

• x5 = [R-COOH], concentration of non-dissociated carboxylic end group chains
(mol m−3).

• x6 = [R-COO−], concentration of dissociated carboxylic end group chains
(mol m−3).

• x7 = [HPO2−
4 ], concentration of hydrogen phosphate ions (mol m−3).

• x8 = [H2PO−
4 ], concentration of dihydrogen phosphate ions (mol m−3).

• x9 = [H3PO4], concentration of phosphoric acid (mol m−3).

• x10 = aTCP, total area of interface between the ceramic and polymer phases per
unit of composite volume, i.e. concentration of interfacial area in the composite
(m2 m−3). aTCP = Scer

Vunit
; with Scer, the ceramic representative particle surface area

(m2) and Vunit, the unit cell volume (m3).

• x11 = Mn, number-average molecular weight of the polymer phase (Da).

It is worth noting that all the concentrations, except the interface area, are defined
in the polymer phase, i.e. per unit of volume of the polymer phase, not per unit of
volume of composite.

The eleven constituent equations of the TCP degradation model are listed below in
their dimensional form. As mentioned, the equations stem from the particularisation
of the general modelling framework (see section 3.1) for tricalcium phosphate. The
nomenclature employed in the modelling framework section was selected to highlight
the physical meaning of the composite model equations, whereas the nomenclature used
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in this section was selected to highlight the mathematical aspects and distinguish clearly
between variables or unknown model outputs and constant parameters or known model
inputs. To facilitate the transition from the general modelling framework nomenclature
to this chapter nomenclature, the equations are included in both.

The equations are presented, as mentioned in the modelling framework description,
divided into two different groups according to their time-dependence. The first group
of equations includes the three differential equations which show the time-dependence
of Rs/x1, [Ca2+]/x3 and aTCP/x10.

The first differential equation of the TCP model characterises the variation of
polymer chain scissions concentration in the polymer phase, Rs/x1 (mol m−3), over
time. Framework equation 3.2 particularised for a given type of polymer scission
excluding short polymer chains is used to describe the Rs/x1 rate:

dRs

dt
= Ce0

[
1 − α

(
Rs

Ce0

)β]
(k1 + k′

2CH+)(mol m−3 s−1) (3.18a)

dx1

dt
= Ce0

[
1 − α

(
x1

Ce0

)β]
(k1 + k′

2x2) (mol m−3 s−1) (3.18b)

with Ce0, the initial concentration of ester bonds in long chains in the polymer phase
(mol m−3); α (1) and β (1), the empirical parameters used to characterise the polymer
scission type and subsequent production of short chains by chain scission; k1 (s−1)
and k′

2 (m3 mol−1 s−1), the non-catalytic and autocatalytic polymer hydrolysis rate
constants respectively and CH+/x2, the concentration of hydrogen ions in the polymer
phase (mol m−3).

The second differential equation characterises the evolution over time of the calcium
ions concentration in the polymer phase, [Ca2+]/x3 (mol m−3) as a function of the
concentration of interfacial area in the composite volume, aTCP/x10 (m2 m−3) and the
undersaturation, σ (1). This equation results from the particularisation of framework
equation 3.11 for TCP (Ca3(PO4)2), where the number of calcium ions per TCP
molecule is ICa

cer = 3 (mol mol−1), the ionic product is IP = [Ca2+]3[PO3−
4 ]2 (mol5 m−15)

or IP = x3
3x

2
4 (mol5 m−15) and the total number of ions in a TCP molecule is η = 5

(mol mol−1):

d[Ca2+]
dt

= 3 aTCP

1 − fTCP0
Ad

1 −
(

[Ca2+]3[PO3−
4 ]2

Ksp

) 1
5
θ

(mol m−3 s−1) (3.19a)
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dx3

dt
= 3 x10

1 − fTCP0
Ad

1 −
(

x3
3x

2
4

Ksp

) 1
5
θ

(mol m−3 s−1) (3.19b)

with fTCP0, the initial volume fraction of TCP in the composite (m3 m−3); Ksp, the TCP
solubility product at 37 ◦C (mol5 m−15) and Ad and θ, the rate constant (mol m−2 s−1)
and exponent (1) of the TCP dissolution power law.

The third differential equation describes the change of the concentration of interfacial
area in the composite volume, aTCP/x10 (m2 m−3), with respect to time as a function of

the calcium ions concentration rate d[Ca2+]
dt

/dx3

dt
(mol m−3). The equation is obtained

particularising framework equation 3.13 for spherical particles, by adapting kgeom.
For a spherical particle, the surface area, volume and their derivatives with respect

to the particle radius r (m) can be expressed as:

Scer = 4πr2 (m2) dScer

dr
= 8πr (m)

Vcer = 4
3πr3 (m3) dVcer

dr
= 4πr2 (m2)

with r the particle radius, i.e. half of the particle size. r can also be expressed as a
function of aTCP: r = (VunitaTCP

4π
) 1

2 (m).
The value of kgeom for spherical particles is:

kgeom = dScer

dVcer
= dScer

dr

dr

dVcer
= 8πr

4πr2

= 2
r

= 4π
1
2

(
1

Vunit

) 1
2
(

1
aTCP

) 1
2

(m−1) (3.20)

Substituting the value of kgeom for spherical particles in framework equation 3.13
yields the desired description:

daTCP

dt
= −4π

1
2

3

(
1

Vunit

) 1
2

ΩTCP(1 − fTCP0)
(

1
aTCP

) 1
2 d[Ca2+]

dt
(m2 m−3 s−1) (3.21a)

dx10

dt
= −4π

1
2

3

(
1

Vunit

) 1
2

ΩTCP(1 − fTCP0)
(

1
x10

) 1
2 dx3

dt
(m2 m−3 s−1) (3.21b)

with Vunit, the volume of the representative unit (m3); ΩTCP, the TCP molar volume
(m3 mol−1) and fTCP0, the initial TCP volume fraction (m3 m−3).
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The second group includes the remaining eight equations coming from equilibrium
constant relationships, matter conservation and the computation of the number-average
molecular weight. These equations lack time dependency relationships but relate the
other eight variables with Rs/x1, [Ca2+]/x3 and aTCP/x10.

The first two equations in this second group complete the polymer degradation
characterisation. The fourth TCP model equation, which is the first one not including
time-dependency, describes the equilibrium relationship between the hydrogen ions con-
centration, [H+]/x2 (mol m−3) and the concentration of dissociated and undissociated
end group chains, [R-COO−]/x6 (mol m−3) and [R-COOH]/x5 (mol m−3). Framework
equation 3.3 without any modification is used to describe this relationship:

Ka = [H+][R-COO−]
[R-COOH] (mol m−3) (3.22a)

Ka = x2x6

x5
(mol m−3) (3.22b)

with Ka, the equilibrium constant for the deprotonation reaction of the carboxylic
end group for the chosen polymer, also known as polymer acid dissociation constant
(mol m−3) at 37 ◦C.

The fifth equation relates the concentration of dissociated and undissociated end
group chains, [R-COO−]/x6 (mol m−3) and [R-COOH]/x5 (mol m−3) to the concentra-
tion of chain scissions, Rs/x1 (mol m−3). Unmodified framework equation 3.4 describes
the relationship:

[R-COOH] + [R-COO−] = Cchain0 + Rs (mol m−3) (3.23a)

x6 + x5 = Cchain0 + x1 (mol m−3) (3.23b)

with Cchain0, the initial concentration of polymer chains in the polymer phase (mol m−3).
TCP dissolution results in the release of both phosphate, PO3−

4 , and calcium, Ca2+,
ions. Phosphate anions recombine with the available hydrogen ions, buffering the local
acidity. The recombination of anions follows the inverse orthophosphoric acid (H3PO4)
deprotonation route. The next three equations characterise this buffering effect.

Framework set of equation 3.15 particularised for phosphate ions with Bn- = PO3−
4 ,

describe the relationship between hydrogen ions concentration, [H+]/x2 (mol m−3), free
phosphate ion concentration, [PO3−

4 ]/x4 (mol m−3) and partially to fully recombined
phosphate ion concentrations, [HPO2−

4 ]/x7 (mol m−3), [H2PO−
4 ]/x8 (mol m−3) and

[H3PO4]/x9 (mol m−3). As the total anion charge is n = 3 three equations are needed
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to completely characterise the different recombination reactions:

K3 = [H+][PO3−
4 ]

[HPO2−
4 ]

(mol m−3) (3.24a)

K3 = x2x4

x7
(mol m−3) (3.24b)

K2 = [H+][HPO2−
4 ]

[H2PO−
4 ] (mol m−3) (3.25a)

K2 = x2x7

x8
(mol m−3) (3.25b)

K1 = [H+][H2PO−
4 ]

[H3PO4]
(mol m−3) (3.26a)

K1 = x2x8

x9
(mol m−3) (3.26b)

with K3, K2, K1, the equilibrium constants for the deprotonation reactions at 37 ◦C of
hydrogen phosphate ion (mol m−3), dihydrogen phosphate ion (mol m−3) and phosphoric
acid (mol m−3) respectively.

Assuming stoichiometric ceramic dissolution, the concentration of calcium ions,
[Ca2+]/x3 (mol m−3) can be related to the concentration of free phosphate ions,
[PO3−

4 ]/x4 (mol m−3) and recombined phosphate ions in all the recombination states,
[HPO2−

4 ]/x7 (mol m−3), [H2PO−
4 ]/x8 (mol m−3) and [H3PO4]/x9 (mol m−3). Frame-

work 3.16 particularised for TCP using IB
cer = IPO4

cer = 2 (mol mol−1), ICa
cer = 3

(mol mol−1) and Bn- = PO3−
4 describes the relationship:

2
3[Ca2+] = [PO3−

4 ] + [HPO2−
4 ] + [H2PO−

4 ] + [H3PO4] (mol m−3) (3.27a)

2
3x3 = x4 + x7 + x8 + x9 (mol m−3) (3.27b)

The next equation in the TCP model relates the concentration of free hydro-
gen ions, [H+]/x2 (mol m−3); recombined hydrogen ions in all the different recom-
bination states, [H+]/x2 (mol m−3), [HPO2−

4 ]/x7 (mol m−3), [H2PO−
4 ]/x8 (mol m−3)

and [H3PO4]/x9 (mol m−3) to the concentration of dissociated chains, [R-COO−]/x6

(mol m−3). Framework equation 3.17 particularised for Bn- = PO3−
4 is used to describe

the mass conservation relationship of hydrogen ions:

[H+] + [HPO2−
4 ] + 2[H2PO−

4 ] + 3[H3PO4] = [R-COO−] + ∆CH+
0

(mol m−3) (3.28a)
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x2 + x7 + 2x8 + 3x9 = x6 + ∆CH+
0

(mol m−3) (3.28b)

with ∆CH+
0
, the part of hydrogen ions concentration at the time origin not coming

from the dissociation of the carboxylic group ends: ∆CH+
0

= CH+
0

− x6(t = 0).
The last equation of the TCP model characterises the relationship between number-

average molecular weight of the polymer phase, Mn/x11 (Da), and the concentration
of chain scissions, Rs/x1 (mol m−3). Framework equation 3.6 particularised for a given
type of polymer scission using an empirical relation to characterise the production of
short chains

(
Rol/Ce0 = α(Rs/Ce0)β

)
describes this relationship:

Mn =
Ce0

[
1 − α

(
Rs

Ce0

)β]
Munit

Cchain0 + Rs − Ce0
m

α
(

Rs

Ce0

)β (Da) (3.29a)

x11 =
Ce0

[
1 − α

(
x1

Ce0

)β]
Munit

Cchain0 + Rs − Ce0
m

α
(

x1
Ce0

)β (Da) (3.29b)

with Ce0, the initial concentration of ester bonds in long chains in the polymer phase
(mol m−3); α (1) and β (1), the empirical parameters used to characterise the polymer
scission type and subsequent production of short chains by chain scission; Munit, the
molar mass associated to one ester bond (Da); Cchain0, the initial concentration of
long polymer chains in the polymer phase (mol m−3) and m, the average degree of
pseudo-polymerisation of the short chains (1).

The set of eleven equations, from equation 3.18 to equation 3.29 excluding equation
3.20, fully characterise the degradation of TCP composites. As previously stated, the
differences with the original TCP model [169, 168] are summarised below:

• Use of ∆CH+
0

(∆CH+
0

= CH+
0

− x6(t = 0)) instead of CH+
0

in equation 3.28a/3.28b
to differentiate between hydrogen coming from carboxylic end dissociation and
hydrogen coming from other sources and attain a balanced expression at the time
origin.

• Employment of a modified equation to compute pure polymer degradation, with
the differences stemming from the determination of number of chains. The
variation of polymer chain scissions concentration in the polymer phase, Rs
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(mol m−3), over time for pure polymer degradation was computed as:

dRs

dt
= Ce0

[
1 − α

(
Rs

Ce0

)β](
k1 + k′

2

([
Ka(Cchain0 + Rs) + 0.25K2

a

] 1
2 − 0.5Ka

))
(mol m−3 s−1) (3.30)

instead of:
dRs

dt
= Ce0

[
1 − α

(
Rs

Ce0

)β](
k1 + k′

2

[
Ka(Cchain0 + Rs)

] 1
2
)

(mol m−3 s−1) (3.31)

with Ce0, the initial concentration of ester bonds in long chains in the polymer
phase (mol m−3); α (1) and β (1), the empirical parameters used to characterise
the polymer scission type and subsequent production of short chains by chain
scission; k1 (s−1) and k′

2 (m3 mol−1 s−1), the non-catalytic and autocatalytic
polymer hydrolysis rate constants respectively; Ka, the equilibrium constant for
the deprotonation reaction of the carboxylic end group for the chosen polymer,
also known as polymer acid dissociation constant (mol m−3) at 37 ◦C and Cchain0,
the initial concentration of polymer chains in the polymer phase (mol m−3).

• The use of a different set of initial values for the eleven modelling variables, also
stemming from a slightly different chains number consideration. Said used initial
values are specified in section 4.1.

The set of eleven equations, from equation 3.18 to equation 3.29 excluding equation
3.20, fully characterise the degradation of TCP composites. The appropriate numerical
methods employed to solve this system of equations are outlined and discussed in the
following paragraphs.

Numerical solution of the TCP composites degradation model

The following paragraphs discuss the numerical solution of the model, i.e. the generation
of a set of values for the eleven variables that satisfy the set of equations at a given time
t. The discussion is structured in two parts. Firstly, the non-dimensional variables are
introduced and the nondimensionalisation process applied to the equations is analysed.
Secondly, the implemented numerical solver of the non-dimensional set of equations is
discussed.

For the numerical integration of the equations, Pan recommend expressing them in
a non-dimensional form for convenience [168]. Following this recommendation a set of
non-dimensional variables based on the dimensional ones is defined:

• x̄1 = x1
Ce0

= Rs

Ce0
= R̄s, nondimensionalised concentration of chain scissions (1).
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• x̄2 = x2
(CH+ )pH = 7.4

= CH+

(CH+ )pH = 7.4
= C̄H+ , nondimensionalised concentration of

hydrogen ions (1).

• x̄3 = x3
[Ca2+]eq

= [Ca2+]
[Ca2+]eq

= [Ca
2+], nondimensionalised concentration of calcium

ions (1).

• x̄4 = x4
(CH+ )pH = 7.4

= [P O3−
4 ]

(CH+ )pH = 7.4
= [PO

3−
4 ], nondimensionalised concentration of

phosphate ions (1).

• x̄5 = x5
Ce0

= [R-COOH]
Ce0

= [R-COOH], nondimensionalised concentration of non-
dissociated carboxylic end group chains (1).

• x̄6 = x6
Ce0

= [R-COO−]
Ce0

= [R-COO
−], nondimensionalised concentration of dissoci-

ated carboxylic end group chains (1).

• x̄7 = x7
(CH+ )pH = 7.4

= [HP O2−
4 ]

(CH+ )pH = 7.4
= [HPO

2−
4 ], nondimensionalised concentration of

hydrogen phosphate ions (1).

• x̄8 = x8
(CH+ )pH = 7.4

= [H2P O−
4 ]

(CH+ )pH = 7.4
= [H2PO

−
4 ], nondimensionalised concentration of

dihydrogen phosphate ions (1).

• x̄9 = x9
(CH+ )pH = 7.4

= [H3P O4]
(CH+ )pH = 7.4

= [H3PO4], nondimensionalised concentration of
phosphoric acid (1).

• x̄10 = x10
aTCP0

= aTCP
aTCP0

= aTCP, nondimensionalised total area of interface between
the two phases per unit of volume of the composite (1).

• x̄11 = x11
Mn0

= Mn
Mn0

= Mn, nondimensionalised number-average molecular weight
(1).

with the concentrations x1, . . . , x9 defined per unit of polymer phase.
For the nondimensionalisation process five different constants were used: (CH+)pH = 7.4,

the hydrogen ions concentration at a pH of 7.4 (mol m−3); [Ca2+]eq, the calcium ions
concentration at dissolution equilibrium (mol m−3); Ce0, the concentration of ester
bonds in long chains at the time origin in the polymer phase (mol m−3), aTCP0, the
value of aTCP at the time origin (m2 m−3) and Mn0, the number-average molecular
weight of the polymer phase at the time origin (Da).

Using this set of non-dimensional variables, a set of eleven non-dimensional equations
was generated by substituting the dimensional variables for their non-dimensional
counterparts. The non-dimensional equations are presented in two different groups.



46 Degradation of bioresorbable composites: the models

The first group includes the non-dimensional versions of the three differential equations
and the second group includes the non-dimensional version of the other eight equations.

The x̄1, x̄3 and x̄10 time-dependent equations are presented next, starting with the
non-dimensional version of equation 3.18b:

dx̄1

dt̄
= (1 − αx̄β

1 )(k̄1 + x̄2) (1) (3.32)

with k̄1 = k1
k′

2(CH+ )pH = 7.4
(1) and t̄ = tk′

2(CH+)pH = 7.4 (1).
Secondly, the non-dimensional version of equation 3.19b:

dx̄3

dt̄
= 3aTCP0Ad

k′
2(CH+)pH = 7.4[Ca2+]eq(1 − fTCP0)

x̄10

1 −
(

x3
3x

2
4

Ksp
[Ca2+]3eq[(CH+ )pH = 7.4]2

) 1
5
θ

= STCPx̄10σ
θ (1) (3.33)

with STCP = 3aTCP0Ad
k′

2(CH+ )pH = 7.4[Ca2+]eq(1−fTCP0) (1), σθ =
(

1 −
(

x3
3x2

4
K̄sp

) 1
5

)θ

(1) and K̄sp =
Ksp

[Ca2+]3eq[(CH+ )pH = 7.4]2 (1).
And lastly, the non-dimensional version of equation 3.21b:

dx̄10

dt̄
= −4π

1
2 ΩTCP(1 − fTCP0)[Ca2+]eq

3V
1
2

unita
3
2
TCP0

dx̄3

dt̄
x̄

− 1
2

10

= KaTCP

dx̄3

dt̄
x̄

− 1
2

10 (1) (3.34)

with KaTCP = −4π
1
2 ΩTCP(1−fTCP0)[Ca2+]eq

3V
1
2

unita
3
2
TCP0

(1).

The other eight non-dimensional equations of the TCP model relate x̄1, x̄3 and x̄10

to x̄2, x̄4, x̄5, x̄6, x̄7, x̄8, x̄9 and x̄11. Firstly, the non-dimensional version of equation
3.22b:

K̄a = x̄2x̄6

x̄5
(1) (3.35)

with K̄a = Ka
(CH+ )pH = 7.4

(1).
Followed by the non-dimensional version of equation 3.23b:

x̄6 + x̄5 = Munit

Mn0
+ x̄1 (1) (3.36)
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with Munit
Mn0

= Cchain0
Ce0

= N−1
dp0 (1) where Munit, is the molar mass associated to one ester

bond (Da); Mn0, the number-average molecular weight at the time origin (Da) and
Ndp0, the initial average degree of pseudo-polymerisation (Da Da−1).

Non-dimensional version of equation 3.24b, 3.25b and 3.26b:

K̄3 = x̄2x̄4

x̄7
(1) (3.37)

K̄2 = x̄2x̄7

x̄8
(1) (3.38)

K̄1 = x̄2x̄8

x̄9
(1) (3.39)

with K̄3 = K3
(CH+ )pH = 7.4

(1), K̄2 = K2
(CH+ )pH = 7.4

(1), K̄1 = K1
(CH+ )pH = 7.4

(1).
Non-dimensional version of equation 3.27b:

2
3 x̄3KCa-H = x̄4 + x̄7 + x̄8 + x̄9 (1) (3.40)

with KCa-H = [Ca2+]eq
(CH+ )pH = 7.4

(1).
Non-dimensional version of equation 3.28b:

x̄2 + x̄7 + 2x̄8 + 3x̄9 = x̄6KCe0-H + ∆C̄H+
0

(1) (3.41)

with KCe0-H = Ce0
(CH+ )pH = 7.4

(1) and ∆C̄H+
0

= C̄H+
0

− x̄6(t = 0)KCe0-H =
CH+

0
(CH+ )pH = 7.4

−
x̄6(t = 0)KCe0-H (1).

And lastly, the non-dimensional version of equation 3.29b:

x̄11 = 1 − αx̄β
1

1 + Ndp0
(
x̄1 −

(
α
m

)
x̄β

1

) (1) (3.42)

with Munit
Mn0

= Cchain0
Ce0

= N−1
dp0 and Ndp0, the initial average degree of pseudo-polymerisation

(Da Da−1)∗.
Once the eleven equations are expressed in an non-dimensional form, the numerical

solution of the system can be explored. Figure 3.6 depicts a visual schematic represen-
tation of the different steps, grouped in blocks, of the numerical solver employed to
obtain the evolution of the different variables over time.
∗ Information about the definition and description of the average degree of pseudo-polymerisation,
Ndp0, can be found in App. A.4.
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Polynomial.h #2 

 
 

f1(x2, x4) 
f2(x2, x4) 

Quintic polynomial (x2) 
coefficients 

x5 = f(x2, x4) 
x6 = f(x2, x4) 
x7 = f(x2, x4) 
x8 = f(x2, x4) 
x9 = f(x2, x4) 

 

Manual process #5 

         
 
 

Obtaining x2 (5 values) 
 
 
 
 
 
 
 

Householder solver: x2 for 
a given timestep 

Householder.h 

Polynomial division:  
(x-x2) 

#3 

Degradation.cpp 
 
 
 
 
 
 
 

 
 

Euler loop 

x1, x3, x10 for a given 
timestep 

 
     Calculate variables 

from x2 and x4 
 

 
 
 
 
 
 
 

   

  x5 = f(x2, x4) 
  x6 = f(x2, x4)                                      
  x7 = f(x2, x4)  
  x8 = f(x2, x4) 
  x9 = f(x2, x4) 
  x11 = f(x1) 
 

 
for a given 
timestep  

#1 #4 

Fig. 3.6. Schematic visual representation of the different steps included in the imple-
mented numerical solver. The green coloured boxes describe the specific mathematical
instructions needed, the blue coloured boxes include the abstract general actions and
the red coloured boxes indicate the C++ files containing those numerical instructions.

The graphic representation is structured in three different levels: the lowest level
represented by the green boxes indicates the necessary specific mathematical operations
to execute the high level instruction, described in the medium level blue boxes. The
uppermost level, depicted using red boxes, includes information about the file structure
of the C++ implementation, indicating the particular file that computes the designated
instruction. This core numerical solver implemented in C++ was linked to a Python
interface to facilitate the data input and output.

The workflow of the numerical solver follows an anticlockwise direction, starting
with an Euler loop situated in the top left corner of the figure and identified as number
#1. In each iteration of the Euler loop, a new set of x̄1, x̄3 and x̄10 values corresponding
to a time-step tn, is obtained using the values of the variables at tn-1 and the three
time-dependent equations. For illustrative purposes, the first equation of the Euler
loop can be expressed as: x̄1(t̄ + ∆t̄) = x̄1(t̄) + dx̄1

dt̄
∆t̄. It is worth noting that this

time-step must be small enough to ensure the convergence of the solution.
After calculating the values of x̄1, x̄3 and x̄10 for a given time-step, the values of

the remaining variables need to be computed. The numerical solver calculated those
values by computing first the coefficients of the 5th degree x̄2 polynomial at tn. The
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5th degree polynomial is then used to calculate the correct value of x̄2. This step is
identified in figure 3.6 as number #2 and implemented in the polynomial.h file.

The five x̄2 solutions to this 5th degree polynomial are obtained with a customised
Householder root-finding algorithm, implemented in the householder.h file and identified
as number #3 in the figure. From these five values, the selection of the only x̄2 value
with physical meaning provides the desired value of x̄2.

Once the correct x̄2 value is calculated the x̄4, x̄7, x̄8, x̄9, x̄6 and x̄5 values are
computed using mathematical relationships derived from the non-dimensional equations.
Lastly, the value of x̄11 is computed. These calculations were implemented in the
degradation.h file and correspond to number #4 in the figure. After a complete cycle,
the whole process is repeated again and the values at tn+1 are calculated using the
values at tn.

The general expression of the 5th degree x̄2 polynomial used to calculate the value
of x̄2 in each time-step was derived manually from the seven equations relating x̄2,
x̄4, x̄5, x̄6, x̄7, x̄8 and x̄9 to x̄1, x̄3 and x̄10. This polynomial provides a solution for a
system with seven variables and seven equations. This step can be found in figure 3.6
labelled as number #5 and was carried out only once, i.e. this step does not belong to
the cycle.

The first step employed for solving this system of seven equations with seven
variable, i.e. generating the 5th degree x̄2 polynomial, is to express x̄5, x̄6, x̄7, x̄8 and
x̄9 as functions of x̄2 and x̄4:

Rearranging equation 3.35, x̄5 can be expressed as a function of x̄2 and x̄6:

x̄5 = x̄2x̄6

K̄a
(3.43)

x̄6 can also expressed as a function of x̄2 by expressing x̄5 as a function of both x̄2

and x̄6, as described in equation 3.43, and then rearranging equation 3.36:

x̄6 =
(

Munit

Mn0
+ x̄1

)
K̄a

K̄a + x̄2
(3.44)

x̄7, x̄8 and x̄9 can be expressed as functions of x̄2 and x̄4 with a series of simple
arrangement and substitutions. For instance, x̄7 can be expressed as a function of x̄2

and x̄4 by rearranging equation 3.37:

x̄7 = x̄2x̄4

K̄3
(3.45)
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In a similar fashion, by rearranging equation 3.38 and using equation 3.45, x̄7 can
be expressed as a function of x̄2 and x̄4:

x̄8 = x̄2x̄7

K̄2
= x̄2x̄2x̄4

K̄2K̄3
= x̄2

2x̄4

K̄2K̄3
(3.46)

And finally, by rearranging equation 3.39 and using equation 3.46, x̄7 can be
expressed as a function of x̄2 and x̄4:

x̄9 = x̄2x̄8

K̄1
= x̄2x̄2x̄2x̄4

K̄1K̄2K̄3
= x̄3

2x̄4

K̄1K̄2K̄3
(3.47)

Once x̄5, x̄6, x̄7, x̄8 and x̄9 are expressed as functions of x̄2 and x̄4, the appropriate
substitutions in equations 3.40 and 3.41 result in a reduction from a system with seven
variables to a system with two variables formed by the following two equations:

x̄4 + x̄2x̄4

K̄3
+ x̄2

2x̄4

K̄2K̄3
+ x̄3

2x̄4

K̄1K̄2K̄3
= 2

3 x̄3KCa-H (3.48)

x̄2 + x̄2x̄4

K̄3
+ 2 x̄2

2x̄4

K̄2K̄3
+ 3 x̄3

2x̄4

K̄1K̄2K̄3
−
(

Munit

Mn0
+ x̄1

)
K̄a

K̄a + x̄2
KCe0-H = C̄H+

0
(3.49)

Extracting common factor x̄4 in the left hand side of equation 3.48 and dividing
the right hand side by the resulting expression from the common factor extraction, x̄4

is expressed as a function of x̄2. Introducing this value in 3.49 yields the desired 5th

degree polynomial of x̄2, A + Bx̄2 + Cx̄2
2 + Dx̄3

2 + Ex̄4
2 + Fx̄5

2 with:

A = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0

)
K̄1K̄2K̄3K̄a (3.50a)

B = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0

)
K̄1K̄2K̄a

+Mn0K̄1K̄2

(
2
3 x̄3KCa-HK̄a + K̄3(K̄a − ∆C̄H+

0
)
)

(3.50b)

C = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0

)
K̄1K̄a

+Mn0K̄1

(
2
3 x̄3KCa-H(K̄2 + 2K̄a) + K̄2(K̄3 + K̄a − ∆C̄H+

0
)
)

(3.50c)
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D = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0

)
K̄a

+Mn0

(
2
3 x̄3KCa-H(2K̄1 + 3K̄a) + K̄1(K̄2 + K̄a − ∆C̄H+

0
)
)

(3.50d)

E = Mn0(2x̄3KCa-H + K̄1 + K̄a − ∆C̄H+
0
) (3.50e)

F = Mn0 (3.50f)

In summary, the complete solution of the system of equations at a generic time-
step tn was achieved in a two-stage process: firstly, the computation of the values of
x̄1, x̄3 and x̄10 using the values of the variables at the previous time-step, tn-1, and
secondly, the calculation of the x̄2 value using the 5th degree polynomial, followed by
the calculation of the remaining variables values at time-step tn.

Once all the values for time-step tn were known, the process started again with
a new increment of time ∆t giving the next time-step, tn+1 (tn+1 = tn + ∆t). This
process was repeated until either the number-average molecular weight of the polymer
phase reached a set limit or the maximum allowed number of steps was achieved.

In a nutshell, the degradation model for tricalcium phosphate composites, presented
in this section, fully captures the TCP degradation phenomena using a set of eleven
equations. The numerical solution of the model, also included in this section, provides
the evolution of eleven magnitudes of interest over time. Of special interest due
to its prevailing use as composite degradation measurement, is the evolution of the
number-average molecular weight of the polymer phase, Mn, over time. For a given
tricalcium phosphate case study, the degradation is characterised exclusively by a
set of four values for k1, k′

2, Ad and θ, with k1 (s−1) and k′
2 (m3 mol−1 s−1) the non-

catalytic and autocatalytic polymer hydrolysis rate constants respectively, and Ad

(mol m−2 s−1) and θ (1), the rate constant and exponent of the TCP dissolution power
law respectively. In order to obtain the evolution over time for the above-mentioned
eleven magnitudes of interest, only a series of polymer-dependent, ceramic-dependent
and composite-dependent constants, in addition to the initial values of the eleven
variables are needed.

3.2.2 Hydroxyapatite (HA) composites degradation model

Using the modelling framework presented in section 3.1, a set of governing equations is
proposed in order to characterise the degradation of composites containing spherical
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hydroxyapatite (HA) particles as filler. For clarity and continuity purposes, the same
nomenclature used in section 3.2.1 is employed in this section.

For HA, whose chemical composition is Ca10(PO4)6(OH)2, the composite degrada-
tion model includes thirteen variables, named x1, x2, ... , x12 and x13. The first nine
variables represent the same magnitudes than in the TCP model (see 3.2.1). The other
four variables symbolise the following magnitudes:

• x10 = aHA, total area of interface between the particle, in this case hydroxyapatite,
and the polymeric matrix per unit of volume of the composite (m2 m−3).

• x11 = [OH−] = COH− , concentration of hydroxide ions in the polymer phase
(mol m−3).

• x12 = [H2O], concentration in the polymer phase of water molecules formed from
the hydroxide ions released by the hydroxyapatite (mol m−3).

• x13 = Mn, number-average molecular weight of the polymer phase (Da).

Hydroxyapatite, similarly to tricalcium phosphate, is a calcium orthophosphate and
therefore releases, during dissolution, Ca2+ and PO3+

4 ions [55], resulting in significant
similarities between the HA model presented here and the TCP model presented in
section 3.2.1. The differences between the two models arise from the release of OH-

ions, exclusive of hydroxyapatite, and the distinct number and ratio of constituent ions
in the two ceramics, with hydroxyapatite having ICa

cer = 10 (mol mol−1) and IPO4
cer = 6

(mol mol−1) [55], instead of 3 mol mol−1 and 2 mol mol−1 respectively.
Following the same structure employed in the TCP model, the presentation of

equations is divided into two groups. Firstly, the three differential equation are
introduced, followed by the non-differential equations in a second group. The first
group of equations show the dependence of x1, x3 and x10 with respect to time. The
first equation of this group, which describes the variation of the concentration of chain
scissions in the polymer phase, x1 (mol m−3), with respect to time does not change with
the ceramic filler. Conversely, the second and third equations present some differences
with respect to the TCP model equations due to the use of a different ceramic.

Framework equation 3.2 particularised for a given type of polymer scission excluding
short chains describes the x1 rate:

dx1

dt
= Ce0

[
1 − α

(
x1

Ce0

)β]
(k1 + k′

2x2) (mol m−3 s−1) (3.51)
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with Ce0, the initial concentration of ester bonds in long chains in the polymer phase
(mol m−3); α (1) and β (1), the empirical parameters used to characterise the polymer
scission type and the subsequent production of short chains by chain scission; k1 (s−1)
and k′

2 (m3 mol−1 s−1), the non-catalytic and autocatalytic polymer hydrolysis rate
constants respectively and x2, the concentration of hydrogen ions in the polymer phase
(mol m−3).

Framework equation 3.11 particularised for HA (Ca10(PO4)6(OH)2) with the number
of calcium ions per HA molecule ICa

cer = 10 (mol mol−1), the ionic product IP = x10
3 x6

4x
2
11

(mol18 m−54) and total number of ions in a HA molecule η = 18 (mol mol−1) describes
the variation of the concentration of calcium ions in the polymer phase, x3 with time:

dx3

dt
= 10 x10

1 − fHA0
Ad

1 −
(

x10
3 x6

4x
2
11

Ksp

) 1
18
θ

(mol m−3 s−1) (3.52)

with fHA0, the initial volume fraction of HA in the composite (m3 m−3); Ksp, the HA
solubility product at 37 ◦C (mol18 m−54) and Ad and θ, the rate constant (mol m−2 s−1)
and exponent (1) of the HA dissolution power law respectively.

Framework equation 3.13 particularised for spherical particles as shown in section
3.2.1 using the HA value of calcium ions per ceramic molecule, ICa

cer = 10 (mol mol−1)
is used to characterise the rate of interfacial area per unit of composite volume, x10:

dx10

dt
= −4π

1
2

10

(
1

Vunit

) 1
2

ΩHA(1 − fHA0)
(

1
x10

) 1
2 dx3

dt
(m2 m−3 s−1) (3.53)

with Vunit, the volume of the representative unit (m3); ΩHA, the HA molar volume
(m3 mol−1) and fHA0, the initial HA volume fraction (m3 m−3).

The second group includes the remaining ten equations, which express the relations
between the other ten variables and the three time-dependent variables. The first two
equation of the second group complete the characterisation of the polymer phase, with
framework equations 3.3 and 3.4 without any modifications:

Ka = x2x6

x5
(mol m−3) (3.54)

x6 + x5 = Cchain0 + x1 (mol m−3) (3.55)

with Ka, the equilibrium constant for the deprotonation reaction of the carboxylic end
group for the chosen polymer at 37 ◦C (mol m−3) and Cchain0, the initial concentration
of polymer chains in the polymer phase (mol m−3).
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The dissolution of the HA particles results in the release of two different anions:
phosphate ions, PO3−

4 , and hydroxide ions, OH−. Having two anions entails the
presence of two sets of equilibrium constants for deprotonation reactions, two equation
for the mass conservation of a released anion and two sources of terms for the hydrogen
mass conservation equation.

The relationship between the concentration of hydrogen ions, x2 (mol m−3); free
phosphate ions, x4 (mol m−3) and recombined phosphate ions in all their recombining
states, x7 (mol m−3), x8 (mol m−3) and x9 (mol m−3) is the same relationship used
in the TCP model and therefore is described by the particularisation of framework
equation 3.15 with Bn1-

1 = PO3−
4 :

K3 = x2x4

x7
(mol m−3) (3.56)

K2 = x2x7

x8
(mol m−3) (3.57)

K1 = x2x8

x9
(mol m−3) (3.58)

with K3, K2, K1, the equilibrium constants for the deprotonation reactions at 37 ◦C of
hydrogen phosphate ion (mol m−3), dihydrogen phosphate ion (mol m−3) and phosphoric
acid (mol m−3) respectively.

The hydroxide ions also undergo recombination with the available hydrogen ions.
The relationship between the concentration of hydrogen ions, x2 (mol m−3) and the
concentration of hydroxide ions, x11 (mol m−3), is described by the particularisation of
framework equation 3.15 with Bn2-

2 = OH−:

Kw = x2x11 (mol m−3) (3.59)

with Kw, the equilibrium constant for the self-ionisation of water at 37 ◦C (mol m−3)
[147].

Framework equation 3.16 particularised for HA using IB1
cer = IPO4

cer = 6 (mol mol−1),
ICa

cer = 10 (mol mol−1) and Bn1-
1 = PO3−

4 describes the mass conservation relationship of
the calcium ions and the phosphate ions in all their recombining states using units of
concentration:

3
5x3 = x4 + x7 + x8 + x9 (mol m−3) (3.60)

Framework equation 3.16 particularised for HA using IB2
cer = IOH

cer = 2 (mol mol−1),
ICa

cer = 10 (mol mol−1) and Bn2-
2 = OH− describes the mass conservation relationship of

the calcium ions and the hydroxide ions in all their recombining states using units of
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concentration:
1
5x3 + ∆COH−

0
= x11 + x12 (mol m−3) (3.61)

with ∆COH−
0
, the hydroxide ions concentration at the time origin, i.e., the initial hy-

droxide ions concentration resulting from water self-ionisation instead of HA dissolution
(mol m−3). This extra term appears because OH-, the released ion considered in this
mass conservation relationship with calcium ions, is an existing ion already present
in the system as one of the buffer constituent ions. Conversely, in equation 3.60, the
studied ceramic ion is a foreign ion, not existing any other source of origin for the ion
in the system.

Framework equation 3.17 particularised for HA using Bn1-
1 = PO3−

4 and Bn2-
2 =

OH− describes the mass conservation relationship of the hydrogen ions in units of
concentration:

x2 + x7 + 2x8 + 3x9 + x12 = x6 + ∆CH+
0

(mol m−3) (3.62)

with ∆CH+
0
, the non carboxylic ends dissociation hydrogen ions concentration at the

time origin, which includes a contribution from the water self-ionisation (mol m−3).
The last equation of the HA model, which is common to the TCP model, describes

the relationship between the number-average molecular weight of the polymer phase,
x13 (Da), and the concentration of chain scissions, x1 (mol m−3). Framework equation
3.6 particularised for a given type of polymer scission using an empirical reaction to
characterise the production of short chains

(
Rol/Ce0 = α(Rs/Ce0)β

)
gives:

x13 =
Ce0

[
1 − α

(
x1

Ce0

)β]
Munit

Cchain0 + Rs − Ce0
m

α
(

x1
Ce0

)β (Da) (3.63)

with Ce0, the initial concentration of ester bonds in long chains in the polymer phase
(mol m−3); α (1) and β (1), the empirical parameters used to characterise the polymer
scission type and the subsequent production of short chains by chain scission; Munit,
the molar mass associated to one ester bond (Da); Cchain0, the initial concentration
of long polymer chains in the polymer phase (mol m−3) and m, the average degree of
pseudo-polymerisation of the short chains (1).

The set of thirteen equations comprising from equation 3.51 to 3.63 characterise
the degradation of HA composites. In order to solve the system of equations the same
nondimensionalisation procedure was employed. The following set of non-dimensional
variables can be defined for the nondimensionalisation procedure:

• x̄1 = x1
Ce0

= Rs

Ce0
= R̄s, nondimensionalised concentration of chain scissions (1).
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• x̄2 = x2
(CH+ )pH = 7.4

= CH+

(CH+ )pH = 7.4
= C̄H+ , nondimensionalised concentration of

hydrogen ions (1).

• x̄3 = x3
[Ca2+]eq

= [Ca2+]
[Ca2+]eq

= [Ca
2+], nondimensionalised concentration of calcium

ions (1).

• x̄4 = x4
(CH+ )pH = 7.4

= [P O3−
4 ]

(CH+ )pH = 7.4
= [PO

3−
4 ], nondimensionalised concentration of

phosphate ions (1).

• x̄5 = x5
Ce0

= [R-COOH]
Ce0

= [R-COOH], nondimensionalised concentration of non-
dissociated carboxylic end group chains (1).

• x̄6 = x6
Ce0

= [R-COO−]
Ce0

= [R-COO
−], nondimensionalised concentration of dissoci-

ated carboxylic end group chains (1).

• x̄7 = x7
(CH+ )pH = 7.4

= [HP O2−
4 ]

(CH+ )pH = 7.4
= [HPO

2−
4 ], nondimensionalised concentration of

hydrogen phosphate ions (1).

• x̄8 = x8
(CH+ )pH = 7.4

= [H2P O−
4 ]

(CH+ )pH = 7.4
= [H2PO

−
4 ], nondimensionalised concentration of

dihydrogen phosphate ions (1).

• x̄9 = x9
(CH+ )pH = 7.4

= [H3P O4]
(CH+ )pH = 7.4

= [H3PO4], nondimensionalised concentration of
phosphoric acid (1).

• x̄10 = x10
aHA0

= aHA
aHA0

= aHA, nondimensionalised total area of interface between the
two phases, hydroxyapatite and polymer, per unit of volume of the composite
(1).

• x̄11 = x11
(COH− )pH = 7.4

= COH−
(COH− )pH = 7.4

= C̄OH− , nondimensionalised concentration of
hydroxide ions (1).

• x̄12 = x12
(COH− )pH = 7.4

= [H2O]
(COH− )pH=7.4

= [H2O], nondimensionalised concentration of
water molecules coming from the dissolved hydroxide ions (1).

• x̄13 = x13
Mn0

= Mn
Mn0

= Mn, nondimensionalised number-average molecular weight
(1).

with x1, . . . , x9, x11 and x12 concentrations defined per unit of polymer phase.
For the adimensionalisation process, six different constants were used: (CH+)pH = 7.4,

the hydrogen ions concentration at a pH equals to 7.4 (mol m−3); (COH−)pH = 7.4, the
hydroxide ions concentration at a pH equals to 7.4 (mol m−3); [Ca2+]eq, the calcium
ions concentration at equilibrium (mol m−3); Ce0, the concentration in the polymer
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phase of ester bonds belonging to long chains (mol m−3); aHA0, the value of aHA at the
time origin (m2 m−3) and Mn0, the number-average molecular weight at the time origin
(Da).

Using this set of non-dimensional variables the following equations were obtained.
Firstly the nondimensionalised differential equations are presented, starting with the
non-dimensional version of equation 3.51:

dx̄1

dt̄
= (1 − αx̄β

1 )(k̄1 + x̄2) (1) (3.64)

with k̄1 = k1
k′

2(CH+ )pH = 7.4
(1) and t̄ = tk′

2(CH+)pH = 7.4 (1).
Followed by, the non-dimensional version of equation 3.52:

dx̄3

dt̄
= 10aHA0Ad

k′
2(CH+)pH = 7.4[Ca2+]eq(1 − fHA0)

x̄10

1 −
(

x10
3 x6

4x
2
11

Ksp
[Ca2+]10

eq[(CH+ )pH = 7.4]6[(COH− )pH = 7.4]2

) 1
18
θ

= SHAx̄10σ
θ

(1) (3.65)

with SHA = 10aHA0Ad
k′

2(CH+ )pH = 7.4[Ca2+]eq(1−fHA0) (1), σθ =
(

1 −
(

x10
3 x6

4x2
11

K̄sp

) 1
18

)θ

(1) and

K̄sp = Ksp
[Ca2+]10

eq[(CH+ )pH = 7.4]6[(COH− )pH = 7.4]2 (1).

Ending with the non-dimensional version of equation 3.53:

dx̄10

dt̄
= −4π

1
2 ΩHA(1 − fHA0)[Ca2+]eq

10V
1
2

unita
3
2
HA0

dx̄3

dt̄
x̄

− 1
2

10

= KaHA

dx̄3

dt̄
x̄

− 1
2

10 (1) (3.66)

with KaHA = −4π
1
2 ΩHA(1−fHA0)[Ca2+]eq

10V
1
2

unita
3
2
HA0

(1);

The other ten equations, relating the three time-dependent variables with the other
ten variables, are presented in their nondimensionalised for in a second group, starting
with the non-dimensional version of equation 3.54:

K̄a = x̄2x̄6

x̄5
(1) (3.67)

with K̄a = Ka
(CH+ )pH = 7.4

(1).
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Non-dimensional version of equation 3.55:

x̄6 + x̄5 = Munit

Mn0
+ x̄1 (1) (3.68)

with Munit
Mn0

= Cchain0
Ce0

= N−1
dp0 (1) where Munit, is the molar mass associated to one ester

bond (Da); Mn0, the number-average molecular weight at the time origin (Da) and
Ndp0, the initial average degree of pseudo-polymerisation (Da Da−1).

Non-dimensional version of equation 3.56, 3.57 and 3.58 :

K̄3 = x̄2x̄4

x̄7
(1) (3.69)

K̄2 = x̄2x̄7

x̄8
(1) (3.70)

K̄1 = x̄2x̄8

x̄9
(1) (3.71)

with K̄3 = K3
(CH+ )pH = 7.4

(1), K̄2 = K2
(CH+ )pH = 7.4

(1), K̄1 = K1
(CH+ )pH = 7.4

(1).
Non-dimensional version of equation 3.59:

K̄w = x̄2x̄11 (1) (3.72)

with K̄w = Kw
(CH+ )pH = 7.4(COH− )pH = 7.4

(1).
Non-dimensional version of equation 3.60:

3
5 x̄3KCa-H = x̄4 + x̄7 + x̄8 + x̄9 (1) (3.73)

with KCa-H = [Ca2+]eq
(CH+ )pH = 7.4

(1).
Non-dimensional version of equation 3.61:

1
5 x̄3KCa-OH + ∆C̄OH−

0
= x̄11 + x̄12 (1) (3.74)

with KCa-OH = [Ca2+]eq
(COH− )pH = 7.4

(1) and ∆C̄OH−
0

=
COH−

0
(COH− )pH=7.4

(1).
Non-dimensional version of equation 3.62:

x̄2 + x̄7 + 2x̄8 + 3x̄9 + x̄12KOH-H = x̄6KCe0-H + ∆C̄H+
0

(1) (3.75)
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with KOH- H = (COH− )pH=7.4
(CH+ )pH = 7.4

(1), KCe0- H = Ce0
(CH+ )pH = 7.4

(1) and ∆C̄H+
0

= C̄H+
0

− x̄6(t =

0)KCe0-H =
CH+

0
(CH+ )pH = 7.4

− x̄6(t = 0)KCe0-H (1).
And lastly, the non-dimensional version of equation 3.63:

x̄13 = 1 − αx̄β
1

1 + Ndp0
(
x̄1 −

(
α
m

)
x̄β

1

) (Da) (3.76)

with Munit
Mn0

= Cchain0
Ce0

= N−1
dp0 and Ndp0, the initial average degree of pseudo-polymerisation

(Da Da−1).
To attain the numerical solution of the system of equations a similar approach than

the one used for the TCP system was used (see section 3.2.1). In this case the yielded
x̄2 polynomial is a 6th degree polynomial, A + Bx̄2 + Cx̄2

2 + Dx̄3
2 + Ex̄4

2 + Fx̄5
2 + Gx̄6

2

with:
A = −5Mn0K̄1K̄2K̄3K̄aK̄wKOH-H (3.77a)

B = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0 − ∆C̄OH−

0
KOH-HMn0

)
5K̄1K̄2K̄3K̄a

+Mn0K̄1K̄2K̄3K̄ax̄3KCa-H − 5Mn0K̄1K̄2K̄wKOH-H(K̄a + K̄3)
(3.77b)

C = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0 − ∆C̄OH−

0
KOH-HMn0

)
5K̄1K̄2K̄a

+Mn0K̄1K̄2

(
x̄3KCa-H(4K̄a + K̄3) − 5K̄3(∆C̄H+

0
− ∆C̄OH−

0
KOH-H) + 5K̄3K̄a)

)
−5Mn0K̄1K̄wKOH-H(K̄a + K̄2)

(3.77c)

D = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0 − ∆C̄OH−

0
KOH-HMn0

)
5K̄1K̄a

+Mn0K̄1

(
x̄3KCa-H(7K̄a + 4K̄2) − 5K̄2(∆C̄H+

0
− ∆C̄OH−

0
KOH-H) + 5K̄2(K̄a + K̄3)

)
−5Mn0K̄wKOH-H(K̄a + K̄1)

(3.77d)
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E = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0 − ∆C̄OH−

0
KOH-HMn0

)
5K̄a

+Mn0

(
x̄3KCa-H(10K̄a + 7K̄1) − 5K̄1(∆C̄H+

0
− ∆C̄OH−

0
KOH-H) + 5K̄1(K̄a + K̄2)

)
−5Mn0K̄wKOH-H

(3.77e)

F = Mn0

(
10x̄3KCa-H − 5(∆C̄H+

0
− ∆C̄OH−

0
KOH-H) + 5(K̄a + K̄1)

)
(3.77f)

G = 5Mn0 (3.77g)

The six roots of the polynomial were found with a customised implementation of a
Householder root-finding algorithm and the x̄2 value with physical meaning was used
to solve the system of equations using a procedure similar to the one employed in the
TCP model.

In summary, this section presented and discussed the degradation model for hy-
droxyapatite composites, which fully captures the HA degradation phenomena using a
set of thirteen equations. The numerical solution of the model, briefly discussed here
too, provides the evolution of the thirteen degradation magnitudes of interest over
time. Similarly to the TCP model, the evolution of the number-average molecular
weight of the polymer phase, Mn, over time is of special interest due to its prevailing
use as composite degradation measurement. For a given hydroxyapatite case study,
the degradation is defined exclusively by a set of four values for k1, k′

2, Ad and θ, with
k1 (s−1) and k′

2 (m3 mol−1 s−1) the non-catalytic and autocatalytic polymer hydrolysis
rate constants respectively; and Ad (mol m−2 s−1) and θ (1), the rate constant and
exponent of the TCP dissolution power law respectively; requiring just a series of
polymer-dependent, ceramic-dependent and composite-dependent constants, in addi-
tion to the initial values of the thirteen variables to provide the evolution over time of
the complete composite degradation characterisation.

3.2.3 Calcium carbonate (CC) composites degradation model

The particularisation of the general modelling framework for composites containing
spherical particles made of calcium carbonate, whose chemical composition is CaCO3,
produces a set of ten governing equations. In a similar fashion to sections 3.2.1 and
3.2.2, the variables are named x1, x2, ... , and x10. x1, x2, x3, x5, and x6 represent the
same magnitudes than in the TCP model (see 3.2.1) and HA model (see 3.2.2). x4, x7,



3.2 Degradation models for calcium-based biocomposites 61

x8, x9 and x10 represent different magnitudes due to the change in anions resulting
from ceramic dissolution:

• x4 = [CO2−
3 ], concentration of carbonate ions in the polymer phase (mol m−3).

• x7 = [HCO−
3 ], concentration of hydrogen carbonate ions in the polymer phase

(mol m−3).

• x8 = [H2CO3], concentration of carbonic acid in the polymer phase (mol m−3).

• x9 = aCC, total area of interface between the two phases, calcium carbonate and
polymer, per unit of volume of the composite (m2 m−3).

• x10 = Mn, number-average molecular weight of the polymer phase (Da).

Calcium carbonate, as opposed to tricalcium phosphate and hydroxyapatite, is not
a calcium orthophosphate and therefore releases Ca2+ and CO2−

3 ions, instead of PO3−
4

ions, during dissolution. The presence of carbonate ions causes significant changes and
differences with respect to the previous TCP and HA models, described in section 3.2.1
and 3.2.2 respectively.

In the first group, the equations showing the time-dependence of x1, x3 and x9

are introduced. The second and third equations present slight variations with respect
to the previous models due to the different filler chemistry. Framework equation 3.2
particularised for a given type of scissions excluding short chains is used to describe
the variation of x1 over time:

dx1

dt
= Ce0

[
1 − α

(
x1

Ce0

)β]
(k1 + k′

2x2) (mol m−3 s−1) (3.78)

with Ce0, the initial concentration in the polymer phase of ester bonds in long chains
(mol m−3); α (1) and β (1), the empirical parameters used to characterise the polymer
scission type and the subsequent production of short chains by chain scission; k1 (s−1)
and k′

2 (m3 mol−1 s−1), the non-catalytic and autocatalytic polymer hydrolysis rate
constants respectively and x2, the concentration of hydrogen ions in the polymer phase
(mol m−3).

Framework equation 3.11 particularised for CC (CaCO3) with the number of calcium
ions per CC molecule ICa

cer = 1 (mol mol−1), the ionic product IP = x3x4 (mol2 m−6)
and the total number of ions in a CC molecule η = 2 (mol mol−1) is used to describe
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the variation of x3 with time:

dx3

dt
= x9

1 − fCC0
Ad

1 −
(

x3x4

Ksp

) 1
2
θ

(mol m−3 s−1) (3.79)

with fCC0, the initial volume fraction of CC in the composite (m3 m−3); Ksp, the CC
solubility product at 37 ◦C (mol2 m−6) and Ad and θ, the rate constant (mol m−2 s−1)
and exponent (1) of the CC dissolution power law respectively.

Framework equation 3.13 particularised for spherical particles as shown in section
3.2.1 and with ICa

cer = 1 (mol mol−1) is used to characterise the rate of x9:

dx9

dt
= −4π

1
2

(
1

Vunit

) 1
2

ΩCC(1 − fCC0)
(

1
x9

) 1
2 dx3

dt
(m2 m−3 s−1) (3.80)

with Vunit, the volume of the representative unit (m3); ΩCC, the CC molar volume
(m3 mol−1) and fCC0, the initial CC volume fraction (m3 m−3).

The second group of equations encompasses the remaining seven equations, relating
x2, x4, x5, x6, x7, x8 and x10 and to x1, x3 and x9. The first two equation of this group
describe the other relevant characteristics of the polymer phase using the unmodified
framework equations 3.3 and 3.4:

Ka = x2x6

x5
(mol m−3) (3.81)

x6 + x5 = Cchain0 + x1 (mol m−3) (3.82)

with Ka, the equilibrium constant for the deprotonation reaction of the carboxylic end
group for the chosen polymer at 37 ◦C (mol m−3) and Cchain0, the initial concentration
of polymer chains in the polymer phase (mol m−3).

The dissolution of the CC particles results in the release of carbonate ions, CO2−
3

[157]. These anions can bind available hydrogen ions following the inverse deprotonation
route of carbonic acid. The relationship between the concentrations of hydrogen ions,
x2 (mol m−3); free carbonate ions, x4 (mol m−3) and recombined carbonate ions in all
their states, x7 (mol m−3) and x8 (mol m−3) is described by the particularisation of
framework equation 3.15 using Bn- = CO2−

3 :

K2 = x2x4

x7
[96] (mol m−3) (3.83)

K1 = x2x7

x8
[95] (mol m−3) (3.84)
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with K2, K1, the equilibrium constants for the deprotonation reactions at 37 ◦C of
hydrogen carbonate ion (mol m−3) and carbonic acid (mol m−3) respectively.

Framework equation 3.16 particularised for CC using IB1
cer = ICO3

cer = 1 (mol mol−1),
ICa

cer = 1 (mol mol−1) and Bn- = CO2−
3 describes the mass conservation relationship

of the concentrations of calcium ions, x4 (mol m−3) and carbonate ions in all their
recombining states, x7 (mol m−3) and x8 (mol m−3):

x3 = x4 + x7 + x8 (mol m−3) (3.85)

Framework equation 3.17 particularised for CC using Bn- = CO2−
3 describes the

mass conservation relationship of hydrogen ions in units of concentration:

x2 + x7 + 2x8 = x6 + ∆CH+
0

(mol m−3) (3.86)

with ∆CH+
0

, the hydrogen ions concentration at the time origin, i.e., the initial hydrogen
ions concentration not resulting from carboxylic end groups dissolution (mol m−3).

The last equation of the CC model expresses the number-average molecular weight,
x10 (Da), as a function of the concentration of chain scissions, x1 (mol m−3), using
the framework equation 3.6 particularised for a given type of polymer scission using
the empirical relationship Rol/Ce0 = α(Rs/Ce0)β to characterise the production of short
chains:

x10 =
Ce0

[
1 − α

(
x1

Ce0

)β]
Munit

Cchain0 + Rs − Ce0
m

α
(

x1
Ce0

)β (Da) (3.87)

with Ce0, the initial concentration in the polymer phase of ester bonds in long chains
(mol m−3); α (1) and β (1), the empirical parameters used to characterise the polymer
scission type and the subsequent production of short chains by chain scission; Munit,
the molar mass associated to one ester bond (Da); Cchain0, the initial concentration
of long polymer chains in the polymer phase (mol m−3) and m, the average degree of
pseudo-polymerisation of the short chains (1).

The next step in order to solve the system of equation is the application of the
nondimensionalisation procedure to the set of ten equations comprising from 3.78 to
3.87. The set of non-dimensional variables is defined as follows:

• x̄1 = x1
Ce0

= Rs

Ce0
= R̄s, nondimensionalised concentration of chain scissions (1).

• x̄2 = x2
(CH+ )pH = 7.4

= CH+

(CH+ )pH = 7.4
= C̄H+ , nondimensionalised concentration of

hydrogen ions (1).
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• x̄3 = x3
[Ca2+]eq

= [Ca2+]
[Ca2+]eq

= [Ca
2+], nondimensionalised concentration of calcium

ions (1).

• x̄4 = x4
(CH+ )pH = 7.4

= [CO2−
3 ]

(CH+ )pH = 7.4
= [CO

2−
3 ], nondimensionalised concentration of

carbonate ions (1).

• x̄5 = x5
Ce0

= [R-COOH]
Ce0

= [R-COOH], nondimensionalised concentration of non-
dissociated carboxylic end group chains (1).

• x̄6 = x6
Ce0

= [R-COO−]
Ce0

= [R-COO
−], nondimensionalised concentration of dissoci-

ated carboxylic end group chains (1).

• x̄7 = x7
(CH+ )pH = 7.4

= [HCO−
3 ]

(CH+ )pH = 7.4
= [HCO

−
3 ], nondimensionalised concentration of

hydrogen carbonate ions (1).

• x̄8 = x8
(CH+ )pH = 7.4

= [H2CO3]
(CH+ )pH = 7.4

= [H2CO3], nondimensionalised concentration of
carbonic acid (1).

• x̄9 = x9
aCC0

= aCC
aCC0

= aCC, nondimensionalised total area of interface between the
two phases, calcium carbonate and polymer, per unit of volume of the composite
(1).

• x̄10 = x10
Mn0

= Mn
Mn0

= Mn, nondimensionalised number-average molecular weight
(1).

with the concentrations x1, . . . , x8 defined per unit of polymer phase.
During the adimensionalisation process five different constants were used: (CH+)pH = 7.4,

the hydrogen ions concentration at a pH equals to 7.4 (mol m−3); [Ca2+]eq, the calcium
ions concentration at dissolution equilibrium (mol m−3); Ce0, the concentration in
the polymer phase of ester bonds in long chains at the time origin (mol m−3); aCC0,
the value of aCC at the time origin (m2 m−3) and Mn0, the polymer number-average
molecular weight at the time origin (Da).

With this set of non-dimensional variables the following set of non-dimensional
equations was obtained. Firstly, the three nondimensionalised differential equations
are listed, starting with the non-dimensional version of 3.78:

dx̄1

dt̄
= (1 − αx̄β

1 )(k̄1 + x̄2) (1) (3.88)

with k̄1 = k1
k′

2(CH+ )pH = 7.4
(1) and t̄ = tk′

2(CH+)pH = 7.4 (1).
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Secondly, the non-dimensional version of 3.79:

dx̄3

dt̄
= aCC0Ad

k′
2(CH+)pH = 7.4[Ca2+]eq(1 − fCC0)

x̄10

1 −
(

x3x4
Ksp

[Ca2+]eq[(CH+ )pH = 7.4]

) 1
2
θ

= SCCx̄9σ
θ (1) (3.89)

with SCC = aCC0Ad
k′

2(CH+ )pH = 7.4[Ca2+]eq(1−fCC0) (1), σθ =
(

1 −
(

x3x4
K̄sp

) 1
2

)θ

(1) and

K̄sp = Ksp
[Ca2+]eq[(CH+ )pH = 7.4] (1).

And finally, the non-dimensional version of 3.80:

dx̄9

dt̄
= −4π

1
2 ΩCC(1 − fCC0)[Ca2+]eq

V
1
2

unita
3
2
CC0

dx̄3

dt̄
x̄

− 1
2

10

= KaCC

dx̄3

dt̄
x̄

− 1
2

9 (1) (3.90)

with KaCC = −4π
1
2 ΩCC(1−fCC0)[Ca2+]eq

V
1
2

unita
3
2
CC0

(1).

The second group of nondimensionalised equations, formed by seven equations, is
presented here:

Non-dimensional version of 3.81:

K̄a = x̄2x̄6

x̄5
(1) (3.91)

with K̄a = Ka
(CH+ )pH = 7.4

(1).
Non-dimensional version of 3.82:

x̄6 + x̄5 = Munit

Mn0
+ x̄1 (1) (3.92)

with Munit
Mn0

= Cchain0
Ce0

= N−1
dp0 (1) where Munit, is the molar mass associated to one ester

bond (Da); Mn0, the number-average molecular weight at the time origin (Da) and
Ndp0, the initial average degree of pseudo-polymerisation (Da Da−1).

Non-dimensional version of 3.83 and 3.84:

K̄2 = x̄2x̄4

x̄7
(1) (3.93)

K̄1 = x̄2x̄7

x̄8
(1) (3.94)
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with K̄1 = K1
(CH+ )pH = 7.4

(1) and K̄2 = K2
(CH+ )pH = 7.4

(1).
Non-dimensional version of 3.85:

x̄3KCa-H = x̄4 + x̄7 + x̄8 (1) (3.95)

with KCa-H = [Ca2+]eq
(CH+ )pH = 7.4

(1).
Non-dimensional version of 3.86:

x̄2 + x̄7 + 2x̄8 = x̄6KCe0-H + ∆C̄H+
0

(1) (3.96)

with KCe0-H = Ce0
(CH+ )pH = 7.4

(1) and ∆C̄H+
0

= C̄H+
0

− x̄6(t = 0)KCe0-H =
CH+

0
(CH+ )pH = 7.4

−
x̄6(t = 0)KCe0-H (1).

And finally, the non-dimensional version of equation 3.87:

x̄10 = 1 − αx̄β
1

1 + Ndp0
(
x̄1 −

(
α
m

)
x̄β

1

) (Da) (3.97)

with Munit
Mn0

= Cchain0
Ce0

= N−1
dp0 and Ndp0, the initial average degree of pseudo-polymerisation

(Da Da−1).
In a similar fashion, in order to solve the system of equations the same procedure

than before was applied (see section 3.2.1). In the CC model the yielded x̄2 polynomial
is a 4th degree polynomial, A + Bx̄2 + Cx̄2

2 + Dx̄3
2 + Ex̄4

2 with:

A = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0

)
K̄1K̄2K̄a (3.98a)

B = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0

)
K̄1K̄a

+Mn0K̄1

(
x̄3KCa-HK̄a + K̄2(K̄a − ∆C̄H+

0
)
)

(3.98b)

C = −
(

(Munit + x̄1Mn0)KCe0-H + ∆C̄H+
0
Mn0

)
K̄a

+Mn0

(
x̄3KCa-H(K̄1 + 2K̄a) + K̄1(K̄2 + K̄a − ∆C̄H+

0
)
)

(3.98c)

D = Mn0(2x̄3KCa-H + K̄1 + K̄a − ∆C̄H+
0
) (3.98d)
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E = Mn0 (3.98e)

The four x̄2 values were found using a fourth degree customised Householder root-
finding algorithm. After selecting the x̄2 value with physical meaning all the other
variables were calculated following the approach explained in section 3.2.1.

This section, the last one concerned with the presentation of composite degrada-
tion models, introduced and discussed the degradation model for calcium carbonate
composites. Briefly, the model fully captures the CC degradation phenomena using a
set of ten equations, which provides the evolution of ten magnitudes of interest over
time, when numerically solved. Similarly to the previous models, the evolution over
time of the number-average molecular weight of the polymer phase, Mn, is specially
interesting due to its common use as composite degradation measurement. For a given
calcium carbonate case study, the degradation is defined exclusively by a set of four
values for k1, k′

2, Ad and θ, with k1 (s−1) and k′
2 (m3 mol−1 s−1) the non-catalytic and

autocatalytic polymer hydrolysis rate constants respectively, and Ad (mol m−2 s−1) and
θ (1), the rate constant and exponent of the TCP dissolution power law respectively.
The use of a series of polymer-dependent, ceramic-dependent and composite-dependent
constants, in addition to the initial values of the ten variables allows the computation
of the degradation magnitudes of interest.

3.3 Characterisation of the representative unit cell
As introduced in section 3.1, the modelling framework and, subsequently the ceramic-
specific degradation models derived from it, employ an unit cell as representation of
the composite sample. This section discusses in detail the characterisation of this unit
cell.

The representative unit cell is composed of a ceramic particle surrounded by a
determined quantity of polymer phase. In order to fully characterise this unit cell, the
following parameters are needed:

• Representative ceramic particle size, d0 (m): diameter of the spherical particle
which conveys the initial properties of the ceramic particle size distribution in
terms of surface to volume ratio. The initial ceramic volume, Vcer0 (m3), can be
easily computed using d0, as Vcer0 = π

6 d3
0. In the implemented computational

models, the representative ceramic particle size was calculated beforehand fol-
lowing the process explained in section 3.5.2 and then directly input into the
corresponding model.
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• Quantity of polymer surrounding the particle, Vpol: corresponding amount of
polymer phase assigned to a representative particle. Conventionally, in the
published experimental degradation data, composites are reported as having a
ceramic weight fraction or percentage in the composite, fwCer0, where a value of
fwCer0 = 20 wt % means that the undegraded composite has a 20 wt % of ceramic
and of 80 wt % polymer. Vpol can be expressed as a function of fwCer0 as shown
below.

• Unit cell volume, Vunit: the volume occupied by the constituent elements of the
unit cell at the time origin, i.e. the initial ceramic particle and the surrounding
polymer. When two of the three elements are known, it is trivial to compute the
remaining using Vunit = Vpol + π

6 d3
0.

Vunit (m3) and Vpol (m3) can be computed using fwCer0 (wt %) following a series of
steps. Firstly, the ceramic volume fraction can be expressed in an analogous manner
to the ceramic weight fraction (fwCer0 = mcer0/mcomp) as:

fcer0 = Vcer0

Vunit
=

π
6 d3

0
Vunit

(m3 m−3) (3.99)

The volume of the unit cell, Vunit (m3), can be easily characterised as function of
fwCer0 using equation 3.99 and the relationship between the ceramic volume fraction
and weight fraction, Fwtov = fcer0/fwCer0:

Vunit =
π
6 d3

0
fcer0

=
π
6 d3

0
fwCer0Fwtov

(m3) (3.100)

Using the polymer density, ρpol (kg m−3) (ρpol = mpol
Vpol

), and the ceramic density ρcer

(kg m−3) (ρcer = mcer
Vcer

), the expression of Fwtov can be expressed as:

Fwtov = fcer0

fwCer0
= Vcer0mcomp

Vcompmcer0
=

mcer0
ρcer

mcomp
mcomp
ρcomp

mcer0
= ρcomp

ρcer
(1) (3.101)
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The density of the composite, ρcomp (kg m−3) (ρcomp = mcomp
Vcomp

), can be calculated
assuming linear mixture of volumes as:

ρcomp = mcomp

Vcomp
= mpol + mcer0

Vpol + Vcer0
= mpol + mcer0

mpol
ρpol

+ mcer0
ρcer

= (mpol + mcer0) ρpolρcer

mpolρcer + mcer0ρpol

= mcompρpolρcer

(1 − fwCer0) mcompρcer + fwCer0mcompρpol

= ρpolρcer

(1 − fwCer0) ρcer + fwCer0ρpol
(kg m−3) (3.102)

Lastly, the substitution of equation 3.102 in 3.101 gives the final expression of Fwtov:

Fwtov = ρpolρcer

ρcer
(

(1 − fwCer0) ρcer + fwCer0ρpol
)

= ρpol

(1 − fwCer0) ρcer + fwCer0ρpol
(1) (3.103)

with the polymer density, ρpol (kg m−3), and the ceramic density ρcer (kg m−3), defined
by the polymer and ceramic types employed in the composite and the initial ceramic
weight fraction, fwCer0 (wt %) defined by the specific given composite sample.

Equation 3.103, 3.100 and Vpol = Vunit − π
6 d3

0 provide all the necessary information
to express the unit cell parameters with known constants and parameters for a given
composite. During composite degradation, the modelling framework assumes that Vunit

remains unchanged over time and therefore that no significant swelling occurs. The
polymer volume, Vpol, is also assumed to remain constant during composite degradation.
Although the ceramic volume in the unit cell, Vcer (m3), decreases over time as the
ceramic dissolution progresses, the change is modest due to the sparingly soluble
behaviour of the considered calcium-based ceramics. Thus, it seems reasonable to
assume that the polymer volume also remains constant given a constant Vunit over
time.

After presenting both the key parameters and calculation process of the representa-
tive unit cell, an analysis of how the unit cell reflects changes in composite samples is
discussed. Figure 3.7 shows the effect of having different ceramic weight fractions or
percentages, fwCer0 (wt %), and different representative particle sizes, d0 (m) on the
representative unit cell for a poly(L-lactide)–β-tricalcium phosphate composite.

Nine different unit cells, representing a variety of d0–fwCer0 combinations, are
included in figure 3.7, where the x–axis conveys the ceramic weight fraction, fwCer0
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Fig. 3.7. The effect of varying ceramic weight fraction or percentage, fwCer0 (wt %),
and representative particle size, d0 (m), on the representative unit cell for composite
samples made of poly(L-lactide) and β-tricalcium phosphate. The distance between
two consecutive marks in any axis of a single representative unit cell is 5 µm, for a
total length of 75 µm in each axis.

(wt %) and the y–axis conveys the representative ceramic particle size, d0 (m) of the
representative unit cells. In order to evaluate the effect of these two defining parameters
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on the characteristics of the resulting representative unit cell and subsequent composite
degradation behaviour, it is convenient to analyse the properties related to them.

As ceramic dissolution is a surface area mediated phenomenon, the ratio of initial
ceramic surface area, Scer0 (m2), to initial ceramic volume, Vcer0 (m3), can be used to
express potential contribution of different ceramic particles. This ratio can be expressed
as a function of the ceramic representative particle size, d0 (m), as:

Scer0

Vcer0
= 6πd2

0
πd3

0
= 6

d0
(m−1) (3.104)

To assess the differences between unit cells with different quantities of polymer
and ceramic phases, the ratio between initial ceramic volume, Vcer0 (m3), and polymer
volume, Vpol (m3), can be employed. Using equation 3.99 and the relationship between
the ceramic volume fraction and weight fraction, Fwtov = fcer0/fwCer0, this ratio can be
expressed as a function of fwCer0 (wt %), the ceramic weight fraction of the composite
as:

Vcer0

Vpol
= Vunitfcer0

Vpol
= fcer0

1 − fcer0
= FwtovfwCer0

1 − FwtovfwCer0
(m) (3.105)

Equations 3.104 and 3.105 highlight the properties controlled by each one of the two
composite defining parameters. These relationships translate into certain properties
in the rows and columns of figure 3.7. Unit cells sharing the same row present the
same ceramic particle size, d0 (m), and different ceramic weight fraction, fwCer0 (wt %),
which results in the unit cells having the same Scer0/Vcer0 ratio and increasing Vcer0/Vpol

ratio with increasing ceramic weight fraction fwCer0 as pointed by the red dashed arrow
line. In a similar fashion, unit cells sharing the same column present the same ceramic
weight fraction, fwCer0 (wt %), and different ceramic particle size, d0 (m), which results
in those cell having the same Vcer0/Vpol and decreasing values of Scer0/Vcer0 with increasing
ceramic particle size, d0 as pointed by the green dashed arrow line.

As previously mentioned, ceramic dissolution is a surface mediated phenomenon,
while polymer degradation is a bulk phenomena. Thus, a good parameter to characterise
composite degradation could be given by the ratio of ceramic surface area, Scer0 (m2),
and polymer volume, Vpol (m3) in the unit cell. This ratio is controlled exclusively by
the ceramic particle size, d0 (m) and the ceramic weight fraction, fwCer0 (wt %), and
can be calculated as the combination of the previous two ratios as:

Scer0

Vpol
= Scer0

Vcer0

Vcer0

Vpol
(m−1) (3.106)
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A poly(L-lactide)-β-tricalcium phosphate composite sample with d0 = 20 µm and
fwCer0 = 21.17 wt % would be represented by the unit cell depicted at the centre of
figure 3.7. The remaining d0–fwCer0 combinations depicted in the image, have been
chosen in such a way, that the unit cells situated either below or on the right next
to the central one, represent an increase by a factor of 2 of the Scer0/Vpol value, when
compared with the central unit cell. Although the final effect is the same in both
movements, doubling of the value of the Scer0/Vpol ratio, the origin is different: the unit
cell situated below have the same value of Vcer0/Vpol and twice the value of Scer0/Vcer0, while
the unit cell situated to the right has the same value of Scer0/Vcer0 and twice the value of
Vcer0/Vpol. Therefore, a movement to the next unit cell in the diagonal identified with a
dashed blue arrow line results in a quadruplication of the Scer0/Vpol value. Conversely,
the three unit cells situated in the opposite diagonal, identified with a dashed brown
arrow line, share the exact same value of Scer0/Vpol despite their obvious differences in
representative particle size d0 and ceramic weight fraction fwCer0.

In summary, the unit cell construction represents the properties of the composite
samples in terms of Scer0/Vcer0 and Vcer0/Vpol using just the representative particle size
d0 and the initial ceramic weight fraction fwCer0, reflecting the potential composite
degradation behaviour of those composites.

3.4 Constituent elements of the bioresorbable com-
posites degradation models

After presenting the construction and analysis of the representative unit cell, this
sections contains a classification of all the different constituent elements found in the
composite degradation models. In both the modelling framework, discussed in section
3.1, and the ceramic-specific degradation models, discussed in section and 3.2, the
constituent elements can be classified according to both their dependence and type
into the following categories:

• Composite degradation variables: magnitudes of interest employed to represent
composite degradation. As the degradation models characterise different compos-
ites, these variables differ between models. The composite degradation variables
found in all the specific degradation models, i.e. the TCP, HA and CC models,
are:

– Rs, concentration of polymer chain scissions (mol m−3).
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– [H+] = CH+ , concentration of hydrogen ions (mol m−3).

– [Ca2+], concentration of calcium ions (mol m−3).

– [R-COOH], concentration of non-dissociated carboxylic end group chains
(mol m−3).

– [R-COO−], concentration of dissociated carboxylic end group chains (mol m−3).

– aTCP/HA/CC, total area of interface between the ceramic and polymer phases
per unit of composite volume (m2 m−3).

– Mn, number-average molecular weight of the polymer phase (Da).

The following degradation variables are also found in the two models with a
calcium orthophosphate as ceramic filler, i.e. the TCP and HA models:

– [PO3−
4 ], concentration of phosphate ions (mol m−3).

– [HPO2−
4 ], concentration of hydrogen phosphate ions (mol m−3).

– [H2PO−
4 ], concentration of dihydrogen phosphate ions (mol m−3).

– [H3PO4], concentration of phosphoric acid (mol m−3).

In the TCP degradation model only the eleven composite degradation variables
listed so far can be found, while two more variables are present in the HA model:

– [OH−] = COH− , concentration of hydroxide ions in the polymer phase
(mol m−3).

– [H2O], concentration in the polymer phase of water molecules formed from
the hydroxide ions released by the hydroxyapatite (mol m−3).

Lastly, the following three variables can be found exclusively in the CC model:

– [CO2−
3 ], concentration of carbonate ions in the polymer phase (mol m−3).

– [HCO−
3 ], concentration of hydrogen carbonate ions in the polymer phase

(mol m−3).

– [H2CO3], concentration of carbonic acid in the polymer phase (mol m−3).

The complete sets of equations for the TCP, HA and CC models are reported
in section 3.2.1, 3.2.2 and 3.2.3 respectively. In those equations, the composite
degradation variables can be easily identified as all of them use symbols of the
type xi, instead of the symbols presented here, to highlight the differences between
variables and constants.
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• Composite-dependent constants: set of parameters which characterise a specific
composite sample. Usually, the composite-dependent constants are exclusive of
that particular composite sample and not shared with other composite samples.
The following composite-dependent constants can be found in the models:

– Mn0, (Da), number-average molecular weight of the polymer phase at the
time origin.

– d0 (m), representative ceramic particle size.

– fwCer0 (wt %), ceramic weight fraction in the composite.

– ∆CH+
0

(mol m−3), the initial hydrogen ions concentration not resulting from
carboxylic end groups dissociation .

– ∆COH−
0

(mol m−3), the initial hydroxide ions concentration.

– α (1), empirical rate of production of short chains by chain scission.

– β (1), empirical exponent of production of short chains by chain scission.

– m (1), average degree of pseudo-polymerisation of the short chains.

– k1 (s−1), non-catalytic polymer hydrolysis rate.

– k′
2 (m3 mol−1 s−1), autocatalytic polymer hydrolysis rate.

– Ad (s−1), rate of the ceramic dissolution power law.

– θ (m3 mol−1 s−1), exponent of the ceramic dissolution power law.

The group of composite-dependent constants formed by α, β and m represent
the scission type of the polymeric matrix of the composite sample and the group
formed by the four composite degradation constants k1, k′

2, Ad and θ represent
the overall degradation behaviour of the composite sample.

• Composite-derived constants: set of parameters which also characterise the
composite sample and can be derived using composite-dependent constants in
addition to polymer-dependent and ceramic-dependent constants:

– fcer0 (m3 m−3), initial ceramic volume fraction in the composite, which can
be calculated as: fcer0 = fwCer0ρpol

(1−fwCer0)ρcer+fwCer0ρpol
.

– Vunit (m3), volume of the representative unit cell, which can be computed
as: Vunit = πd3

0
6fcer0

.

– Vcer0 (m3), volume occupied initially by the ceramic phase in the representa-
tive unit cell, which can be computed as: Vcer0 = π

6 d3
0.
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– Vpol (m3), volume occupied by the polymer phase in the representative unit
cell, which can be computed as: Vpol = Vunit − Vcer0.

• Polymer-dependent constants: set of constants determined by the polymer matrix
of the composite. If several composite samples share the same polymeric matrix,
those samples also share the same values of the polymer-dependent constants.
The polymer-dependent constants found in the degradation models are:

– ρpol (kg m−3), polymer density.

– Ka (mol m−3), polymer acid dissociation constant at 37 ◦C, usually reported
as the base 10 logarithm of the reciprocal of Ka, pKa with pKa = −log10(Ka).

– Munit (Da), average molar mass associated to one ester bond in the polymeric
matrix.

• Polymer-derived constants: set of parameters which are also employed to char-
acterise the polymer matrix. The polymer-derived constants can be calculated
using composite-dependent constants and polymer-dependent constants:

– Ce0 (mol m−3), initial concentration in the polymer phase of ester bonds in
long chains, can be computed as: Ce0 = ρpol/Munit.

– Rol (mol m−3), concentration of ester bonds in short chains at a given time,
can be computed as Rol/Ce0 = α(Rs/Ce0)β.

– Cchain0 (mol m−3), concentration of long polymer chains in the polymer phase
at the time origin, can be computed as: Cchain0 = ρpol/Mn0.

– Ndp0 (Da Da−1), initial average degree of pseudo-polymerisation, can be
computed as: Ndp0 = Mn0

Munit
= Ce0

Cchain0
.

• Ceramic-dependent constants: set of constants determined by the ceramic filler of
the composite. Similarly to the polymer-dependent constants, if several composite
samples share the same ceramic filler, those sample also share the same values of
the ceramic-dependent constants. The degradation models contain the following
ceramic-dependent constants:

– ρcer (kg m−3), ceramic density.

– Mcer (g mol−1), ceramic molar mass.

– Ksp ((molη m−3η) with η the sum of multiplicities of the different ions in
the ceramic chemical composition), ceramic solubility product, usually
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expressed as the a base 10 logarithm of reciprocal of Ksp, pKsp with pKsp =
−log10(Ksp)∗.

– [Ca2+]eq|cer (mol m−3), ceramic calcium equilibrium concentration†.

– Ki (mol m−3), acid dissociation constants at 37 ◦C associated to the ceramic
released anions, usually reported as the base 10 logarithm of the reciprocal
of Ki, pKi with pKi = −log10(Ki). .

• Ceramic-derived constants: set of parameters also used to characterise the ceramic
filler that can be derived from composite ceramic-dependent constants.

– Ωcer (m3 mol−1), ceramic molar volume, which can be computed as: Ωcer =
Mcer/ρcer. As the ceramic molar volume is only one ceramic-derived constant,
it is reported with the ceramic-dependent constants.

In order to compute the composite degradation simulations using the specific
degradation models presented in section 3.2, just the initial values of the composite
degradation variables in addition to the values of the composite-dependent constants,
polymer-dependent constants and ceramic-dependent constants are needed.

3.5 Using the bioresorbable composites degrada-
tion models

This section includes the instructions of use for the three specific composite degradation
models presented in section 3.2. These computational models employ experimental
composite degradation data in order to provide information about the degradation
behaviour of calcium-based biocomposites. The process followed to obtain this desired
composite degradation information can be divided in three different stages:

1. Data harvesting: the first stage is concerned with the search, extraction and
treatment of experimental degradation data for use in the computational models.
After the completion of the data harvesting stage, the experimental composite
degradation data are ready for use with their corresponding specific model (TCP,
HA or CC).

∗ Information about the definition and calculation of the ceramic solubility product can be found in
Appendix A.2 † Information about the definition and calculation of the ceramic calcium equilibrium
concentration can also be found in Appendix A.2
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2. Data analysis: the second stage deals with the extraction of degradation informa-
tion from the harvested experimental data. In a nutshell, this step deals with
the computation of the set of values for the degradation constants k1, k′

2, Ad and
θ that most closely represents the number-average molecular weight versus time
curve of a given piece of harvested experimental data.

3. Results generation: the third and final stage gathers the information obtained
during the previous stage and presents it in several formats according to the
increasing level of complexity of the different analyses.

In the next pages, an in-depth description of the three distinct stages of the method
of use of the specific composite degradation models is provided. Before the in-depth
descriptions and due to the hierarchical structure of composite degradation data, the
precise nomenclature employed when referring to these data is included for reference.

3.5.1 Nomenclature employed in the use of the models

Composite experimental degradation data are key when using the models to further
the knowledge of biocomposite degradation. Although simple in nature, some of the
analysis performed with the models require different ways of grouping and connecting
these experimental data. In order to clarify the subtleties associated with each type of
experimental data grouping, the specific nomenclature adopted in this work is included
here:

• System (of composites): specific combination of a polymeric matrix and a ceramic
filler, i.e. composites which share exactly the same polymeric matrix and ceramic
filler. An example of a system would be poly(L-lactide)–pure hydroxyapatite
composites. Pure polymer samples sharing the polymeric matrix of the system
are considered part of that given system as samples having a ceramic weight
fraction equals to zero.

• Family: combination of systems which share polymeric matrix and ceramic
filler names, i.e. composites which share similar polymeric matrixes and similar
ceramic fillers.

When the matrix is a copolymer, samples with different monomer ratios are
considered part of the same family but not part of the same system, i.e.,
a poly(D,L-lactide-co-glycolide)(50:50)–α-tricalcium phosphate sample and a
poly(D,L-lactide-co-glycolide)(75:25)–α-tricalcium phosphate sample belong to
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the same family, poly(D,L-lactide-co-glycolide)–tricalcium phosphate, but to
different systems. In a similar fashion, when the ceramic can present several al-
lotropes, samples with different allotropes are considered part of the same family,
i.e., a poly(D,L-lactide-co-glycolide)(75:25)–α-tricalcium phosphate sample and
a poly(D,L-lactide-co-glycolide)(75:25)–β-tricalcium phosphate sample belong
to the same family, poly(D,L-lactide-co-glycolide)–tricalcium phosphate, but to
different systems.

• Occurrence (also experimental data occurrence): experimental data reporting the
evolution of degradation over time for a particular pure polymer or composite
sample. Several occurrences from the same system in the same experimental
study will form a case study. The occurrences will differ from each other in
properties like ceramic weight fraction, polymer initial molecular weight, and so
on.

• Case (of a system): a case or case study is a cluster of experimental data from a
given experimental study which belong to one particular system. Typically, a case
study of a system includes several experimental occurrences, with a minimum of
one pure polymer occurrence and one composite occurrence.

3.5.2 Composite degradation data harvesting process

As previously mentioned, the composite degradation models require experimental data
in order to provide information about the degradation behaviour of calcium-based
biocomposites. The data harvesting process, used to provide these data, consists of
two parts: data search and data extraction and treatment.

Data search

Firstly, a search for composite experimental data available in literature was conducted.
The scope of the search is defined as: “quantitative degradation data at physiological
temperature from composites made of polyesters and either tricalcium phosphate or
hydroxyapatite or calcium carbonate”. The following degradation measurements are
considered quantitative during the search:

• Molecular weight of the polymer phase: this degradation measurement is con-
sidered the gold standard, as the comparison with the results output by the
computational models is direct. Although the degradation models output number-
average molecular weight, Mn (Da), other molecular weight averages such as
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weight-average, Mw (Da), and viscosity-average, Mv (Da) are also considered.
Molecular weight was the most abundant quantitative degradation data type in
the harvested literature data.

• pH, pH(t): data reporting the evolution of the degradation buffer pH value over
time are considered a valid and accurate degradation measurement when the data
present a sudden onset of the pH drop after an initial plateau at physiological
pH. This sudden drop of the pH value is caused by the acidity associated to the
burst release of the composite degradation products. This burst release can be
related to a critical polymer molecular weight allowing for a comparison between
the results output by the degradation models and the experimental degradation
data. pH data was the second most abundant quantitative degradation data type
in the harvested literature data.

• Weight loss or mass loss, WL(t) or ML(t): similarly, when the experimental
degradation data present a sudden weight or mass loss, pointing again to a burst
release of the composite degradation products, the weight loss or mass loss data
are considered valid quantitative degradation data. The weight or mass loss
caused by the burst release can also be related to a critical polymer molecular
weight allowing for a comparison between experimental data and the outcome of
the models.

• Mechanical properties, such as flexural strength σflexural(t) (Pa) and yield strength
σy(t) (Pa): the evolution of flexural strength and yield strength over time is
closely related to the composite molecular weight and therefore flexural strength
and yield strength data are also considered valid quantitative degradation data.

Google scholar (https://scholar.google.co.uk/) was employed as search engine with
the following keywords: “degradation”, “composite”, “biodegradable polymer”, “hy-
droxyapatite”, “tricalcium phosphate”, “calcium carbonate”, “lactide”, “caprolactone”,
“glycolide”, “molecular weight”. All the results returned by the search were scanned for
the following cues.

1. Polymer matrix and ceramic filler within the scope of this project.

2. Experimental degradation data of a quantitative nature, as defined above.

3. Characterisation, at least basic, of both polymer and ceramic phases.
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Articles which presented the above-mentioned cues were used for data extraction.
Before the data extraction and to broaden the reach of the search, both the references
and citations of these articles were included as candidates in the search process.

Data extraction

After the search stage, the data were extracted from the selected literature. Several
pieces of information were harvested from each published article. Table 3.1 summarises
the information extracted from selected literature.

Polymer
Characteristics

Ceramic
Characteristics

Type Type
Copolymer mono

-mer ratio Weight percentage

Initial molecular
weight

Particle size
distribution

Particle shape
Manufacturing

process
Manufacturing

process
Manufacturer Manufacturer

(a) Polymer and ceramic characteristics ex-
tracted from the selected literature data

Sample
Characteristics Degradation Protocol Degradation

Measurements

Morphology Buffer media Molecular weight oror animal

Porosity Buffer to sample ratio pH oror implantation site

Fabrication Method Buffer replacement Weight/mass loss oror implantation protocol

Author Shaking protocol Mechanical propertiesor extraction protocol

(b) Sample characteristics, degradation protocol and degradation measurements
extracted from the selected literature data.

Table 3.1. Information extracted from the selected literature.

Table 3.1a contains the extracted pieces of information reflecting the properties
of the polymer matrix and the ceramic filler, while table 3.1b includes the extracted
characteristics of the composite samples, the degradation protocol and degradation



3.5 Using the bioresorbable composites degradation models 81

measurements. These pieces of information can be classified into two different broad
categories, namely input data and output data. Input data consisted of information
needed to characterise the composite before degradation and can be found in table 3.1a
above the dash line. The input data are enough to define the values of the composite-
dependent, polymer-dependent and ceramic-dependent constants. The output data,
found in table 3.1b and the two rows below the dash line in table 3.1a, provided a
characterisation of the composite during and after degradation and information about
the degradation process itself. The names chosen for the two categories, input and
output data relate to their use in the computational model. Input data were fed to
the model to start the simulation and output data were compared to the generated
simulations or used during the analyses with the aim of relating certain properties with
degradation traits.

Both input and output data are needed in a specific format for use in the models.
Most of the magnitudes can be harvested directly in the correct format but two
of them, namely polymer molecular weight and ceramic representative particle size,
usually require some adjustments. Polymer molecular weight data are part of both
input and output data. The initial molecular weight, part of input data, is used
to characterise the pre-degradation composite molecular weight. The computational
models employed number-average initial molecular weight, Mn0 (Da) or Mn(t = 0)
(Da). For the comparison between the simulation and output experimental data at
different time-points also the number-average molecular weight, Mn(t) (Da), is used.

When the found literature data contained Mn(t), the number-average molecular
weights were used without any modifications, but in most cases some processing steps
were needed as the molecular weight data were reported using another average. The
different modifications applied to the molecular weight data depending on the provided
information are listed here:

• Weight-average molecular weight, Mw(t) (Da) and dispersity, Ð(t)∗ (Da Da−1):
the number-average molecular weight, Mn(t) (Da), is computed as the ratio
between the weight-average molecular weight and the dispersity for the initial
and subsequent time-points:

Mn(t) = Mw(t)
Ð(t) (Da) (3.107)

∗ Formerly known as polydispersity or polydispersity index, PD or PDI, with PD(t) or
PDI(t) = Mw(t)/Mn(t) (Da Da−1). In chapters 4, 5 and 7, the deprecated nomenclature, polydis-
persity index PDI, is employed when referring to harvested data in order to maintain coherency with
the nomenclature used by the authors.
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• Weight-average molecular weight, Mw(t) (Da), and initial dispersity, Ð0 (Da Da−1):
the dispersity is assumed to remain constant over time with a value of Ð0. The
number-average molecular weight, Mn(t) (Da), is computed as the ratio be-
tween weight-average molecular weight and initial dispersity for the initial and
subsequent time-points:

Mn(t) = Mw(t)
Ð0

(Da) (3.108)

• Weight-average molecular weight, Mw(t) (Da): when the dispersity is not reported
the employed value of Ð is extracted from literature data of similar polymers
and assumed to remain constant at a value of Ða over time. The number-average
molecular weight, Mn(t) (Da), is computed as the ratio between weight-average
molecular weight and assumed dispersity for all time-points:

Mn(t) = Mw(t)
Ða

(Da) (3.109)

• Viscosity-average molecular weight, Mv(t) (Da) and dispersity, Ð(t): the ratio
between viscosity-average molecular weight, Mv(t), and weight-average molecular
weight, Mw(t), is extracted from literature data of similar polymeric matrixes and
assumed to remain constant at a value of Mv0

Mw0
. The number-average molecular

weight, Mn(t) (Da) is then calculated as:

Mn(t) = Mv(t)
Mv0

Mw0

Ð(t) (Da) (3.110)

• Viscosity average molecular weight, Mv(t) (Da): the relationship between viscosity-
average and number-average molecular weights, RMvMn is extracted from liter-
ature data of similar polymeric matrixes and assumed to be time independent.
The number-average molecular weight, Mn(t) (Da), is then computed as the ratio
between the viscosity-average molecular weight and the assumed RMvMn ratio:

Mn(t) = Mv(t)
RMvMn

(Da) (3.111)

A similar approach was followed when the degradation measurements presented
other formats.

• Inherent viscosity, I.V.(t) (dL/g): the relationship between number-average
molecular weight, Mn(t) (Da), and inherent viscosity is determined using an
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empirical relationship with reference data of similar polymer matrixes taken from
literature.

• pH, pH(t) and initial molecular weight, either number-average (Mn0 (Da)) or
weight average (Mw0 (Da): the number-average molecular weight is estimated
using an empirical relationship between pH and number-average molecular weight
determined with reference data of similar polymers. This relationship provides
the value of number-average molecular weight corresponding to the pH drop,
i.e the value of the number-average critical molecular weight Mn critical (Da),
resulting in a number-average molecular weight curve with two points, the initial
molecular weight and the critical molecular weight:

Mn(t = 0) = Mn0 (Da) (3.112)
Mn(t = tpH drop) = Mn critical (Da) (3.113)

This method was previously employed by Pan et al. with their TCP degradation
model [169].

• Weight or mass loss, WL(t) or mL(t) (wt %) and initial molecular weight, either
weight-average, Mw (Da), or number-average, Mn (Da): similarly, the number-
average molecular weight is estimated using an empirical relationship between
weight or mass loss and number-average molecular weight determined with
reference data of similar polymers. The relationship also provides the number-
average molecular weight associated to the sudden weight or mass loss, i.e. the
number-average critical molecular weight Mn critical, resulting again in a number-
average molecular weight curve with two points:

Mn(t = 0) = Mn0 (Da) (3.114)
Mn(t = tW/M loss burst) = Mn critical (Da) (3.115)

pH and weight or mass loss, employed as measurements of composite degradation,
are intrinsically related. The release of composite degradation products is the
root cause of the evolution of both magnitudes, pH and weight or mass loss,
making them two different representations of the same phenomenon. Pan et al.
also employed this relationship between weight or mass loss and number-average
molecule weight with their TCP degradation model [169].
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• Flexural strength, σflexural (Pa) or yield strength, σy (Pa): a relationship between
the reported mechanical property and number-average molecular weight, Mn

(Da), is used based on literature data of similar polymer matrixes:

Mn(t) = f(σflexural/y(t)) (Da) (3.116)

This method was employed only with two case studies.

As mentioned in section 3.1 and 3.3, the ceramic filler is characterised in the model
using a representative particle size. This representative particle size captures the
behaviour of the whole particle size distribution in terms of both volume and surface
area. The processing methods used to obtain the representative particle size depending
on the data available are explained below:

• Particle size distribution: when the ceramic particle size distribution is provided,
the representative particle size is computed as the Sauter mean diameter (SMD)
of the distribution assuming spherical particles:

SMD = D[3, 2] = d32 = d3
v

d2
s

= 6
∑N

i=1
π
6 d3

i∑N
i=1 πd2

i

= 6
∑N

i=1 Vi∑N
i=1 Ai

(m) (3.117)

being dv (m), the volume equivalent particle diameter; ds (m), the surface
equivalent particle diameter and Vi (m3), Ai (m2), and di (m), the volume,
surface area and diameter of the i-th particle respectively∗.

• Boundary sizes of the distribution: when only the boundary or boundaries of the
particle size distribution are provided, the representative particle size is computed
as the Sauter mean diameter (SMD) assuming a specific distribution type of
spherical particles. If both the lower and upper boundaries of the particle size
distribution are provided, it is assumed that 85 % of the particles fall within the
distribution limits. If only the upper boundary is provided, the lower limit is
considered zero and it is also assumed that 85 % of the particles fall within the
distribution limits considering that only positive sizes have a physical meaning.
Three different types of distribution are considered depending on the employed
ceramic fabrication method:

- Normal distribution, between the lower and upper boundaries fn(xl, xu) or
between zero and the upper boundary fn(xu): the normal or Gaussian distribution

∗ The description and mathematical derivation of the Sauter mean diameter, d32, can be found in
Appendix A.5
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is employed when the ceramic fabrication method is unspecified or of a chemical
nature. For fn(xl, xu), the mean and standard deviation are defined as µ = xl+xu

2
and σ = xu−xl

3 respectively and for fn(xu), the mean and standard deviation are
defined as µ = xu

2 and σ = xu
3 respectively.

- Weibull distribution, between the lower and upper boundaries fwd(xl, xu) or
between zero and the upper boundary fwd(xu): the Weibull or Rosin-Rammler
distribution is used with ceramic fabrication methods including a final comminu-
tion step. For fwd(xl, xu), the scale parameter is defined as λ = xl+xu

2 + xu−xl
3 ,

while for fwd(xu), the scale parameter is defined as λ = xu
2 + xu

3 . In both cases,
the shape factor is defined as k = 2.

- Acicular distribution, fa(xl, xu, yl, yu): when the particles have an acicular
shape, the distribution of particles is generated using two independent normal
distributions for the particle width, x (m), and length, y (m), considering the
particles as cylinders. In the width normal distribution the mean and standard
deviation are defined as µ = xl+xu

2 and σ = xu−xl
3 respectively and in the length

normal distribution the mean and standard deviation are defined as µ = yl+yu
2

and σ = yu−yl
3 respectively. The volume of the acicular particle is estimated as

V = π
4 x2y and the surface area as S = πxy.

• Average particle size, dmean or d (m): in most publications, the ceramic particle
size distribution is characterised by an average particle size without further
insight into calculation method or average type. In these cases, the representative
particle size is assumed to be equal to this reported average particle size.

• Scanning electron microscopy (SEM) or micro X-ray computed tomography
(µ-CT) images, SEM images (m) or µ-CT (m) : when the characterisation of
the ceramic particle size distribution is done with images, originated either by
SEM or µ-CT, the representative particle size is computed as the Sauter mean
diameter, d32 (m), of the particle distribution depicted in those images assuming
spherical particles.

After the pre-treatment, both input and output data were stored in .csv files.
For input data files several experimental occurrences were included in the same file
with each row represented a different experimental occurrence. For output data each
experimental occurrence was stored in a separate .csv file.
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3.5.3 Composite degradation data analysis process

Once the data harvesting stage had been completed and format compatibility of
both input and output data had been attained, input and output data were fed to
a computational program which run the data analysis process. This program uses
an algorithm which aims to find a set of degradation parameters ensuring the closest
match possible between simulated data and associated output data for a given input
data.

This algorithm can be seen from the mathematical point of view as a fitting
algorithm with the objective of minimising the difference between simulated data and
experimental results. Figure 3.8 shows the data analysis process flow chart. The
analysis or fitting process, usually applied to one case study of a system at a time, has
two main stages, namely pure polymer data analysis and composite data analysis. As
discussed in section 3.2, the models characterise composite degradation with four values
for the degradation constants k1, k′

2, Ad and θ; where k1 (s−1) and k′
2 (m3 mol−1 s−1)

are the non-catalytic and autocatalytic polymer degradation rate constants respectively,
and Ad (mol m−2 s−1) and θ (1) the ceramic degradation rate and exponent respectively.
The outcome of the fitting algorithm is a quadruple or 4-tuple with the values of these
four parameters for each experimental case study.

YES 

YES 

NO 

Define initial 
polymer k1 - k’2 

region 

SSres for k1 - k’2 
region using pure 

polymer data  

Any SSres_pol value 
less than Lpolymer?  

k1 - k’2 “zoom-in” 
around lowest 
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k1, k’2, Ad and Θ 
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SSres for Ad - Θ 
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Any SSres_comp 
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Lcomposite?  

Define initial 
ceramic Ad - Θ  
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NO 

Pure polymer data analysis Composite data analysis 

Fig. 3.8. Flow chart depicting the data fitting process.
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The first stage, pure polymer data analysis, depicted in the left green block of figure
3.8 searches for the pair or pairs of values for the polymer degradation rate constants,
k1 and k′

2, which characterise pure polymer data degradation. During this first stage
the ceramic parameters, Ad and θ, are not considered as they do not influence the
degradation of pure polymer occurrences.

This pure polymer data analysis commences after the data have been pre-treated
as described in section 3.5.2 and are ready to be input into the computational models,
including the transformation of the original experimental degradation data into a Mn–t

curve. The first step of the process is the definition of the polymer region of interest,
polymer ROI, by providing four values: k1 min, k1 max, k’

2 min and k’
2 max. These values

of the polymer degradation constants define the following boundary cases: (k1 min, 0),
(k1 max, 0), (0, k’

2 max) and (0, k’
2 max) where k1 min and k’

2 min are underestimations of
the experimentally measured pure polymer degradation rate for the solely non-catalytic
and solely autocatalytic degradation types respectively. In a similar fashion, k1 max

and k’
2 max are overestimations for the solely non-catalytic and solely autocatalytic

degradation types respectively. Figure 3.9a depicts an example of the appearance of
the polymer region of interest enclosed by these four points in the k1–k′

2 plane.
From the definition of the polymer ROI, it follows that the real polymer degradation

rate constants for the particular case study of a given system A (k1A and k’
2A), shared by

all the occurrences of the case study, lie within this region of interest. The second step
was the computation of degradation simulations for a grid of points spaced δk in both
k1 and k′

2 directions and spanning the whole region of interest using the computational
models presented in section 3.2. The simulations are then ranked according to their
goodness of fit with respect to the pure polymer data. The parameter used to measure
the goodness of fit for each fitting was a normalised weighted sum of squared residuals,
defined as:

SSpol
res = 1

mpol

mpol∑
i=0

kWL(ti)
M sim

n pol(ti) − M exp
n pol(ti)

M exp
n pol(t0)

2

(3.118)

where M sim
n pol(t) and M exp

n pol(t) are respectively, the computationally predicted and
harvested experimentally measured number-average molecular weights over time for the
pure polymer occurrence; t0 indicates time origin; kWL(ti) is a weighting factor assigning
heavier importance to low mass loss values and mpol is the number of experimental
time-points in the pure polymer occurrence.

Figure 3.9b exhibits a graphical representation of the goodness of fit for a particular
example. The colour of each simulated point (k1, k’

2) represents its SSpol
res value. A

dark blue colour indicates a low SSpol
res value when compared to the rest of the points in
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the polymer ROI and therefore implies that the differences between the simulation and
the experimental data are the least significant amongst the simulated points. A bright
red colour represents a high SSpol

res value, implying a significant mismatch between
simulation and experimental data.
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Fig. 3.9. Different steps in the pure polymer data analysis stage.
After the initial analysis, the fitting algorithm enters a loop in which a “zoom-in”

is applied to the original polymer ROI, identifying a subregion of interest and running
the same instructions on a finer grid. The subregion is computed as the region that
contains the bottom x% of SSpol

res values. In a typical “zoom-in” step, δk was reduced by
a factor of one to five and x was set to a value ranging from (10. . . 25) %. Figure 3.9c
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includes the result of the “zoom-in” process on the region of interest depicted in figure
3.9b with x equals to 25. A line of “best fittings” is also included, as usually the same
polymer degradation behaviour could be achieved with a range of (k1, k′

2) combinations
with different values of non-catalytic to autocatalytic degradation rates ratio (k1/k′

2).
The points depicted in magenta represent the 3 to 5 pairs of values, highlighting the
differences in k1/k′

2 ratio, output by the pure polymer data analysis.
After completing the first stage, the pure polymer data analysis, the fitting algorithm

returns a pair or several pairs of values (k1, k’
2) for the analysed case study as mentioned

above. Then, the algorithm moves to the second stage, composite data analysis,
represented in the right red block in figure 3.8, which follows a similar set of instructions,
in order to find the correct values of Ad and θ for the case study, with the k1 and k’

2

values generated by the first stage. The real values of Ad and θ are contained in the
ceramic region of interest (ceramic ROI). θ values range from 1 to 4 and thus, include
the reported values for several dissolution mechanisms [30, 98]. The range of Ad values
stem from reference values of minimum reported dissolution rate for a given ceramic, as
lower boundary, and physical constraints such as complete dissolution in the analysed
degradation time as upper boundary. Figure 3.10 shows a ceramic region of interest in
the Ad–θ plane for a given pair of (k1, k’2).

The parameter used to measure the goodness of fit in this stage, SScomp
res , is updated

to include both the pure polymer and composite samples occurrences:

SScomp
res = 1∑n

j=1 mj

n∑
j=1

mj∑
i=1

kWL j(ti)
M sim

n j (ti) − M exp
n j (ti)

M exp
n j (t0)

2

(3.119)

where M sim
n j (t) and M exp

n j (t) are respectively, the computationally predicted and har-
vested experimentally measured number-average molecular weights over time for the
j-th occurrence, with mj, the number of experimental time-points for the j-th occur-
rence and n, the number of occurrences for the system case study; t0 indicates time
origin and kWL j(ti) is a weighting factor assigning heavier importance to low mass loss
values for the j-th occurrence.

Figure 3.10b and 3.10c contain an example of the evaluation of the simulations in
both the ceramic ROI and in the subregion selected after a refinement iteration. The
final outcome of the fitting process algorithm is one or several quadruples or 4-tuples
containing k1, k’

2, Ad and θ for the analysed case study. The output quadruples are
those which present values of SScomp

res below a defined arbitrary threshold. The final
reported one corresponds to the 4-tuple which best fits experimental information in
terms of final ceramic particle size.
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Fig. 3.10. Different steps in the composite data analysis stage.

θ value

A grid of θ values, as explained above and depicted in figure 3.10b, was employed
during the analysis of experimental data with the three ceramic-specific models for
the first few case studies of each type. The little influence of θ in the composite data
analysis became apparent, as pointed by the same colour of all points with same Ad

value in figure 3.10c. Subsequently, given the incapability of the models to ascertain
the dominant dissolution mechanism in each case study, reflected by the θ value, and
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to decrease the computational cost of the simulations, a value of θ = 2 was fixed for
the remaining analyses.

Range of goodnesses of fit

Figure 3.11 includes examples of the different goodnesses of fit found during data
analysis. Four different categories were considered: excellent (fig. 3.11a), good (fig.
3.11b), fair (fig. 3.11c) and poor (fig. 3.11d).
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Fig. 3.11. Different types of goodness of fit observed during data analysis with the
three ceramic-specific models.
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Of all the analysed case studies, around 80 % presented excellent or good goodness
of fit with the remaining 20 % distributed 3:1 between fair and poor goodness of
fit. The 5 % with poor fitting were included as the actual polymer degradation rate
values (k1, k′

2) are probably of a similar order of magnitude because the bulk of the
discrepancies comes from a mismatch in degradation curve shape stemming from a
different random to end scissions ratio [81], which can be hard to ascertain from
experimental data.

3.5.4 Types of results generated by the degradation models

After the presentation of the data analysis, the different types of results generated
by the models are presented here. These results have a hierarchical structure, with
increasing level of complexity, which is depicted in figure 3.12.

The first level of results, the simplest and most elemental, acts as a backbone for
superior levels. Figure 3.12a depicts an example of this type of results. In essence, the
results in this first level correspond to the output of the computational degradation
models presented in section 3.2. Providing all the necessary constants, composite input
data and initial values of the variables as explained in section 3.4, the evolution of the
magnitudes used to characterise the degradation of the composite sample is calculated
for a given set of values for the four degradation parameters k1, k′

2, Ad and θ.
When several of these first level simulations are joined together and use to charac-

terise the experimental occurrences of a particular case study, a level 2 result is formed.
An example of a level 2 result, for a case study with a poly(L-lactide) copolymer
matrix and β-tricalcium phosphate filler, is depicted in figure 3.12b. These results are
generated using the data analysis process presented in section 3.5.3 and represent the
first useful type of results in terms of providing insight into the degradation mechanisms
of biocomposites.

The uppermost level, level number 3, consists of the most complex and elaborated
type of results. This type, named degradation maps, condense information about a
significant number of case studies by representing each one with their four values of
the degradation constants k1, k′

2, Ad and θ. Figure 3.12c presents an example of a
polymer and ceramic maps for several case studies. This type of results are output by
the more general high-level analyses undertaken in chapters 4, 5 and 7 using harvested
experimental data.

In summary, this chapter has presented a general modelling framework for calcium-
based biocomposites degradation, followed by three ceramic-specific composite degrada-
tion models generated by particularising the general framework for tricalcium phosphate,
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Fig. 3.12. Hierarchical structure of the results generated with the biocomposites data
analysis, ordered by increasing level of complexity.

hydroxyapatite and calcium carbonate. The representative unit cell, employed by the
developed models to characterise composite samples, was also introduced and analysed.
Then, the constituent elements of the degradation models were presented compiled in
a list and classified according to their dependence and type. Lastly, the methods of use
of these models were presented. In the next three chapters, the use of these models



94 Degradation of bioresorbable composites: the models

with harvested experimental data is discussed. Chapter 4 deals with the analysis
of tricalcium phosphate composites, chapter 5 with the analysis of hydroxyapatite
composites and finally, chapter 7 with the analysis of calcium carbonate composites.



Chapter 4

Degradation of bioresorbable
composites: tricalcium phosphate
case studies

As previously mentioned in the introductory chapter, studying the degradation of
biocomposites is a time and resource-consuming process. Therefore it is logical to
try and maximise the information that can be extracted from already published
experimental data. Although inaccurate and incomplete information in composite
characterisation are to be expected, analysing these published degradation data with
the computational models obtained from the general modelling framework based on
an extended version of Pan et al.’s TCP-polyester composite degradation model [169]
and presented in chapter 3 is, in the author’s opinion, still a worthy approach. By
doing so, a global degradation map for biocomposites can be built. This map, albeit
incomplete, will aid understanding of the biocomposite degradation mechanisms and
highlight areas of particular interest due to their appropriate degradation profiles.

A thorough search of composite degradation data available in literature was carried
out in order to provide the necessary information for the computational models. The
search focuses on composite samples made of biodegradable polyester matrixes, with
special emphasis on poly(α-hydroxy)acids, and three different ceramic fillers: two
calcium orthophosphates, namely tricalcium phosphate (TCP) and hydroxyapatite
(HA), and a carbonate, namely calcium carbonate (CC). The data mining includes only
studies which reported quantitative degradation measurements, preferably evolution
of polymer molecular weight over time; although some other physical magnitudes
employed to report degradation, e.g. pH or mass loss, have also been considered.
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This chapter is the first one of a series of three (chapters 4, 5 and 7) presenting the
analysis of literature data using the ceramic-specific computational models introduced
in chapter 3. Each chapter focuses on a different ceramic filler, starting with tricalcium
phosphate in the present chapter, followed by hydroxyapatite in chapter 5 and calcium
carbonate in chapter 7.

The present chapter is divided in seven different sections. Those section can be
broadly grouped into two blocks. The first block encompassing the first four sections
include the information needed a priori to run simulations while the last three sections,
part of the second block, focus on the presentation and analysis of the results output
by the computational model. Figure 4.1 exhibits a schematic of the chapter structure
highlighting the fit of each section in the general workflow.
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Fig. 4.1. Schematic showing the relationship between the structure of chapter 4 and
the workflow of the composite degradation modelling.

The first block, depicted with its elements coloured in a red shade, contains the first
four sections. The initial section, section 4.1, includes the degradation data harvested
from literature according to the methods described in section 3.5.2. A polymer type
and a ceramic type are part of the information extracted for each case study. The
computational model employs constants associated with both the specific polymer
type and the specific ceramic type for each case study. Those ceramic-dependent and
polymer-dependent constants for the different tricalcium phosphate and polymer types
encountered during the literature search are reported in section 4.2 and 4.3 respectively.
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The fourth and last section of this block, section 4.4, includes the values at the time
origin of variables included in the TCP composites degradation model. Thus, these
four sections contain all the necessary information to run the composite degradation
simulations.

The computational model, the TCP composites degradation model in this case,
employs all the abovementioned information to generate the results following the
process described in section 3.5.3. This stage in the modelling workflow is represented
in figure 4.1 by a green shade element. For both practicality and lack of space, the
different steps of the results generation process for the analysed case studies are not
shown here.

The second part, depicted in a blue shade, consists of sections 4.5, 4.6 and 4.7
dealing with a posteriori information. Firstly, the results output by the computational
model are shown in a visual format in section 4.5. Additional information obtained
during the data harvesting and employed during composite degradation analysis is
included in appendix B.1. Secondly, a series of analyses of the results examining the
degradation behaviour, in addition to the influence of several factors on said behaviour
are presented in section 4.6. Finally, the main conclusions and insights obtained from
all the analyses of the results are included in section 4.7. This structure, albeit with
minor changes, is also used in chapters 5 and 7.

4.1 Degradation data from tricalcium phosphate
composites and composite-dependent constants
for the tricalcium phosphate composites model

This section contains the experimental data concerning the degradation of tricalcium
phosphate composites and the values of the composite-dependent constants for the TCP
data. The experimental degradation data are presented in a tabular format, including
several composite-dependent constants employed as modelling input in addition to
information about the reported quantitative degradation measurements and ceramic
characterisation for each case study. The harvested data resulted from a search of
the available literature conducted according to the method described in section 3.5.2.
Briefly, combinations including “tricalcium phosphate composite” in addition to other
keywords are employed. Once a relevant article is found, both references and citations
are also checked.
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The degradation data can be grouped in two different categories: polymer charac-
teristics and ceramic characteristics. The first category includes several characterising
parameters of the polymeric matrix such as polymer type, molar ratio of monomers for
the case of copolymers, initial number-average molecular weight, Mn0 (kDa) and type
of reported data reflecting composite degradation. The second category includes several
characterising parameters of the ceramic filler such as ceramic type, ceramic weight
fraction of the undegraded composite samples, fw0 (wt %), ceramic representative
particle size, d0 (µm) and ceramic data available to compute the ceramic representative
particle size. The extracted data were processed as described in section 3.5.2. Although
the computational model employs input values in international system units, Mn0 and
d0 are reported here using multiples for convenience due to the usual range encountered
in literature for both variables.

Some of the extracted polymer and ceramic characterising parameters are composite-
dependent constants, such as initial number-average molecular weight, Mn0 (kDa);
ceramic weight fraction of the undegraded composite samples, fw0 (wt %) and ce-
ramic representative particle size, d0 (µm), while others define the polymer-dependent
constants, such as polymer type and molar ratio of monomers in copolymers or
the ceramic-dependent constants, such as ceramic type. The remaining composite-
dependent constants, excluding the composite degradation constants k1, k′

2, Ad and θ,
are also presented in this section.

The data included in this section exclusively contains information fed to the compu-
tational model. Other relevant information, mostly concerning composite characteristics
rather than polymer or ceramic characteristics, was also harvested for each studied
composite degradation case. Those characteristics included fabrication method, sample
morphology and structure, as well as sample degradation protocol. Although these
factors may affect composite degradation behaviour, they are not explicitly represented
in the modelling framework. These pieces of information are included in appendix B.1.

Table 4.1 presents the input degradation information extracted from the harvested
literature data and employed to analyse the degradation of tricalcium phosphate
composites using the TCP composites degradation model presented in section 3.2.1.
The data are ordered alphabetically by polymer type including first the homopolymers,
followed by copolymers and blends. For similar polymer types, enantiopure matrixes
are presented first. When several cases concerned the same polymeric matrix the cases
are ordered according to ceramic type and initial polymer molecular weight. Each row
in the table represents one case study and is separated from the rest by either a solid
or a dashed line. A dashed line is used when consecutive cases were generated by the
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same author or research group and a solid line is used when there is no known author
relationship. Tricalcium phosphate type is described using abbreviations. Briefly, TCP
stands for tricalcium phosphate and the preceding Greek letter indicates the allotrope.
The prefix “a” indicates low crystallinity. A complete list of tricalcium phosphate types
including full denominations can be found in table 4.2.

Table 4.1. Summary of data found in literature on degradation of composites made of
biodegradable polymer and tricalcium phosphate. CMR is the molar ratio of the different
monomers in a copolymer, Mn0 is the sample initial number-average molecular weight, fw0 is
the initial ceramic weight fraction of a composite sample and d0 is the ceramic representative
particle size of the undegraded composite sample. Further abbreviations employed in columns
labelled “Data” can be found in section 3.5.2. Abbreviations used to specify the tricalcium
phosphate type can be found in table 4.2. A dashed line between rows indicates that data
displayed in those consecutive rows belong to the same researcher or research group. A solid
line between rows indicates no known author relationship for the data.

Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(L-lactide)

- 67.17

Mn(t)

- 0 -
dmean in

text
Kobayashi

β-TCP [127]
- 60.80 β-TCP 4.7 2.22
- 57.60 β-TCP 9.1 2.40
- 59.52 β-TCP 13.3 2.68

Poly(L-lactide)
- 68.00

Mv(t0)
- 0 - fwb(125)

µm
Aunoble

β-TCP [15]- 46.00 β-TCP 60 103

Poly(L-lactide)
- 251.70 Mw(t) and

P DI(t)
- 0 - SEM

images
Adamus
β-TCP [1]- 95.49 β-TCP 52 1.1

Poly(L-lactide) - 351.37
Mw(t) and

P DI(t)
β-TCP 66.7 2.41

dmean in
text

Kang 07 S
β-TCP [122]

Poly(L-lactide) - 351.37
Mw(t) and

P DI(t)
β-TCP 66.7 2.41

dmean in
text

Kang 07 F
β-TCP [122]

Poly(L-lactide) - 580.00 Mn(t) β-TCP 65 2.41
dmean in

text
Kang 09 F
β-TCP [123]

Poly(L-lactide) - 580.00 Mn(t) β-TCP 65 2.41
dmean in

text
Kang 09 FL
β-TCP [123]

Poly(D,L-lactide)
4:96 36.89

Mw(t)
- 0 -

dVol mean
in text

Daculsi Vit
β-TCP [44]4:96 43.75 β-TCP 10 40

4:96 37.23 β-TCP 24 40

Poly(D,L-lactide)
4:96 36.89

Mw(t)
- 0 -

dVol mean
in text

Daculsi Viv
β-TCP [44]4:96 43.75 β-TCP 10 40

4:96 37.23 β-TCP 24 40

Poly(D,L-lactide)
4:96 37.00 %Mn(t)

and Mn0

- 0 - fn(50, 125)
µm

Niemela LD
β-TCP [166]4:96 26.00 β-TCP 20 100
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(D,L-lactide)

50:50 18.30
Mw(t) and
P DI(t0)

- 0 -
dmean in

text
Zheng aβ-TCP

[247]
50:50 19.25 aβ-TCP 25 0.72
50:50 22.82 aβ-TCP 33 0.72
50:50 23.49 aβ-TCP 50 0.72

Poly(D,L-lactide)

50:50 30.00

WL(t)

- 0 -

fwd(50, 199)
µm

Lin β-TCP
[142]

50:50 30.00 β-TCP 30 166
50:50 30.00 β-TCP 35 166
50:50 30.00 β-TCP 40 166
50:50 30.00 β-TCP 45 166
50:50 30.00 β-TCP 50 166
50:50 30.00 β-TCP 55 166
50:50 30.00 β-TCP 60 166

Poly(D,L-lactide)
50:50 88.13

Mw(t)
- 0 - dmean in

text
Heidemann
β-TCP [100]50:50 92.88 β-TCP 26 2.2

Poly(L-co-D,L-
lactide)

70:30 26.35 Mw(t) and
I.V.(t0)

- 0 - fn(50, 125)
µm

Niemela LDL
β-TCP [167]70:30 23.26 β-TCP 20 100

Poly(L-co-D,L-
lactide)

70:30 46.15 Mn(t) α-TCP 45 163 fn(200) µm
Ignatius P
α-TCP [113]

Poly(L-co-D,L-
lactide)

70:30 68.33
Mw(t)

- 0 -
fn(200) µm

Ignatius D
β-TCP [112]70:30 87.71 β-TCP 10 163

70:30 66.50 β-TCP 30 163

Poly(L-co-D,L-
lactide)

70:30 204.92
I.V.(t) for

PP

- 0 -
fn(75, 106)

µm

Haaparanta
3wt β-TCP

[88]

70:30 204.92 β-TCP 5 93
70:30 204.92 β-TCP 10 93
70:30 204.92 β-TCP 20 93

Poly(L-co-D,L-
lactide)

70:30 211.69
I.V.(t) for

PP

- 0 -
fn(75, 106)

µm

Haaparanta
2wt β-TCP

[88]

70:30 211.69 β-TCP 5 93
70:30 211.69 β-TCP 10 93
70:30 211.69 β-TCP 20 93

Poly(L-lactide-
co-ε-caprolactone)

70:30 90.00
Mw(t) and
P DI(t0)

- 0 -
SEM image

Ahola 13
β-TCP [3]70:30 69.00 β-TCP 54.35 19

70:30 70.00 β-TCP 65.22 19

Poly(L-lactide-
co-ε-caprolactone)

70:30 90.98

Mn(t)

- 0 -

SEM image
Ahola 12
β-TCP [4]

70:30 87.97 β-TCP 10 19
70:30 78.57 β-TCP 20 19
70:30 74.44 β-TCP 35 19
70:30 69.55 β-TCP 50 19

Poly(L-lactide-
co-ε-caprolactone)

92:8 39.12
Mw(t)

- 0 -
SEM image

Kikuchi PLCL
β-TCP [125]92:8 43.71 β-TCP 50 4

Poly(L-lactide-co-
glycolide)

70:30 65.00
Mn(t)

- 0 - SEM
images

Yang F.
β-TCP [242]70:30 54.50 β-TCP 30 9
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(L-lactide-co-
glycolide)

70:30 160.30 Mn(t) β-TCP 41.5 3.22
dmean in

text
Yang Y. S

β-TCP [243]

Poly(L-lactide-co-
glycolide)

70:30 160.30 Mn(t) β-TCP 41.5 3.22
dmean in

text
Yang Y. D
β-TCP [243]

Poly(L-lactide-co-
glycolide)

70.7:29.3 24.79
Mw(t) and
P DI(t0)

- 0 -
SEM

images
Jin β-TCP

[120]70.7:29.3 19.50 β-TCP 10 5
70.7:29.3 26.12 β-TCP 30 5

Poly(D,L-lactide-
co-glycolide)

44.6:55.4 8.60 %Mw(t) and
P DI(t0)

- 0 -
Assumed

Ara β-TCP
[11]44.6:55.4 10.00 β-TCP 30 30

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mn as-
received

Particle
size distri-
bution in
composite

Bennett nC
α-TCP [24]

50:50 34.00 - 0 -
50:50 34.00 α-TCP 27.1 0.8

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mn as-
received

Particle
size distri-
bution in
composite

Bennett nC
D250 α-TCP

[24]

50:50 34.00 - 0 -
50:50 34.00 α-TCP 27.1 0.8

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mn as-
received

Particle
size distri-
bution in
composite

Bennett nC
D2100 α-TCP

[24]

50:50 34.00 - 0 -
50:50 34.00 α-TCP 27.1 0.8

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mn as-
received

Particle
size distri-
bution in
composite

Bennett iC
α-TCP [24]

50:50 34.00 - 0 -
50:50 40.80 α-TCP 31.5 5.4

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mn as-
received

Particle
size distri-
bution in
composite

Bennett mC
α-TCP [24]

50:50 34.00 - 0 -
50:50 34.00 α-TCP 30.2 49

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mn as-
received

Particle
size distri-
bution in
composite

Bennett mC
D250 α-TCP

[24]

50:50 34.00 - 0 -
50:50 34.00 α-TCP 30.2 49

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mn as-
received

Particle
size distri-
bution in
composite

Bennett mC
D2100 α-TCP

[24]

50:50 34.00 - 0 -
50:50 34.00 α-TCP 30.2 49

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mw as-
received

Particle
size

distribution

Ege α-TCP
[65, 64]

50:50 34.50 - 0 -
50:50 34.50 α-TCP 25.24 0.333
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(D,L-lactide-
co-glycolide)

50:50 34.50 WL(t),
pH(t) and

Mw as-
received

- 0 -
Particle

size
distribution

Yang Z. 5050
nC α-TCP
[245, 244]

50:50 34.50 α-TCP 22.38 0.57
50:50 34.50 α-TCP 30.82 0.57
50:50 34.50 α-TCP 40.25 0.57

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mw as-
received

SEM image
Yang Z. 5050
mC α-TCP
[245, 244]

50:50 34.50 - 0 -
50:50 34.50 α-TCP 32.40 19

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mn as-
received

Particle
size

distribution

Mellon α-TCP
[149]

50:50 36.00 - 0 -
50:50 36.00 α-TCP 20 6.02
50:50 36.00 α-TCP 60 6.02

Poly(D,L-lactide-
co-glycolide)

50:50 36.50
pH(t) and

Mw as-
received

- 0 -

Analysis in
[24]

Barrett α-TCP
[19, 18]

50:50 36.50 α-TCP 10.25 1.5
50:50 36.50 α-TCP 20.51 1.5
50:50 36.50 α-TCP 30.77 1.5
50:50 36.50 α-TCP 41.02 1.5

Poly(D,L-lactide-
co-glycolide)

50:50 68.50

WL(t),
pH(t) and

Mw as-
received

- 0 -

µ-CT
images

Ehrenfried
α-TCP [66]

50:50 68.50 α-TCP 5 175
50:50 68.50 α-TCP 10 175
50:50 68.50 α-TCP 15 175
50:50 68.50 α-TCP 20 175
50:50 68.50 α-TCP 30 175
50:50 68.50 α-TCP 40 175

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mw as-
received

Particle
size

distribution

Ege β-TCP
[64]

50:50 34.50 - 0 -
50:50 34.50 β-TCP 19.45 0.648

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mn as-
received

Particle
size

distribution

Mellon β-TCP
[149]

50:50 36.00 - 0 -
50:50 36.00 β-TCP 40 4.02

Poly(D,L-lactide-
co-glycolide)

75:25 60.00 WL(t),
pH(t) and

Mw as-
received

- 0 -
Particle

size
distribution

Yang Z. 7525
nC α-TCP

[244]

75:25 60.00 α-TCP 22.38 0.57
75:25 60.00 α-TCP 30.82 0.57
75:25 60.00 α-TCP 40.25 0.57

Poly(D,L-lactide-
co-glycolide)

WL(t),
pH(t) and

Mw as-
received

SEM image
Yang Z. 7525
mC α-TCP

[244]

75:25 60.00 - 0 -
75:25 60.00 α-TCP 32.40 19
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(L-lactide)/
poly(ethylene:

hexamethy-
lene/sebacate)

block copolymer

Mw(t) and
P DI(t)

dmean in
text

Imai L100
β-TCP [114]

75.3:24.7 27.28 - 0 -
75.3:24.7 32.44 β-TCP 10 5.3
75.3:24.7 29.35 β-TCP 30 5.3

Poly(L-lactide)/
poly(ethylene:

hexamethy-
lene/sebacate)

block copolymer

Mw(t) and
P DI(t)

dmean in
text

Imai L250
β-TCP [114]

75.3:24.7 28.28 - 0 -
75.3:24.7 35.01 β-TCP 10 5.3
75.3:24.7 31.12 β-TCP 30 5.3

Poly(L-lactide)/
poly(ethylene:

hexamethy-
lene/sebacate)

block copolymer

Mw(t)
dmean in

text
Kikuchi T800
β-TCP [124]

75.3:24.7 70.14 - 0 -
75.3:24.7 47.81 β-TCP 75 0.3

Poly(L-lactide)/
poly(ethylene:

hexamethy-
lene/sebacate)

block copolymer

Mw(t)
dmean in

text
Kikuchi T1100
β-TCP [124]

75.3:24.7 70.14 - 0 -
75.3:24.7 66.00 β-TCP 75 1

Poly(L-lactide)/
poly(ethylene:

hexamethy-
lene/sebacate)

block copolymer

Mn(t)
dmean in

text
Imai H100

β-TCP [115]

98.3:1.7 81.66 - 0 -
98.3:1.7 66.15 β-TCP 10 5.3
98.3:1.7 57.92 β-TCP 30 5.3

Poly(L-lactide)/
poly(ethylene:

hexamethy-
lene/sebacate)

block copolymer

Mn(t)
dmean in

text
Imai H250

β-TCP [115]

98.3:1.7 61.47 - 0 -
98.3:1.7 84.00 β-TCP 10 5.3
98.3:1.7 53.80 β-TCP 30 5.3
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(L-lactide-co-
glycolide-co-ε-
caprolactone)

Mw(t) SEM image
Kikuchi PLGC
β-TCP [125]

75:11:14 120.35 - 0 -
75:11:14 126.29 β-TCP 60 4

Table 4.1. Summary of data found in literature on degradation of composites made
of biodegradable polymer and tricalcium phosphate. CMR is the molar ratio of the
different monomers in a copolymer, Mn0 is the sample initial number-average molecular
weight, fw0 is the initial ceramic weight fraction of a composite sample and d0 is the
ceramic representative particle size of the undegraded composite sample. Further
abbreviations employed in columns labelled “Data” can be found in section 3.5.2.
Abbreviations used to specify the tricalcium phosphate type can be found in table 4.2.
A dashed line between rows indicates that data displayed in those consecutive rows
belong to the same researcher or research group. A solid line between rows indicates
no known author relationship for the data.

As previously mentioned, table 4.1 includes three of the composite-dependent
constants for each tricalcium phosphate case study. The values of the remaining
nine composite-dependent constants for the case studies are discussed here. Water
self-ionisation is not considered in the TCP composites degradation model, and thus,
the value of the initial hydroxide ions concentration, ∆COH−

0
(mol m−3), is not needed.

Similarly, ignoring the small contribution to the initial hydrogen ions concentration
that results from the water self-ionisation and assuming no other hydrogen ions sources
in the composites samples apart from the acid dissociation experienced by the polymer
chains, the initial hydrogen ions concentration not resulting from carboxylic end groups
dissociation, ∆CH+

0
, takes the value 0 mol m−3.

In terms of polymer scission type, the tricalcium phosphates case studies were
assumed to experience a mixture of random and end scission, as done by Pan et al.
[169], which is characterised by:

• Empirical rate of production of short chains by chain scission, α = 0.4 (1).

• Empirical exponent of production of short chains by chain scission, β = 1 (1).

• Average degree of pseudo-polymerisation of the short chains, m = 4 (1).

Finding the defining values of the last four composite-dependent parameters, the
composite degradation constants k1, k′

2, Ad and θ, for each case study is the aim of
the analysis process applied to these harvested degradation data. These values are the
outcome of the composite degradation simulations and can be found in section 4.5.
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4.2 Tricalcium phosphate information and ceramic-
dependent constants for the tricalcium phos-
phate composites degradation model

This section presents the different types of tricalcium phosphate found in the harvested
literature and their associated values of the ceramic-dependent parameters. The TCP
computational model derived from the modelling framework, presented in section 3.2.1,
employs chemical relationships to characterise the interactions between ceramic filler
and polymeric matrix resulting in a versatile model capable of dealing with different
types of tricalcium phosphate.

Tricalcium phosphate (TCP), whose chemical formula is Ca3(PO4)2, has several
allotropes, namely α, β and α’. The three distinct polymorphs are stable at different
temperatures, with the transition from β-TCP to α-TCP occurring at 1125 ◦C [67] and
the transition from α-TCP to α’-TCP at 1430 ◦C but with α’-TCP unable to survive
quenching [67].

Although the three allotropes share exactly the same chemical composition, Ca3(PO4)2,
and therefore release Ca2+ and (PO4)3− ions during dissolution, the polymorphs have
different crystallographic properties with β-TCP having a rhombohedral space group
R3c [67], α-TCP a monoclinic space group P21/a [67] and α’-TCP a hexagonal space
group P63/mmc [67]. These differences in structure affect the ceramic parameters used
in the computational model.

Usually when prepared through a conventional wet chemistry route, the TCP
fabrication method includes a high temperature sintering step with this temperature
defined accordingly to the sought after TCP allotrope [64]. As a result, it is not
common to find low crystallinity α- or β-TCP, which would differ in properties from
their high crystallinity counterparts. Table 4.2 reports the abbreviations used to
designate each one of the tricalcium phosphate types encountered in the harvested
tricalcium phosphate composites degradation data.

Abbreviation Description
α-TCP Highly crystalline alpha tricalcium phosphate
β-TCP Highly crystalline beta tricalcium phosphate
aβ-TCP Amorphous or low crystallinity beta tricalcium phos-

phate

Table 4.2. Abbreviations and descriptions of the different types of tricalcium phosphate
encountered in the harvested degradation data.
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The modelling framework uses several parameters that are ceramic-dependent,
namely ceramic molar mass, Mcer; ceramic density, ρcer; ceramic molar volume, Ωcer;
ceramic solubility expressed as a negative base 10 logarithm of the ionic product
at equilibrium, −log10(Ksp); ceramic calcium equilibrium concentration, [Ca2+]eq|cer

and acid dissociation constants associated to the released anions, pKi. The values of
these ceramic-dependent constants for the encountered tricalcium phosphate types are
presented in table 4.3.

Constant (unit) Quantity Value Reference

pK1 (1) First logarithmic phosphoric acid
dissociation constant at 37 ◦C 2.21 [20]

pK2 (1) Second logarithmic phosphoric
acid dissociation constant at 37 ◦C 7.18 [21]

pK3 (1) Third logarithmic phosphoric acid
dissociation constant at 37 ◦C 12.23 [218]

MTCP (g mol−1) TCP molar mass 310.177 [181]
−log10(Ksp)|α (1) α-TCP solubility at 37 ◦C 25.5 [56]

−log10(Ksp)|aβ-β (1) aβ-TCP and β-TCP solubility at
37 ◦C 29.5 [56]

[Ca2+]eq|α (mol m−3) α-TCP equilibrium calcium
concentration at 37 ◦C 9.342 × 10−3 App. A.2.1

[Ca2+]eq|aβ-β (mol m−3) aβ-TCP and β-TCP equilibrium
calcium concentration at 37 ◦C 1.481 × 10−3 App. A.2.1

ρTCP|α (kg m−3) α-TCP density 2860 [56]
ρTCP|β (kg m−3) β-TCP density 3070 [56]
ρTCP|aβ (kg m−3) aβ-TCP density 2456 ⊤
ΩTCP|α (m3 mol−1) α-TCP molar volume 1.085 × 10−4 †
ΩTCP|aβ (m3 mol−1) aβ-TCP molar volume 1.262 × 10−4 †
ΩTCP|β (m3 mol−1) β-TCP molar volume 1.010 × 10−4 †
⊤ Data not reported. Assuming density is 80% of β-TCP density.
† Calculated as the ratio between MTCP and ρTCP (ΩTCP = MTCP/ρTCP).

Table 4.3. Values of the ceramic-dependent parameters used in the tricalcium phosphate
model. Acid dissociation expressed as the negative base 10 logarithm of the acid
dissociation constant, pKi = −log10(Ki) with Ki in mol dm−3. Solubility expressed
as the negative base 10 logarithm of the ionic product at equilibrium of Ca3PO4
with concentrations in mol dm−3. |α/β/aβ used to denote the value of a magnitude
particularised for a specific TCP polymorph.
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4.3 Biodegradable polymers information and polymer-
dependent constants for the composites degra-
dation modelling framework

This section includes the values of the polymer-dependent constant for all the polymer
matrixes present in the harvested degradation data from chapters 4, 5 and 7. All the
computational models derived from the modelling framework use the same mathematical
representation to characterise polymer degradation and are able to accommodate a
range of different polymeric matrixes. Thus, these constants are common across the
three ceramic-specific composites degradation models presented in sections 3.2.1, 3.2.2
and 3.2.3.

The values of the three polymer-dependent parameters, namely polymer density, ρpol;
polymer acid dissociation constant, Ka and molar mass associated to one ester bond
in the polymeric matrix, Munit are reported, in addition to the semi structural formula
of the repeating unit(s), in table 4.4 for all the different polymer types encountered in
all the analysed degradation data.
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4.4 Initial values for the TCP composites degrada-
tion model variables

Having now presented the values of the composite-dependent, ceramic-dependent and
polymer-dependent constants in section 4.1, 4.2 and 4.3 respectively, only the initial
values of the degradation variables used in the TCP composites degradation model,
discussed in section 3.2.1, are needed in order to simulate the degradation of tricalcium
phosphate composites. This section includes those values.

The values of the eleven degradation variables at the time origin, which are listed
below, arise from two assumptions: firstly, that both ceramic dissolution and polymer
scission start at the time origin and secondly, that the polymer phase has attained
carboxylic end acid dissociation equilibrium at the time origin with the initial hydrogen
ions concentration not resulting from carboxylic end groups dissociation, ∆CH+

0
=

0 mol m−3.

• x1|t=0 = Rs0 = 0, initial concentration of polymer chain scissions (mol m−3).

• x2|t=0 = [H+]0 = CH+
0

= −0.5Ka +
√

0.25K2
a + KaCchain0, initial concentration of

hydrogen ions (mol m−3).

• x3|t=0 = [Ca2+]0 = 0, initial concentration of calcium ions (mol m−3).

• x4|t=0 = [PO3−
4 ]0 = 0, initial concentration of phosphate ions (mol m−3).

• x5|t=0 = [R-COOH]0 = Cchain0 −
(

− 0.5Ka +
√

0.25K2
a + KaCchain0

)
, initial

concentration of non-dissociated carboxylic end group chains (mol m−3).

• x6|t=0 = [R-COO−]0 = −0.5Ka +
√

0.25K2
a + KaCchain0, initial concentration of

dissociated carboxylic end group chains (mol m−3).

• x7|t=0 = [HPO2−
4 ]0 = 0, initial concentration of hydrogenphosphate ions (mol m−3).

• x8|t=0 = [H2PO−
4 ]0 = 0, initial concentration of dihydrogenphosphate ions (mol m−3).

• x9|t=0 = [H3PO4]0 = 0, initial concentration of phosphoric acid (mol m−3).

• x10|t=0 = aTCP0 = πd2
0

Vunit
, initial concentration of interfacial area in the compos-

ite (m2 m−3).

• x11|t=0 = Mn0, initial polymer number-average molecular weight (Da).
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where the concentrations x1, . . . , x9 are defined in the polymer phase, Ka is the polymer
acid dissociation constant at 37 ◦C (mol m3); Cchain0, the polymer chains concentration
at the time origin (mol m−3); d0, the representative particle size (m) and Vunit, the
volume of the representative unit cell (m3).

4.5 Results of the tricalcium phosphate composites
degradation model

The results output by the TCP composites degradation model after running the
simulations with the TCP degradation data reported in section 4.1 are presented
in this section. These results have been grouped in four different blocks, according
to their polymeric matrixes: poly(L-lactide), poly(D,L-lactide) homo- or copolymer,
poly-lactide-co-glycolide and “miscellaneous polymers”. The chosen visual represen-
tation, aimed at facilitating the analysis, includes three different graphs: a polymer
degradation map, a ceramic degradation map and a 3D plot exploring the polymer-
ceramic degradation space. The polymer degradation map provides information about
degradation aspects of the matrix by representing each case as a point by their duplet
(k1, k′

2) in the k1–k′
2 plane. Likewise, the ceramic degradation map provides information

about degradation aspects of the tricalcium phosphate filler by representing each case
as a point by their duplet (Ad, θ) in the Ad–θ plane. Lastly, each case is represented
as a triplet (k1, k′

2, Ad) in the (k1–k′
2–Ad) degradation space. Each analysed tricalcium

phosphate composite degradation case is always represented by the same unique combi-
nation of marker and colour, with the colour shade being an indication of the polymeric
matrix group the case belongs to: blue for poly(L-lactide), green for poly(D,L-lactide)
homo- or copolymer and red for poly(lactide-co-glycolide). The legend included in each
visual representation of the results is common for the three displayed graphs: k1–k′

2

map, Ad–θ plane and k1–k′
2–Ad plot. For clarity purposes, the results associated with

one polymeric matrix have been split into several groups when an excessive amount of
data resulted in difficulty interpreting the graphs.

Uniqueness of model parameters, k1, k′
2, Ad and θ: As explained in section 3.5.3,

usually several (k1, k′
2) pairs provide a good fitting for pure polymer data alone.

Subsequently, during composite data analysis there is a possibility of having more than
one (k1, k′

2, Ad, θ) 4-tuple with a good fitting, as higher k′
2 values can be compensated

with higher Ad values, i.e. cases displaying both high autocatalytic polymer degradation
rate k′

2 and high dissolution rate Ad can have the same molecular weight reduction
profile as cases with both low k′

2 and Ad. The likelihood of having multiple solutions
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for a given case dramatically decreases with more than one composite sample. For TCP
cases with multiple solutions, the chosen and reported 4-tuple was selected considering
typical dissolution profiles, in terms of remaining ceramic weight fraction, found in
literature for similar TCP composites.

4.5.1 Poly(L-lactide) matrix

TCP case studies with a poly(L-lactide) matrix were analysed, despite PLLA being a
semi-crystalline polymer, because samples were either amorphous or presented a crys-
talline fraction of less than 10 % with no evidence of degradation-induced crystallisation
over time.

Figure 4.2 shows the visual representation of the modelling results for the poly(L-
lactide)-TCP case studies. This visual representation consists of three degradation
maps: a polymer degradation map, showing the obtained k1 and k′

2 values, in figure
4.2a, a ceramic degradation map, with the Ad and θ values in figure 4.2b and lastly,
a representation of the 3D degradation space (k1–k′

2–Ad) in figure 4.2c. The poly(L-
lactide) group contained data from Kobayashi and Yamaji [127], Aunoble et al. [15],
Adamus et al. [1] and Kang et al. [122, 123].
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Fig. 4.2. Results output by the TCP composites degradation model for data with
a poly(L-lactide) matrix. k1 is the non-catalytic polymer degradation rate, k′

2 is the
autocatalytic polymer degradation rate, Ad is the ceramic dissolution rate and θ is the
power ceramic dissolution law exponent. The tricalcium phosphate type used in each
case study is indicated in the legend by the abbreviation found at the end of the case
study code. The meaning of the abbreviations can be found in table 4.2. Black inset
plots correspond to regions situated outside the limits defined in the main plot.

The polymer degradation map in figure 4.2a showed some clustering, with most
(k1, k′

2) duplets falling inside the bottom left quarter of the polymer degradation
map. Conversely, the ceramic map in figure 4.2b showed no clustering, apart from the
four cases authored by Kang et al. (case codes starting with Kang: , , and ).
Appendix B.1.1 contains the above-mentioned TCP-PLLA results in a tabular format.
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Additionally, it includes several composite characteristics for each analysed case study,
necessary for discussion section 4.6.

4.5.2 Poly(D,L-lactide) and poly(D,L-lactide) copolymers ma-
trixes

The visual representation of the results output by the TCP composites degradation
model (section 3.2.1) for case studies with a poly(D,L-lactide) homo- or copolymer
matrix is shown in figure 4.3. This group encompassed data from Daculsi et al.
[44], Niemelä et al. [167, 166], Zheng et al. [247], Lin et al. [142], Heidemann et al.
[100], Ignatius et al. [113, 112] and Haaparanta et al. [88]. Figure 4.3a exhibits the
polymer degradation map, figure 4.3b the ceramic degradation map and figure 4.3c the
representation in the 3D degradation space.
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Fig. 4.3. Results output by the TCP composites degradation model for data with a
poly(D,L-lactide) homo- or copolymer matrix. k1 is the non-catalytic polymer degrada-
tion rate, k′

2 is the autocatalytic polymer degradation rate, Ad is the ceramic dissolution
rate and θ is the power ceramic dissolution law exponent. The tricalcium phosphate
type used in each case study is indicated in the legend by the abbreviation found at
the end of the case study code. The meaning of the abbreviations can be found in
table 4.2. Black inset plots correspond to regions situated outside the limits defined in
the main plot.

Both the polymer degradation map (figure 4.3a) and the ceramic degradation map
(figure 4.3b) showed clustering of the degradation data, with two clusters present in
each degradation map. Appendix B.1.2 contains the above-mentioned TCP-PDLLA
results in a tabular format. Additionally, it includes several composite characteristics
for each analysed case study, necessary for discussion section 4.6.
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4.5.3 Poly-lactide-co-glycolide matrix

The visual representation of the results for case studies with a poly(lactide-co-glycolide)
matrix has been split into two different groups to aid visualisation: the CCMM
(Cambridge Centre for Medical Materials) group and the remaining data group. The
visual representation of the CCMM group, which contained data from Bennett [24],
Ege et al. [64, 65], Yang et al. [245, 244], Mellon [149], Barrett, [18, 19] and Ehrenfried
et al. [66], is shown in figure 4.4. Figure 4.4a contains the polymer degradation map,
figure 4.4b the ceramic degradation map and figure 4.4c the 3D degradation space plot.
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Fig. 4.4. Results output by the TCP composites degradation model for data with
a poly(lactide-co-glycolide) matrix: case studies from the CCMM group. k1 is the
non-catalytic polymer degradation rate, k′

2 is the autocatalytic polymer degradation
rate, Ad is the ceramic dissolution rate and θ is the power ceramic dissolution law
exponent. The tricalcium phosphate type used in each case study is indicated in the
legend by the abbreviation found at the end of the case study code. The meaning of
the abbreviations can be found in table 4.2.

The CCMM group polymer degradation map showed significant clustering of the
data in two different levels: pairs of case studies sharing the same (k1, k′

2) coordinates
and a high number of case studies sharing the same region in the k1–k′

2 map. The first
clustering level was a result of those cases sharing the same pure polymer data, e.g.
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Bennett nC D250 α-TCP ( ) and Bennett mC D250 α-TCP ( ) contained the same
pure polymer occurrence. The second and higher level came from the similarity of the
employed polymers in a majority of these case studies. The ceramic degradation map
showed less clustering due to the higher diversity of the employed ceramics.

The second visual representation, with the remaining data group results, is shown
in figure 4.5, with the polymer degradation map in figure 4.5a, the ceramic degradation
map in figure 4.5b and the 3D plot in figure 4.5c. This group encompassed data from
Yang et al. [242], Yang et al. [243], Jin et al. [120] and Ara et al. [11].
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Fig. 4.5. Results output by the TCP composites degradation model for data with a
poly(lactide-co-glycolide) matrix: remaining case studies data. k1 is the non-catalytic
polymer degradation rate, k′

2 is the autocatalytic polymer degradation rate, Ad is the
ceramic dissolution rate and θ is the power ceramic dissolution law exponent. The
tricalcium phosphate type used in each case study is indicated in the legend by the
abbreviation found at the end of the case study code. The meaning of the abbreviations
can be found in table 4.2.

The visual representation of the remaining poly(lactide-co-glycolide) data presented
only one cluster, in the left hand corner of the k1–k′

2 map. Appendix B.1.3 contains
the above-mentioned TCP-PLGA results in a tabular format. Additionally, it includes
several composite characteristics for each analysed case study, necessary for discussion
section 4.6.
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4.5.4 Miscellaneous polymers matrixes

Lastly, the visual representation of the results for case studies with miscellaneous
polymer matrixes, included in figure 4.6, contains the polymer degradation map (figure
4.6a), the ceramic degradation map (figure 4.6b) and the 3D degradation space plot
(figure 4.6c). The miscellaneous polymer matrixes group encompassed data from
Ahola et al. with a poly(L-lactide-co-ε-caprolactone) matrix ( , , ) [4, 3], data from
Kikuchi et al. [124, 125] also with a poly(L-lactide-co-ε-caprolactone) matrix ( ) in
addition to a poly(L-lactide-co-glycolide- co-ε-caprolactone) matrix ( ) and a poly(L-
lactide)/poly(ethylene:hexamethylene /sebacate) block copolymer matrix ( , ) and
lastly data from Imai et al. also with a poly(L-lactide)/poly(ethylene:hexamethylene
/sebacate) block copolymer ( , , , ) [115, 114].
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Fig. 4.6. Results output by the TCP composites degradation model for data with a
miscellaneous polymer matrix. k1 is the non-catalytic polymer degradation rate, k′

2 is
the autocatalytic polymer degradation rate, Ad is the ceramic dissolution rate and θ is
the power ceramic dissolution law exponent. The tricalcium phosphate type used in
each case study is indicated in the legend by the abbreviation found at the end of the
case study code. The meaning of the abbreviations can be found in table 4.2.

The visual representation showed clustering in both the polymer and ceramic
degradation maps. In the polymer degradation map, the clustering was especially
marked for case studies sharing poly(L-lactide)/ poly(ethylene:hexamethylene/sebacate)
block copolymer as their polymeric matrix. Appendix B.1.4 contains the above-
mentioned TCP-misc. polymers results in a tabular format. Additionally, it includes
several composite characteristics for each analysed case study, necessary for discussion
section 4.6.
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4.6 Discussion of the modelling results for trical-
cium phosphate composites degradation data

This section includes the analysis and discussion of the modelling results reported
in section 4.5. In the first place, an overview of the capabilities of the degradation
models, using the TCP composites degradation model as an example, is presented.
This overview highlights the intended model usage and includes examples with real
TCP experimental data. Secondly, a compilation of all the TCP modelling results
in addition to an initial analysis are introduced. After this initial analysis, four in-
depth analyses are reported: tricalcium phosphate dissolution, effect of TCP addition
on composite degradation behaviour, influence of sample structure and influence of
degradation protocol. Lastly, a summary of the main insights resulting from the
analyses is presented. The structure of this section is replicated, with the exception of
the model capabilities overview, in chapters 5 and 7.

4.6.1 Overview of the capabilities of the model

This section presents the capabilities of the degradation models derived from the
general modelling framework, using the TCP composites degradation model presented
in section 3.2.1 as an example. This presentation is structured in three parts. Firstly,
the predicted effect of different composite parameters on composite degradation is
discussed using a set of simulations and secondly, the outcome of the data analysis
process for one of the case studies presented in section 4.5 is included and the fitting
process employed to obtain the values of the composite degradation constants is
explained. Finally, a summary of the implications derived from the ideal functioning of
the models is presented. After the presentation of the model capabilities, the analysis
of data which do not conform with the predicted behaviour is discussed.

Figure 4.7 exhibits the predicted degradation curves, reporting the variation of
the number-average molecular weight over time, for a poly(D,L-lactide)(50:50)–β-
tricalcium phosphate case study comprising five samples: a pure polymer sample,
and four composite samples. Three of the composite samples share the same ceramic
representative particle size, d0 = 10 µm, while having increasing values of ceramic
weight percentage, fwCer0 = 5, 10 and 20 wt %. The fourth composite sample has a d0

of 20 µm and a fwCer0 of 20 wt %. The five samples share the same polymeric matrix
and ceramic filler and thus, the same values of composite degradation constants. The
chosen values for the non-catalytic and autocatalytic polymer degradation constants,
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k1 and k′
2, are 2 × 10−10 s−1 and 2 × 10−10 m3 mol−1 s−1 respectively, while the chosen

values for the rate and exponent of the ceramic dissolution power law, Ad and θ, are
2 × 10−11 mol m−2 s−1 and 2.0 (1) respectively.
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Fig. 4.7. Predicted evolution of the number-average molecular weight, Mn (Da) for the
different samples of a poly(D,L-lactide)(50:50)–β-tricalcium phosphate case study. d0 is
the ceramic representative particle size. The ceramic weight fraction fwCer0 is indicated
as the percentage between the polymer and ceramic abbreviations for each sample in the
legend. All the samples share the same values of the composite degradation constants:
k1 = 2 × 10−10 s−1, k′

2 = 2 × 10−10 m3 mol−1 s−1, Ad = 2 × 10−11 mol m−2 s−1 and
θ = 2.0 (1).

As discussed in section 3.3, the computational model captures the degradation
properties of a composite employing a representative unit cell calculated using the values
of d0 and fwCer0. This unit cell characterises the ratio between the initial ceramic surface
area and the polymer volume, Scer0/Vpol, which is used as a characterising parameter of
the composite degradation. Figure 4.7 also includes the representative unit cells of the
five samples part of the simulated case study. The simulated case study allows the study
of two phenomena: the effect of having an increasing ceramic weight fraction while
keeping d0 constant, and the effect of increasing the ceramic representative particle
size while keeping fwCer0 constant. When the composite degradation constants k1, k′

2,
Ad and θ are kept constant, an increasing ceramic weight fraction results in a slower
molecular weight reduction over time. Conversely, an increasing ceramic representative
particle size results in a faster molecular weight reduction over time.
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These results can be explained considering the expression of the polymer scission
rate: dRs

dt
= k1Ce + k′

2CeCH+ , where Ce and CH+ are the concentrations in the polymer
phase of ester bonds and free hydrogen ions respectively. Having the same polymer
matrix in all the simulated samples implies that the values of Ce, k1 and k′

2 are shared
across all of them, and therefore the differences in molecular weight reduction rate
arise from the value of the concentration of free hydrogen ions, CH+ . The value of the
concentration of free hydrogen ions changes because a fraction of the released ceramic
ions bind to these free hydrogen ions decreasing the value of CH+ . This reduction is
proportional to the value of Scer0/Vpol in the composites. Having more ceramic surface
area available for a given quantity of polymer results in more released ceramic ions
when the ceramic degradation constants Ad and θ are kept constant. Both increasing
the ceramic weight fraction and decreasing the ceramic particle size increase the Scer0/Vpol

value and thus, cause the abovementioned degradation behaviour.
The analysis just described reveals that although the effect of the ceramic addition

could be seen, seemingly, as a reduction of the polymer degradation rate, the actual
degradation behaviour stems from a more complex reality. All the samples in the case
study share indeed the the same values of the polymer degradation rates k1 and k′

2.
Thus and to avoid confusion, the term polymer degradation rate is reserved, in this
work, for the non-catalytic and autocatalytic polymer degradation rates k1 and k′

2

respectively.
Having now discussed the predicted changes in composite degradation with vary-

ing ceramic representative particle size d0 and ceramic weight percentage fwCer0, the
outcome of the data analysis process for the Imai H250 β-TCP case study [115] is
presented. Figure 4.8 includes the experimental and simulated degradation curves
for Imai H250 β-TCP, which includes a pure polymer sample and two composite
samples with different values of ceramic weight fraction. This case study has poly(L-
lactide)/poly(ethylene:hexamethylene/sebacate) block copolymer (98.3:1.7) as poly-
meric matrix and high crystallinity β-TCP as ceramic filler. Imai H250 β-TCP is a
representative fitting of the different ones encountered during the analysis process,
with some fittings being better and some being worse than this one. Imai H250 β-TCP
is also an example of conforming data in which the addition of a ceramic filler causes
a reduction in the molecular weight reduction rate of the composites as predicted by
the computational model. When case studies present this behaviour they are referred
to, in this work, as cases with a buffering effect.

As mentioned in section 3.5.3, the data analysis process was divided in two different
stages. Firstly, the pure polymer analysis, in which the experimental pure polymer
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Fig. 4.8. Analysis of conforming data: experimental data and simulations for the Imai
H250 β-TCP case study [115]. The following values of composite degradation constants
were used for the simulations: k1 = 6.8 × 10−11 s−1, k′

2 = 7 × 10−11 m3 mol−1 s−1, Ad =
5 × 10−12 mol m−2 s−1 and θ = 2.0 (1). Mn is the number average molecular weight.
PLLA-EHSeb abbreviates poly(L-lactide)/poly(ethylene:hexamethylene/sebacate)
block copolymer.

occurrence was used to find the values of the polymer degradation constants k1 and
k′

2. In the case depicted in figure 4.8, the pure polymer experimental and simulated
data are depicted in two different shades of blue. The chosen simulation corresponds
to: k1 = 6.8 × 10−11 s−1 and k′

2 = 7.0 × 10−11 m3 mol−1 s−1. The second stage, the
composite data analysis, used the experimental composite occurrences depicted in
green and red to find the values of the ceramic degradation constants Ad and θ. The
chosen simulations employ Ad = 5 × 10−12 mol m−2 s−1 and θ = 2.0 (1) with the values
of k1 and k′

2 found in the previous stage. In addition to the features explained in figure
4.7, the real data analysis shows that the computational model was capable of dealing
with different initial molecular weights in one case study.

Lastly, assuming that a case study is comprehensively characterised by a combination
of a polymeric matrix and a ceramic filler, for example poly(L-lactide) and highly
crystalline β-tricalcium phosphate, and that the model perfectly captures all the
aspects of composite degradation, the ideal outcome of the model for three of these
polymer-ceramic combinations is shown in figure 4.9, with the polymer degradation
map in figure 4.9a, the ceramic degradation map in figure 4.9b and the 3D plot in the
k1–k′

2–Ad in figure 4.9c.
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Fig. 4.9. Variation of the predicted results for three different polymer–ceramic combi-
nations if the model could fully capture the composite degradation behaviour. k1 is the
non-catalytic polymer degradation rate, k′

2 is the autocatalytic polymer degradation
rate, Ad is the ceramic dissolution rate and θ is the power ceramic dissolution law
exponent.

With a perfect capture of the degradation behaviour by the model, all the poly(L-
lactide)–high crystallinity β-TCP cases would share the same values of the four
degradation parameters, k1, k′

2, Ad and θ, which characterise composite degradation
and thus, all of them would be represented by the darker blue dots while the darker
green and red dots would depict two other polymer-ceramic combinations. Some of
the expected variation is included in the ellipses depicted in a lighter shade. The
variability in k′

2 is expected due to the variations in morphology and porosity of the
samples, whereas the variability in θ is expected due to the low sensitivity of the model
to changes in θ.

Analysis of non-conforming data

Some of the analysed data did not follow the expected abovementioned behaviour and
required a different analysis process. Figure 4.10 depicts an example of this process,
with the Kobayashi β-TCP case study [127]. The non-conforming data was called, in
this work, data with no-buffering effect, because the addition of a ceramic filler does
not cause a reduction in the molecular weight reduction rate of the composites.

In non-buffering cases, the analysis process was also divided in two different stages:
pure polymer data analysis and composite data analysis. The pure polymer data
analysis stage, depicted in figure 4.10a, was more complex than usual. The normal
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(b) Composite data analysis

Fig. 4.10. Analysis of non-conforming data: experimental data and simulations
for the Kobayashi β-TCP case study [127]. The following values of compos-
ite degradation constants were used for the simulations: k1 = 1.4 × 10−11 s−1,
k′

2 = 2.1 × 10−11 m3 mol−1 s−1, Ad = 5 × 10−12 mol m−2 s−1 and θ = 2.0 (1) with
the following pure polymer degradation constants: k1 = 3.7 × 10−12 s−1 and k′

2 =
4.3 × 10−12 m3 mol−1 s−1. Mn is the number-average molecular weight. PLLA abbrevi-
ates poly(L-lactide).

analysis of the pure polymer occurrence from Kobayashi β-TCP yielded a duplet of
(k1, k′

2) values, which are the ones employed in the continuous blue line simulation
labelled “PLLA Pure polymer”. In case studies with a non-buffering effect, the pure
polymer occurrence had the lowest molecular weight reduction rate and thus those
values could not be used for the composite data analysis.

In order to find the (k1, k′
2) values of the composites occurrences, a plausible

theoretical pure polymer data was inferred and analysed from the composite data.
These plausible polymer data is depicted with a dash-dotted red line in the figure
labelled “assumed PP from PLLA–15%β-TCP”. This step was also employed in cases
without a pure polymer occurrence. The subsequent analysis gave a valid set of values
for k1 and k′

2. For completeness, the appearance of the pure polymer data with these
(k1, k′

2) values has been included in a dash-dotted blue line labelled “PLLA with (k1,
k′

2)comp”. As a result of the pure polymer analysis, there are two sets of values: (k1,
k′

2)PP, which only characterised the pure polymer occurrence, and (k1, k′
2)comp, which

characterised the composite occurrences and were employed in the composite data
analysis. This composite data analysis, included in figure 4.10b, followed the usual
procedure to find the correct values of Ad and θ using the duplet (k1, k′

2)comp.
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4.6.2 Modelling results overview and initial discussion

In order to provide an overview of the modelling results, a compilation of all the
tricalcium phosphate biocomposites results collated in a single set of graphs, containing
a polymer map, a ceramic map and a log10k1–log10k ′

2–log10Ad 3D plot, is included
in figure 4.11. For clarity and due to the numerous data points, individual graph
legends have been omitted. Legends including all the data points can be found in
section 4.5. As a replacement and to facilitate the analysis, coloured regions enclosing a
majority of the results for cases with poly(L-lactide) (PLLA), poly(D,L-lactide) homo-
or copolymer (PDLLA) and poly(lactide-co-glycolide) (PLGA) matrixes have been
added in both the polymer map (figure 4.11a) and 3D plot (figure 4.11c).

Figure 4.11a exhibits the global polymer degradation map for tricalcium phosphate
biocomposites, containing the values of the non-catalytic polymer degradation rate k1

and the autocatalytic polymer degradation rate k′
2 for each analysed case study. The

three main groups of polymeric matrixes, namely poly(L-lactide), poly(D,L-lactide)
homo- or copolymer and poly-(lactide-co-glycolide), are highlighted using coloured
ellipses enclosing the majority of the corresponding data. As a general trend and
despite the existing overlapping among the different coloured regions, PLGA exhibited
a faster degradation than PDLLA, which in turn degraded faster than PLLA. This
order in polymer degradation rates matched the usual behaviour for polymeric scaffolds,
as previously reported by Neuendorf et al. [164] and Middleton and Tipton [151].

The polymer degradation map also shows a clear correlation between the values of
the non-catalytic and autocatalytic polymer degradation rates, k1 and k′

2 respectively,
as all the analysed tricalcium phosphate cases lie in the region surrounding the map
diagonal. This behaviour points to a coexistence of both types of polymer degradation
in all the analysed cases. The use of logarithmic axes in this visual representation makes
less apparent that some particular cases showed a marked non-catalytic behaviour,
such as Ahola 13 β-TCP ( ) [3] or Imai H100 β-TCP ( ) [115] both with k1/k′

2 > 2,
while others showed a marked autocatalytic behaviour, such as Adamus β-TCP ( ) [1]
or Kikuchi T1100 β( ) [124] both with k1/k′

2 < 0.5.
A significant spread for both k1 (s−1), the non-catalytic degradation rate and k′

2

(m3 mol−1 s−1), the autocatalytic polymer degradation rate, with values spanning nearly
four orders of magnitude, from 10−12 to 10−8, for both polymer degradation constants
was depicted in the k1–k ′

2 map. This variability translated into a significant difference
in degradation timescale and mechanical performance over time for different composites.
At the low degradation end, for example, the Adamus β-TCP case study ( ) [1], a
composite made of commercially available poly(L-lactide) and commercially available
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Fig. 4.11. Global degradation maps containing results output by the TCP composites
degradation model for all the analysed case studies. k1 is the non-catalytic polymer
degradation rate, k′

2 is the autocatalytic polymer degradation rate, Ad is the ceramic
dissolution rate and θ is the power ceramic dissolution law exponent. Coloured ellipses,
for the k1–k′

2 map, or ellipsoids, for the log10k1–log10k ′
2–log10Ad plot, enclose the

majority of the case studies for usual polymeric matrixes. The beige coloured region
in the Ad–θ map represents experimental dissolution data for highly crystalline β-
tricalcium phosphate at 37 ◦C and different initial pH ranging from 5.0 to 7.0 in free
drift experiments measured by Bryar [32].

β-TCP, which still maintained 90 % of their initial flexural strength value after being
degraded for twelve months. Similarly, the Kobayashi β-TCP case study ( ) [127], also
with commercially available poly(L-lactide) and commercially available β-TCP, which
experienced reductions in Mn ranging from 15 % to 30 % after 24 weeks of degradation.
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These two cases represented tricalcium phosphate biocomposites with the ability to
maintain their integrity for significantly long periods of time, probably, up to several
years.

On the high degradation end, the Ara β-TCP case ( ) [11], with a poly(D,L-lactide-
co-glycolide)(44.6:55.4) matrix and commercially available β-TCP, which showed a
significant mass loss of over 30 % in less than four weeks. The Mellon α-TCP case ( )
[149], with commercially available poly(D,L-lactide-co-glycolide)(50:50) and in-house
produced α-TCP, behaved similarly, reporting a mass loss of over 70 % in a month
for the composite sample with lower ceramic content. These case studies, at the
right hand corner of the polymer degradation map, represented tricalcium phosphate
biocomposites that could be completely reabsorbed in a short period of time of just a
few weeks.

Figure 4.11b shows the ceramic degradation map, including dissolution rate Ad

(mol m−2 s−1) and power dissolution law exponent θ (1) for all tricalcium phosphate
modelling results. All the analysed cases had the same value of power dissolution law
exponent θ, pointing to an insensitivity of composite degradation with respect to theta
in the computational model. Conversely, dissolution rate Ad presented a significant
spread, spanning almost five orders of magnitude (from 10−14 to over 10−9), indicating
a high sensitivity of the simulation degradation profiles with respect to the value of
dissolution rate Ad. The marker colours used in this visual representation, as previously
mentioned, convey information solely about the case studies polymeric matrixes. Data
for the dissolution of β-TCP with high crystallinity at 37 ◦C and different initial pH
ranging from 5.0 to 7.0 in free drift experiments measured by Bryar [32] is represented
by the beige region.

An initial inspection showed both no obvious direct correlation between polymeric
matrix and tricalcium phosphate dissolution behaviour, and higher Ad values than those
reported for β-tricalcium phosphate in several free drift experiments [32]. As polymer
matrix did not seem to be an important factor and there was no overlap between the
reported results and the available dissolution data for tricalcium phosphate, a deeper
analysis using all the available information about the different types of tricalcium
phosphate employed was deemed necessary. This analysis, with its own different visual
representations, follows in the next section 4.6.3.

Lastly, figure 4.11c includes the 3D degradation space plot for tricalcium phosphate
biocomposites. In a similar fashion to the ellipses in the polymer degradation map,
translucent ellipsoids, encompassing a majority of the results obtained by the TCP
composites degradation model, have been included for case studies with poly(L-lactide)
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(PLLA), poly(D,L-lactide) homo- or copolymer (PDLLA) and poly(lactide-co-glycolide)
matrixes. Also similarly to the polymer degradation map, there was a significant
overlap between the three ellipsoids. The region delimited by both k1 (s−1) and k′

2

(m3 mol−1 s−1) in the interval (10−11, 10−10) and Ad (mol m−2 s−1) in (10−12, 10−11)
seemed to contain a particularly high concentration of case studies.

The three general degradation maps showed a significant variability or spread in the
reported composite degradation constants for the analysed tricalcium phosphate case
studies. On the proviso that the modelling framework has fully captured composite
degradation behaviour, all case studies sharing the same polymeric matrix-ceramic
filler combination should have exactly the same values for k1, k′

2, Ad and θ. As this is
clearly not the case it is worth analysing the origin of this variability.

In this case, the variability could stem from the complexity of composite degradation
phenomena and the plethora of interwoven parameters which play a role in it. Although
the modelling framework contain the main factors involved in composite degradation,
there are a number of other factors which have not been explicitly included but do
affect composite degradation. For example, two a-priori similar case studies with a
poly(D,L-lactide)(50:50) matrix and β-TCP as a filler might show significantly different
degradation behaviour, such as Lin β-TCP ( ) [142] and Heidemann β-TCP( ) [100]
in figure 4.3. The distinct behaviours could arise from differences in sample structure
and morphology, degradation protocol, polymer properties such as polymer crystallinity,
block structure and ceramic properties such as ceramic crystallinity, purity, etc., i.e
factors defined within the experimental parameters and the use of the TCP composites
degradation model would allow a systematic investigation of the influence of several of
the non-included factors on composite degradation.

4.6.3 Characterisation of tricalcium phosphate dissolution

Calcium phosphates in general and tricalcium phosphate in particular experience
degradation by dissolution in an aqueous media [29]. Tricalcium phosphate, considered
a sparingly soluble ceramic, presents a low solubility in all its allotropes as indicated by
its solubility product of − log10(Ksp) = 25.5 at 37 ◦C for α-TCP [56] and − log10(Ksp) =
29.5 at 37 ◦C for β-TCP [56]. There are a variety of factors, in addition to the
abovementioned crystal structure, which affect TCP dissolution such as crystallinity
and lattice defects [45], porosity [133], environmental pH [30] and media composition
[31].

The analysis of ceramic dissolution seems a good starting point in order to un-
derstand the influence of the addition of a sparingly soluble ceramic to a polymeric
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matrix, to form a biocomposite, on the degradation behaviour of those biocompos-
ites. The modelling framework presented in chapter 3, and all the ceramic-specific
models derived from it, employed two parameters, dissolution rate Ad (mol m−2 s−1)
and power dissolution law exponent θ (1), in order to characterise ceramic dissolution,
as one of the phenomena occurring during composite degradation. The global TCP
composites ceramic map presented in figure 4.11b, as part of an initial analysis, showed
the insensitivity of tricalcium phosphate composites degradation behaviour to power
dissolution law exponent θ and, contrarily, the strong influence of dissolution rate Ad.
In addition, the initial analysis also pointed to a lack of correlation between TCP
dissolution rate and specific matrix polymer type. Considering this information, a
series of analyses were carried out in order to deepen the understanding of tricalcium
phosphate dissolution within composite degradation and to elucidate the influence of
different tricalcium phosphate characteristics on the reported values of dissolution rate
Ad.

A number of different types of tricalcium phosphate were encountered during the
degradation data harvesting process. Those types differed in several characteristics
such as crystal structure and degree of crystallinity. As previously mentioned, these
characteristics influence the ceramic solubility and it is therefore assumed that these
fillers will present different behaviour. The expected behaviour is higher dissolution for
the tricalcium phosphate types with decreased crystallinity [45] and higher solubility
product Ksp. Figure 4.12 exhibits the dissolution rate for all the TCP analysed case
studies according to their tricalcium phosphate type. Tricalcium phosphate type is
indicated in the figure legend using abbreviations. A complete list containing full
denominations for all abbreviations is included in table 4.2.

To facilitate the analysis, the different tricalcium phosphates types have been
arranged in descending order of expected solubility. The two types of β-TCP, were
coloured in shades of brown with shade intensity proportional to the expected solubility.
The spread in y-axis of the data has been used exclusively to improve visual analysis
and carries no physical meaning. A golden stripe shows the dissolution rate measured
by Bryar [32] at 37 ◦C and different initial pH ranging from 5.0 to 7.0 in free drift
experiments for highly crystalline β-TCP fabricated using a similar method to Ege
[64].

This visual representation suggested two distinct phenomena. Firstly, the dissolution
rate of the different tricalcium phosphate types did not match the expected solubility
behaviour as the colours of the figure should have had a majority of brown shades on
the left moving on to grey as Ad increased. Instead an almost complete overlap of
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Fig. 4.12. Tricalcium phosphate dissolution rate for all the analysed case studies:
influence of tricalcium phosphate type. Ad is the ceramic dissolution rate. The golden
stripe corresponds to the range of dissolution rates measured by Bryar at 37 ◦C and
different initial pH ranging from 5.0 to 7.0 in free drift experiments for highly crystalline
β-tricalcium phosphate [32].

Ad values for both α- and β-TCP was found. Secondly, none of the reported TCP
dissolution rates fell within the range measured by Bryar in free drift experiments at
37 ◦C and different initial pH ranging from 5.0 to 7.0 [32]. Dissolution rates for similar
types of β-TCP presented a value that exceeded this measured value by up to several
orders of magnitude. Bohner et al. [30] reported a much higher dissolution rate for
β-TCP at constant pH = 4.2 which would agree with the TCP computational model
output as during composite degradation an acid environment is generated due to the
release of hydrogen ions as a result of polymer degradation. To find the cause of these
phenomena both the influence of polymeric matrix and ceramic particle size will be
considered.

Polymeric matrix

The addition of a sparingly soluble ceramic, in this case tricalcium phosphate, to a
polymeric matrix is expected to cause a buffering effect on composite degradation
by neutralising some of the hydrogen ions released during polymer degradation, as
explained in the overview of the model capabilities in section 4.6.1. Figure 4.13 reports
the tricalcium phosphate dissolution rate, Ad, for all the analysed case studies indicating
both the polymer matrix of the case and whether a buffering effect was shown, in
addition to the TCP type. The polymer matrix is indicated by the edge colour of
the markers using the usual convention. A black dot in the centre of the ceramic
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indicates that the case study presented a buffering effect, whereas a white dot indicates
a non-buffering effect. No dot indicated that the comparison of composite sample with
their pure polymer counterparts could not be assessed, primary due to the absence of
pure polymer data.
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Fig. 4.13. Tricalcium phosphate dissolution rate for all the analysed case studies
indicating the tricalcium phosphate types: presence of buffering effect and influence of
polymeric matrix. Ad is the ceramic dissolution rate. The golden stripe corresponds
to the range of dissolution rates measured by Bryar at 37 ◦C and different initial pH
ranging from 5.0 to 7.0 in free drift experiments for highly crystalline β-tricalcium
phosphate [32]. The edge colours of the markers indicate the polymeric matrix used
in the case studies following the colour convention used in section 4.5. Black dots
represent case studies with a buffering effect, whereas white dots represent case studies
with a non-buffering effect.

There was no clear correlation between tricalcium phosphate type and composite
degradation behaviour, in terms of buffering capacity. Conversely, there were some
changes in buffering effect presence for different edge colours, pointing to a possible
influence of polymeric matrix on the presence of buffering effect. It is therefore necessary
to consider the factors pertaining to the polymeric matrix in order to increase the
understanding of the effect of tricalcium phosphate addition on composite degradation.
This analysis is presented next in section 4.6.4.

Particle size

The ceramic representative particle size is a critical parameter in composite characteri-
sation. This size encloses relevant ceramic properties in terms of specific surface area.
In addition, the ceramic representative particle size and the ceramic weight fraction
will determine the size and quantities of the representative unit cell as discussed in
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section 3.3. Figure 5.12 exhibits the relationship between representative particle size
an tricalcium phosphate dissolution rate Ad for all the TCP analysed case studies.
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Fig. 4.14. Tricalcium phosphate dissolution rate for all the analysed case studies
indicating the tricalcium phosphate types: effect of particle size. Ad is the ceramic
dissolution rate and d0 is the ceramic representative particle size of the undegraded
composite sample.

A strong correlation is apparent between the representative particle size and the
tricalcium phosphate dissolution rate Ad. The particle size was accounted for in the
mathematical representation used to characterise the TCP dissolution, resulting in
Ad carrying units of mol s−2. Therefore, the expected behaviour would be to have the
same value of tricalcium phosphate dissolution rate when employing the same TCP
type regardless of the particle size. But the obtained results clearly pointed to a further
relevant effect of particle size.

This duplicated particle effect, in conjunction with the unexpectedly high obtained
values of TCP dissolution rate, suggested a series of critical differences between
the free drift experiments, i.e experimental measurements of the ions released by a
ceramic immersed in a solution used as reference [32], and the reality during composite
degradation.

Firstly, despite water molecules surrounding the ceramic particles, in this case
tricalcium phosphate, in both free drift experiments and composite degradation, the
environment surrounding the particles is quite different due to the presence of a local
acidity source in composite degradation. The hydrogen ions released by the polymer
molecules significantly lower the pH causing a dramatic increase in tricalcium phosphate
dissolution, similarly to the dissolution data reported by Bohner et al. [30], accounting
for the higher than expected dissolution rate values. Although a dependency on polymer
type of this phenomenon might be expected, it might not be too significant as all the
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studied polymers generated environments significantly different to those found in free
drift experiments.

Secondly, while dissolution throughout free drift experiments barely influences the
overall properties of the media due to the high buffer to dissolved ions ratio, the effect
on the particle surroundings amid composite degradation is significant and closely
interconnected with particle size. Two composites made with the same tricalcium
phosphate type and same weight fraction but with different particle size will experience
dissimilar degradation behaviours as for the composite with a smaller particle size
the amount of polymer quantity assigned to each particle will be less voluminous, as
explained in section 3.3, and therefore the changes caused by the released ions will
be more powerful which would partially account for the strong correlation between
dissolution rate and particle size. Additionally, this correlation could also suggest an
overestimation of the surface area of the small particles, which as part of composites
would have a smaller effective surface area, giving artificially low Ad values in the
analysis.

In summary, the analysis of the tricalcium phosphate dissolution showed an unex-
pected behaviour with both TCP allotropes showing similar dissolution rates and with
higher values than those measured in free drift experiments at 37 ◦C and different initial
pH ranging from 5.0 to 7.0 for highly crystalline β-TCP [32]. The double discrepancy
of this behaviour could be explained by both the presence of a polymeric matrix acting
as a source of acidity, the influence of ceramic particle size on the definition of the
surrounding environment in composite samples and the possibility of overestimation of
effective surface area for small particles.

4.6.4 Effect of tricalcium phosphate addition on composite
degradation behaviour

The modelling framework for biocomposites degradation presented in chapter 3 consid-
ered as key hypothesis, that the addition of a sparingly soluble ceramic to a polymeric
matrix, forming a composite, would never cause an increase in molecular weight reduc-
tion rate over time for the composite, considering pure polymer degradation rate as a
baseline. This behaviour arises from the buffering effect associated with anions released
during ceramic dissolution. These anions cause an alkalinisation of the environment,
i.e. a reduction in the concentration of free hydrogen ions. For polymeric matrixes
with heavily non-catalytic degradation, this phenomenon does not cause almost any
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changes; whereas for highly autocatalytic matrixes, there can be a significant reduction
in degradation rate.

The harvested experimental data presented a variety of behaviours in terms of
composite degradation: some composite samples degraded at the same rate than their
pure polymer counterparts, while others degraded at a higher rate or at a slower rate.
As the computational model used in this work predicted only a reduction in molecular
weight decrease rate for composite samples, two main behaviour have been distinguished
in the classification employed when analysing experimental degradation data: case
studies showing a buffering effect and case studies showing a non-buffering effect. The
expected behaviour, i.e. data with a buffering effect, was presented in detail in section
4.6.1. Data not following the expected behaviour were classified as case studies with a
non-buffering effect.

In order to characterise a group of case studies, a representative metric which
combines information from the set of case studies is needed. Due to the nature of the
data, a geometric mean with geometric standard deviation was selected as characterising
metric of a data group, instead of the more common arithmetic mean with standard
deviation. The computation and use of this metric followed the guidelines suggested by
Kirkwood [126] and Limpert et al. [141]. Further details can be found in appendix A.6.

During the different undertaken analyses, comparisons between two distinct sets
of polymer degradation rates k1 and k′

2, characterising either one or a group of case
studies, were made. For example, a comparison between set A: (k1A, k′

2A) and set B:
(k1B, k′

2B). In this situation, A was deemed to have a lower polymer degradation rate
if:

• both values of the polymer degradation rates are lower for A, i.e, (k1A < k1B)
and (k′

2A < k′
2B

) or

• the euclidean distance in the k1–k′
2 plane, measured from the origin, is shorter

for point A than for point B, i.e,
(
(k1A)2 + (k′

2A)2
)1/2

<
(
(k1B)2 + (k′

2B)2
)1/2

.

In order to evaluate the effect of ceramic addition on composite degradation, i.e the
presence or absence of buffering effect, only case studies containing both composite and
pure polymer data have been considered. For clarity, the representation employed in
this visual analysis has been slightly modified: hollow markers are used to denote cases
in which ceramic addition has no buffering effect, i.e. cases in which composite samples
unexpectedly had a higher molecular reduction rate than polymeric samples. Full
markers are used to represent case studies with a buffering effect caused by the ceramic
addition. Markers shapes and colours have been taken from the results presented in



4.6 Discussion of the modelling results 139

section 4.5 without modification. For non-buffered case studies, which had two (k1,
k′

2) duplets, one for composite samples and another one for pure polymer samples as
explained in section 4.6.1, only the composite duplet has been included in the k1–k′

2

map and the subsequent analysis.
Figure 4.15 shows the effect of ceramic addition on tricalcium phosphate composites

degradation for all the analysed case studies, grouped by polymeric matrix into four
categories: case studies with a poly(L-lactide) matrix, a poly(D,L-lactide) homo- or
copolymer matrix, a poly(lactide-co-glycolide) matrix or a miscellaneous polymer
matrix.

Poly(L-lactide) matrix

The effect of tricalcium phosphate addition in composites with a poly(L-lactide) matrix
is included in figure 4.15a, with the analysis in table 4.5.

Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes 5.0 × 10−12 1.3 × 10−11 33 1
No (7.5 ⋇ 10.7) × 10−11 (8.9 ⋇ 7.7) × 10−11 67 2

Table 4.5. Analysis of tricalcium phosphate addition effect on composite degradation for
case studies with a poly(L-lactide) matrix. k1 is the non-catalytic polymer degradation
rate and k′

2 is the autocatalytic polymer degradation rate, with both reported as
geometric mean ⋇ geometric standard deviation.

Of all the analysed PLLA-TCP case studies only three of them had both pure
polymer and composite samples, fulfilling the requisites for the analysis of tricalcium
phosphate addition in composite degradation behaviour. Two of those cases showed a
non-buffering effect (Kobayashi β-TCP ( ) [127] and Aunoble β-TCP ( ) [15]) while
the third one showed a buffering effect (Adamus β-TCP ( ) [1]). The case studies
with a non-buffering effect showed significantly higher values of polymer degradation
constants k1 and k′

2 than the buffering case study.
Adamus et al. showed that the addition of β-tricalcium phosphate to the PLLA

matrix resulted in a significant buffering effect. Both polymer and composite samples
presented crystalline regions in the polymer phase during degradation, with both types
of samples having a similar crystallinity degree. Conversely, the initial molecular weight
was significantly different between pure polymer and composite samples, with the
former having a much higher value that the latter [1]. This case study highlighted the
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Fig. 4.15. The effect of tricalcium phosphate addition on composite degradation for all
analysed case studies. k1 is the non-catalytic polymer degradation rate and k′

2 is the
autocatalytic polymer degradation rate. Full markers represent case studies showing a
buffering effect, whereas hollow markers represent case studies showing a non-buffering
effect. Black inset plots correspond to regions situated outside the limits defined in the
main plot.

ability of the model to capture composite degradation behaviour when pure polymer
and composite sample had significantly different initial molecular weights and similar
crystallinity degree in the polymer phase.

In order to understand the discrepancies between model predictions and experimen-
tal results for the non-buffering case studies an analysis of all the experimental data
provided by the authors for Kobayashi β-TCP and Aunoble β-TCP was carried out.
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The Kobayashi β-TCP case study consists of one pure polymer sample and three
composite samples. Kobayashi and Yamaji reported extremely low values of water
absorption for all samples as can be seen in figure 4.16. The pure polymer occurrence
showed a different behaviour with the value of water absorption plateauing after an
initial increase. In contrast, composite samples had a linear increase in water content
over time, with the magnitude of the increase proportional to the ceramic content of
each sample. The authors modelled molecular weight drop over time using a similar
representation of polymer chain scission to the one employing in this work, but with the
addition of a term representing water content as the amount of water drawn into the
sample was heavily correlated with the quantity of polymer-ceramic interface. These
differences in water uptake pointed to water as a degradation limiting factor for this
case study, not fulfilling the TCP degradation model assumption of excess of water.
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Fig. 4.16. Degradation data (water absorption over time) from Kobayashi β-TCP case
study [127]. Data replotted from [127]. Dashed and dash-dotted lines are shown for
clarity only. Markers and colours are specific of this visual representation.

In Aunoble β-TCP the differences in porosity between pure polymer samples and
composite samples with a much higher value in the latter, in addition to the in vivo
degradation [15] could contribute to the lack of buffering behaviour although more
information is needed in order to fully identify the behaviour origin.

In summary, different behaviours were observed for PLLA-TCP case studies with
one case study showing a buffering effect and two studies showing a non-buffering
effect. The TCP composites degradation model fully characterised the behaviour of
the buffering effect case. The discrepancies between the experimental data and the
model predictions were likely to arise from not meeting the water excess condition in
the first case and having significantly different sample structures in the second case.
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Poly(D,L-lactide) and poly(D,L-lactide) copolymers matrixes

Figure 4.15b exhibits the effect of tricalcium phosphate addition in case studies with a
poly(D,L-lactide) homo- or copolymer matrix. Table 4.6 includes the analysis of those
results.

Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes (1.2 ⋇ 2.7) × 10−10 (1.2 ⋇ 2.9) × 10−10 87 7
No 4.5 × 10−11 3.2 × 10−11 13 1

Table 4.6. Analysis of tricalcium phosphate addition effect on composite degradation
for case studies with a poly(D,L-lactide) homo- or copolymer matrix. k1 is the non-
catalytic polymer degradation rate and k′

2 is the autocatalytic polymer degradation
rate, with both reported as geometric mean ⋇ geometric standard deviation.

A significant majority of the 8 case studies with a poly(D,L-lactide) homo- or
copolymer matrix showed a buffering effect. Case studies with a buffering effect
presented much higher values for the polymer degradation rates than cases with a non-
buffering effect, which could suggest that at high degradation rates the buffering effect
overshadowed other factors relevant for degradation. This variations in degradation
behaviours emphasised the wide range of degradation properties that could be achieved
by different combinations of only poly(D,L-lactide) homo- and copolymers and α- or
β- tricalcium phosphate.

The extent of the buffering effect had a wide span, ranging from really mild to really
strong. For example, Daculsi Vit β-TCP ( ) [44] and Daculsi Viv β-TCP ( ) [44]
showed a really mild buffering effect with the composite samples having, in both case
studies, a molecular weight reduction rate only slightly lower than the pure polymer
counterparts.

A medium buffering effect was reported by Niemela LD β-TCP ( ) [167], Niemela
LDL β-TCP ( ) [166] and Heidemann β-TCP ( ) [100]. Niemelä et al. reported
higher water absorption for the composite sample than for the pure polymer sample in
the Niemela LD β-TCP case study [167] which highlighted the validity of the model
in terms of the existence of a buffering effect even considering a strong dependence
between polymer scission rate and water content. Conversely, it could also mean
that the model underestimated the buffering effect as composite sample would have
degraded faster if the degradation is considered to be proportional to water content.

The two remaining case studies, Zheng aβ-TCP ( ) [247] and Lin β-TCP ( ) [142],
showed a strong buffering effect as supported by the experimental degradation data
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exhibited in figure 4.17. Zheng et al. showed that the addition of aβ-TCP cause a
significant decrease in the molecular weight drop rate when comparing composite and
pure polymer samples. This case study also portrayed a saturation effect, in which the
addition of a 50 wt % of aβ-TCP instead of a 30 wt % of did not cause further buffering
effect as can be seen in figure 4.17a. Lin et al. reported that the addition of β-TCP
slowed down degradation, at least tripling the time for the onset of mass loss as shown
in figure 4.17b.
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Fig. 4.17. Degradation data (Mw over time and mass loss over time) from Zheng
aβ-TCP [247] and Lin β-TCP [142]. Data replotted from [247, 142]. Mw is the weight
average molecular weight. Dashed and dash-dotted lines are shown for clarity only.
Markers and colours are specific of this visual representation.

Daculsi Vit β-TCP, Daculsi Viv β-TCP and Niemela LD β-TCP all shared the
same commercially available matrix, poly(D,L-lactide)(4:96) from Purac Biochem B.V.
(trade name Purasorb PLD9655). The TCP composites degradation model reported
similar k1 and k′

2 values for the three cases, which pointed to the ability of the model to
pick up similarities between case studies even when they come from different authors.

Ignatius D β-TCP ( ) [113] was the only case study with a poly(D,L-lactide) homo-
or copolymer which showed a non-buffering effect. Ignatius D β-TCP shared polymeric
matrix, poly(L-co-D,L-lactide)(70:30) (trade name Resomer LR70x), with Niemela
LDL β-TCP ( ) [166], which showed a buffering effect. Figure 4.18 includes the
degradation, weight-average molecular weight over time, for both case studies. Niemela
LDL β-TCP curves have been displaced in the x–axis (time) to allow a straight forward
comparison between both case studies. Although the pure polymer curves seemed to
behave similarly, the composite curves showed differences in behaviour with Ignatius D
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β-TCP composites showing a faster molecular weight drop. Despite the consideration
of all the extra information reported by Ignatius et al. [113] and Niemelä et al. [166], no
particular cause could be pinned down to explain the mismatch in behaviour without
further information.
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Fig. 4.18. Degradation data (Mw over time) from Ignatius D β-TCP [112] and Niemela
LDL β-TCP case [167] studies. Mw is the weight average molecular weight. Data
replotted from [112, 167]. Dash-dotted lines are shown for clarity only. Markers and
colours are specific of this visual representation.

In summary, a significant majority of the analysed PDLLA-TCP case studies
behaved as predicted by the computational model. No apparent reason could be found
to explain the behaviour of the discrepant case study which contained a polymeric
matrix employed in a different case study showing a buffering effect.

Poly(lactide-co-glycolide) matrix

For cases with a poly(lactide-co-glycolide) matrix the effect of tricalcium phosphate
addition is shown in figure 4.15c, with the corresponding analysis in table 4.7.

Of the 20 analysed PLGA case studies all but one displayed buffering effect. The
non-buffering case study presented a higher polymer degradation rates k1 and k′

2 values.
There was a significant number of buffering cases with both lower and higher polymer
degradation rates than the non-buffering case.

The analysis showed a significant variation within the poly(lactide-co-glycolide)
buffering case studies spanning more than one order of magnitude, with the Yang
F. β-TCP case ( ) [242] whose matrix is poly(L-lactide-co-glycolide)(70:30) at the
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Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes (1.7 ⋇ 2.0) × 10−9 (1.6 ⋇ 1.9) × 10−9 95 19
No 2.0 × 10−9 2.2 × 10−9 5 1

Table 4.7. Analysis of tricalcium phosphate addition effect on composite degradation for
case studies with a poly(lactide-co-glycolide) matrix. k1 is the non-catalytic polymer
degradation rate and k′

2 is the autocatalytic polymer degradation rate, with both
reported as geometric mean ⋇ geometric standard deviation.

slow end and Mellon α-TCP ( ) [149] and Mellon β-TCP ( ) [149] whose matrix is
poly(D,L-lactide-co-glycolide)(50:50) at the fast end.

Yang showed that the presence of a 50 mol % D,L-lactide instead of a 75 mol %
resulted in a significant increase in polymer degradation rates as can be seen when
comparing Yang Z. 5050 mC α-TCP ( ) [244, 245] and Yang Z. 5050 nC α-TCP
( ) [244, 245], both with a poly(D,L-lactide-co-glycolide)(50:50) matrix, to Yang Z.
7525 mC α-TCP ( ) [244] and Yang Z. 7525 nC α-TCP ( ) [244], both with a
poly(D,L-lactide-co-glycolide)(75:25) matrix.

In addition, the model was able to capture the similarities between different case
studies from the CCMM (Cambridge Centre for Medical Materials) group, as seen by
the proximity of Bennett nC α-TCP ( ) [24], Bennett iC α-TCP ( ) [24], Bennett
mC α-TCP ( ) [24], Yang Z. 5050 nC α-TCP ( ) [244, 245], Yang Z. 5050 mC
α-TCP ( ) [244, 245] and Barrett α-TCP ( ) [18, 19], all of them with the same
commercially available poly(D,L-lactide-co-glycolide)(50:50) matrix. The group also
showed a significant variety of buffering effect for the different employed ceramic fillers.

The non-buffering case study, Jin α-TCP ( ) [120], with a poly(L-lactide-co-
glycolide) matrix had a semi-dense structure due to its fabrication method with
microwave energy. This structure resulted in a gradual and significant mass loss, higher
for the composite samples, which could account for the non-buffering behaviour.

In a nutshell, for the PLGA composites the model fully reflected the degradation
behaviour in a 95 % of the analysed case studies capturing similarities among the
CCMM group data.

Miscellaneous polymers matrixes

Figure 4.15d shows the effect of tricalcium phosphate addition in case studies with a
miscellaneous polymer matrix. The analysis is presented in table 4.8.
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Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes (1.6 ⋇ 2.6) × 10−10 (1.5 ⋇ 2.6) × 10−10 90 9
No 5.8 × 10−10 3.8 × 10−10 10 1

Table 4.8. Analysis of tricalcium phosphate addition effect on composite degradation
for case studies with a miscellaneous polymer matrix. k1 is the non-catalytic polymer
degradation rate and k′

2 is the autocatalytic polymer degradation rate, with both
reported as geometric mean ⋇ geometric standard deviation.

All but one of the 10 case studies with a miscellaneous polymer matrix presented a
buffering effect. The non-buffering case study presented higher values of the polymer
degradation rates k1 and k′

2. Most of the cases showing a buffering effect had a
poly(L-lactide) copolymer as matrix.

Imai et al. showed that varying the ratio of monomers in a copolymer can dramati-
cally change the composite degradation behaviour using a poly(L-lactide)/poly(ethylene:
hexamethylene/sebacate) block copolymer. The two case studies with a 98.3 mol % of
poly(L-lactide), Imai H100 β-TCP ( ) [115] and Imai H250 β-TCP ( ) [115] had a
much slower degradation that Imai L100 β-TCP ( ) [114] and Imai L250 β-TCP ( )
[114], the two cases with a 75.3 mol % of poly(L-lactide).

Similarly, Kikuchi et al. [125] showed that adding glycolide to a poly(L-lactide-co-
ε-caprolactone) copolymer can significantly increase the autocatalytic component of
the degradation behaviour as can be seen when comparing the k′

2 values of Kikuchi
PLCL β-TCP ( ) [125], with a poly(L-lactide-co-ε-caprolactone) matrix, and Kikuchi
PLGC β-TCP ( ) [125] with poly(L-lactide-co-glycolide-co-ε-caprolactone) matrix.

The non-buffering case study, Ahola 12 β-TCP ( ) [4] shared a high degree of
similarity with Ahola 13 β-TCP ( ), a case study with a buffering effect albeit with
a low one. Both cases had the same commercially available poly(L-lactide)-co-ε-
caprolactone as matrix and the same commercially available β-TCP as filler, being the
only significant difference between both cases the presence of the drug ciprofloxacin in
Ahola 13 β-TCP. The presence of the drug and that poly(ε-caprolactone) has been
reported to show no autocatalysis by Lam et al. [130] could explain the different
behaviours.

In short, the TCP model captured the degradation behaviour of all but one cases
with a miscellaneous polymer matrix, which displayed the variety of degradation
behaviours that could be attained with matrix modifications. The case study with a
non-buffering behaviour presented significant similarities to a low extent buffering case
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which suggested that the high non-catalytic polymer degradation rate of the matrix in
addition to the presence of a drug as factors accounting for the non-buffering behaviour.

All polymer matrixes

A global analysis, including all the analysed tricalcium phosphate case studies, is
reported in table 4.9. An extremely significant majority of the 41 cases presented a
buffering effect, as expected. The polymer degradation rates of the non-buffering cases
were lower that those of the buffering cases, pointing to a probable prevalence of the
buffering effect at higher degradation rates.

Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes (4.8 ⋇ 5.3) × 10−10 (4.7 ⋇ 4.8) × 10−10 88 36
No (2.0 ⋇ 7.5) × 10−10 (1.8 ⋇ 6.9) × 10−10 12 5

Table 4.9. Analysis of tricalcium phosphate addition effect on composite degradation
for all the analysed case studies. k1 is the non-catalytic polymer degradation rate and
k′

2 is the autocatalytic polymer degradation rate, with both reported as geometric
mean ⋇ geometric standard deviation.

Conclusions

The analysis of the effect of tricalcium phosphate addition on composite degradation
was discussed in this section. The analysed case studies were classified in two different
categories according to their behaviour: cases showing a buffering effect and a non-
buffering effect.

A significant majority, 36 out of 41, of the analysed TCP case studies displayed the
expected behaviour, i.e. a buffering effect, pointing towards the validity of the TCP
composites degradation model. The model also captured a great variety of behaviours
within the degradation space, highlighting the numerous available possibilities. In
addition, the model was also able to reflect the similarities in degradation of case
studies sharing some characteristics as depicted by the data clustering. In addition,
the analysis also pointed to the existence of behaviour discrepancies within similar case
studies belonging to different data groups, suggesting the need for a more comprehensive
characterisation of both the employed tricalcium phosphate type filler and polymeric
matrix in order to identify the factors responsible for these variations.
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The model was unable to characterise the behaviour of the non-buffering case studies
but nevertheless pointed to plausible causes responsible for this behaviour. These
causes included not meeting the water excess model condition, significant differences
between pure polymer and composite samples and the use of a highly non-catalytic
matrix.

4.6.5 The influence of sample porosity on degradation be-
haviour

Sample structure, along with morphology, is a critical factor in composite degrada-
tion. Heterogeneous bulk degradation is commonly viewed as the dominant type of
degradation in most of these polymeric matrixes as shown by Li et al. [136–138] and
Hurrell and Cameron [108, 109], with the heterogeneity of the degradation caused
by the autocatalysis present in the polymer hydrolysis [174, 176]. Sample structure
and morphology heavily impact the distances that free hydrogen ions, which act as
catalyst, need to travel in order to diffuse out of the sample and therefore it is believed
that these properties will have a significant impact in composite degradation as first
suggested by Grizzi et al. for polymeric scaffolds [87].

Fu et al. reported the decrease of internal acidity in polymer microspheres with a
reduction in size, suggesting the presence of a distance Lhomogeneous bulk, defined as the
distance which allows complete diffusion of the hydrogen ions out of the sample, below
which samples experience homogeneous bulk degradation [74], setting a lower boundary
in terms of size for heterogeneous bulk degradation. In addition, von Burkersroda et al.
confirmed the existence of a critical device dimension, Lerosion, above which degradable
polymers experience degradation by surface erosion rather than bulk erosion [224],
setting an upper boundary in terms of size for heterogeneous bulk degradation. Defining
the free hydrogen ions to buffer distance, LH+–buffer, as the average distance for a given
sample from each and every point in the polymeric matrix to the closest surface point,
samples would then be expected to experience an increase in degradation rate with
increasing LH+–buffer, in the interval defined by Lhomogeneous bulk and Lerosion.

A binary broad classification has been adopted to enable an assessment of how
sample structure affects composite degradation. For each case study, samples were
classified as either dense or non-dense, also referred as porous. This classification
sacrifices accuracy for practicality, as it solely encompasses macroscopic aspects in a
binary way. In order to gain full insight into the effect of structure and morphology,
not only the macroscopic but also the microscopic aspects should be considered. These
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microscopic aspects concern ceramic particles and their surrounding micro-environment,
in a similar way to the modelling framework unit cell and its boundary conditions (see
section 3.3). These features are extremely difficult to fully characterise from literature
as such detailed information is not usually reported.

Furthermore, characterising the sample structure in a binary way is an oversim-
plification, as there is a spectrum of structures with gradual variations among them.
For example, when analysing a solvent cast and a injection-moulded samples, both are
considered dense with this binary classification, but in reality have different properties,
including divergent LH+–buffer values and therefore dissimilar composite degradation
rates as shown by McDonald et al. [148].

Nevertheless, the use of sample porosity seems an appropriate beginning as it can
usually be determined for most case studies with the information available in the
literature. Figure 4.19 includes polymer degradation maps for tricalcium phosphate
biocomposites conveying sample porosity, as either dense or non-dense, for all the
modelled case studies. Table 4.10 summarises the analysis of the presented information
by reporting relevant metrics for both dense and non-dense TCP biocomposites.

In this and following analyses, the number of cases sharing a particular trait is
counted. For those calculations non-buffering case studies contribute with two sets
of polymer degradation constants, one representing the pure polymer fitting and
another representing the composite fitting. Although this method might cause a certain
over-representation of a particular trait, as usually both pure polymer and composite
samples share the same structure, degradation protocol, etc., it was preferred to the
alternative of sacrificing some of the information.

Poly(L-lactide) matrix

The influence of sample porosity on composite degradation for case studies with a
poly(L-lactide) matrix is included in figure 4.19a, with the corresponding analysis in
the first row of table 4.10. A slight majority of the 9 analysed case studies had a dense
structure and unexpectedly presented lower values of polymer degradation rates k1

and k′
2 than the porous case studies. While the four porous case studies showed little

variation, the dense case studies showed a much greater variability, with case studies
degrading both slower and faster than the non-dense cases.

The combined simultaneous assessment of buffering effect, discussed in section 4.6.4,
and sample porosity did not provide extra information as only dense cases met the
conditions for the analysis of buffering effect presence.
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Fig. 4.19. The influence of sample porosity on composite degradation for all the analysed
tricalcium phosphate case studies. k1 is the non-catalytic polymer degradation rate
and k′

2 is the autocatalytic polymer degradation rate. Right-hand side filled markers
represent dense case studies, whereas left-hand side filled markers represent non dense
case studies. Black inset plots correspond to regions situated outside the limits defined
in the main plot.

Poly(D,L-lactide) and poly(D,L-lactide) copolymers matrixes

Figure 4.19b exhibits the influence of sample porosity in case studies with a poly(D,L-
lactide) homo- or copolymer matrix. The analysis with the relevant metrics is reported
in the second row of table 4.10. A significant majority of the 12 case studies presented
a dense structure. Contrarily to the poly(L-lactide) case studies, the values of the
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Case studies k1 (s−1) k′
2

(m3 mol−1 s−1)
Percentage
of cases (%)

Number
of cases

Dense with

poly(L-lactide) matrix
(1.6 ⋇ 6.5) × 10−11 (2.1 ⋇ 5.5) × 10−11 56 5

Non-dense with

poly(L-lactide) matrix
(3.0 ⋇ 1.3) × 10−11 (3.6 ⋇ 1.5) × 10−11 44 4

Dense with

poly(D,L-lactide) homo-

or copolymer matrix

(9.1 ⋇ 2.7) × 10−11 (8.7 ⋇ 3.2) × 10−11 75 9

Non-dense with

poly(D,L-lactide) homo-

or copolymer matrix

(3.0 ⋇ 1.7) × 10−11 (2.9 ⋇ 1.8) × 10−11 25 3

Dense with poly(lactide-

co-glycolide) matrix
(1.9 ⋇ 1.8) × 10−9 (1.7 ⋇ 1.6) × 10−9 78 18

Non-dense with poly(lac-

tide-co-glycolide) matrix
(6.8 ⋇ 2.4) × 10−10 (6.4 ⋇ 2.6) × 10−10 22 5

Dense with miscellaneous

polymers matrix
(1.9 ⋇ 2.6) × 10−10 (1.7 ⋇ 2.5) × 10−10 100 11

All dense data (3.2 ⋇ 6.8) × 10−10 (3.1 ⋇ 6.3) × 10−10 78 43
All non-dense data (1.1 ⋇ 5.5) × 10−10 (1.1 ⋇ 5.3) × 10−10 22 12

Table 4.10. Analysis of the influence of sample porosity on composite degradation for
all the analysed tricalcium phosphate case studies. k1 is the non-catalytic polymer
degradation rate and k′

2 is the autocatalytic polymer degradation rate, with both
reported as geometric mean ⋇ geometric standard deviation.

polymer degradation rates were higher for the dense cases. The distribution in the k1–k′
2

map had little overlap with almost all non-dense case studies in the left hand corner,
pointing to the validity of the initial assumption relating higher values of LH+–buffer

with higher degradation rates. Regrettably, the combined simultaneous assessment of
buffering effect and sample porosity did not provide extra information as only dense
cases could be analysed for the presence of buffering effect.

Poly(lactide-co-glycolide) matrix

For case studies with a poly(lactide-co-glycolide) matrix, the influence of sample
porosity is shown in figure 4.19c, with the analysis in the third row of table 4.10. The
dense samples, which presented a majority of the 23 PLGA-TCP case studies, had
significantly higher polymer degradation constants than the porous ones, suggesting
again the validity of the initial hypothesis, although in this instance the specific
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poly(lactide-co-glycolide) matrix might have also played a role in the difference between
the values of the dense vs. non-dense polymer degradation constants. Of those
with dense structure, the percentage of buffering effect presence was 100 %, while the
percentage ratio of buffering/non-buffering was 50:50 for porous case studies suggesting
that structure might be relevant in the non-buffering PLGA-TCP case.

Miscellaneous polymers matrixes

Figure 4.19d contains the influence of sample porosity for case studies with a miscella-
neous polymer matrix. The fourth row of table 4.10 includes the analysis. All the cases
presented a dense structure and therefore no comparison between dense and non-dense
case studies could be established. Similarly, the simultaneous assessment of buffering
effect and sample porosity was rendered redundant by the absence of porous cases.

All polymer matrixes

The analysis of the influence of sample porosity on composite degradation for all the
analysed tricalcium phosphate case studies is reported in the fifth and final row of
table 4.10. Of the 55 analysed TCP case studies, a significant majority had a dense
structure and those cases showed higher values of polymer degradation rates in line
with the expected behaviour.

Direct comparison

Amongst the tricalcium phosphate case studies, no data were found to allow a direct
comparison between dense and non-dense samples. However a series of case studies
belonging to the PLGA CCMM group in addition to case studies authored by Imai
et al. allow the comparison between different LH+–buffer. Although all the samples
presented a dense structure, the data included different thicknesses. Figure 4.20 shows
all the data employed in the direct comparisons.

Imai et al. analysed two different thicknesses: 100 µm and 250 µm. The thinner
samples, Imai L100 β-TCP ( ) [114] and Imai H100 β-TCP ( ) [115], had lower
polymer degradation rate than their thicker counterparts, Imai L250 β-TCP ( ) [114]
and Imai H250 β-TCP ( ) [115], portraying the expected behaviour for two different
poly(L-lactide) copolymers.

Similarly, a comparison can be made amongst several cases belonging to the PLGA
CCMM group data. The comparison involves Yang Z. 5050 nC α-TCP ( ) [244, 245],
Bennett nC α-TCP ( ) [24] and Barrett α-TCP ( ) [18, 19]. All of them used
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Fig. 4.20. Polymer degradation map including the tricalcium phosphate case studies
used for a direct comparison of sample structure influence on composite degradation
behaviour. k1 is the non-catalytic polymer degradation rate and k′

2 is the autocatalytic
polymer degradation rate. Right-hand side filled markers represent dense case studies
with the thickness of the marker edge proportional to the sample thickness.

the same commercially available poly(D,L-lactide-co-glycolide)(50:50) from Lakeshore
Biomaterials and similar in-house α-TCP but different sample morphologies. Barrett
and Bennett employed disks with Φ = 8 mm, t = 0.9 mm and Φ = 3.5 mm, t = 1 mm,
respectively. Yang used films of 8 × 8 mm2 × 1 mm.

The case studies with thicker thicknesses, which was the dimension defining
LH+–buffer, presented higher values of polymer degradation rates than the thinner
case study, pointing once again to the validity of the initial assumption.

Conclusions

The analysis of the influence of porosity on degradation behaviour for TCP composites
showed mostly an agreement with the initial hypothesis that the degradation is related
to the characteristic diffusional length LH+–buffer. The poly(D,L-lactide), poly(lactide-
co-glycolide) and all polymer data analyses, in addition to the direct comparisons agreed
with the expected behaviour, while the poly(L-lactide) analysis disagreed, pointing to
strong enough differences amongst nominally similar polymeric matrixes from different
origins to overshadow the porosity contribution to degradation behaviour.
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4.6.6 The influence of in vitro vs. in vivo protocols on degra-
dation behaviour

Degradation protocol, understood as a set of environmental specifications, is widely
considered as a relevant factor affecting the degradation of polymeric scaffolds [151,
221, 140, 5] and biocomposites [12, 185, 129]. In the analysed tricalcium phosphate
composites case studies, over thirty different degradation protocols were reported.
In order to make the analysis feasible, a broad binary classification based on their
biological characteristics, which distinguished between in vitro and in vivo degradation,
has been employed.

Figure 4.21 presents the polymer degradation maps for tricalcium phosphate biocom-
posites providing information about their degradation protocol. Table 4.11 summarises
the analysis of the influence of in vitro vs. in vivo protocols on the polymer degradation
constants obtained by the TCP composites degradation model for all the analysed case
studies.

Case studies k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

In vitro with

poly(L-lactide) matrix
(1.5 ⋇ 2.6) × 10−11 (2.1 ⋇ 2.3) × 10−11 78 7

In vivo with

poly(L-lactide) matrix
(6.6 ⋇ 12.7) × 10−11 (6.2 ⋇ 13.1) × 10−11 22 2

In vitro with

poly(D,L-lactide) homo-

or copolymer matrix

(6.7 ⋇ 3.1) × 10−11 (6.4 ⋇ 3.5) × 10−11 83 10

In vivo with

poly(D,L-lactide) homo-

or copolymer matrix

(8.4 ⋇ 1.3) × 10−11 (7.9 ⋇ 1.2) × 10−11 17 2

In vitro with poly(lactide-

co-glycolide) matrix
(1.5 ⋇ 2.2) × 10−9 (1.4 ⋇ 2.1) × 10−9 100 23

In vitro with miscella-

neous polymers matrix
(1.9 ⋇ 2.6) × 10−10 (1.7 ⋇ 2.5) × 10−10 100 11

All in vitro data (2.8 ⋇ 6.8) × 10−10 (2.7 ⋇ 6.3) × 10−10 93 51
All in vivo data (7.4 ⋇ 4.4) × 10−11 (7.0 ⋇ 4.5) × 10−11 7 4

Table 4.11. Analysis of the influence of in vitro vs. in vivo protocols on composite
degradation for all the analysed tricalcium phosphate case studies. k1 is the non-
catalytic polymer degradation rate and k′

2 is the autocatalytic polymer degradation
rate, with both reported as geometric mean ⋇ geometric standard deviation.
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Fig. 4.21. The influence of in vitro vs. in vivo protocols on composite degradation for
all the analysed tricalcium phosphate case studies. k1 is the non-catalytic polymer
degradation rate and k′

2 is the autocatalytic polymer degradation rate. Bottom side
filled markers represent in vitro case studies, whereas top side filled markers represent
in vivo case studies. Black inset plots correspond to regions situated outside the limits
defined in the main plot.

Poly(L-lactide) matrix

Figure 4.21b shows the influence of in vitro vs. in vivo degradation protocol for case
studies with a poly(L-lactide) matrix. The analysis is included in the first row of
table 4.11. A significant majority of the 9 analysed case studies presented in vitro
degradation. The values of the polymer degradation constants k1 and k′

2 for in vitro
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degraded cases were lower and with smaller spread that those for in vivo degraded
cases.

Poly(D,L-lactide) and poly(D,L-lactide) copolymers matrix

For case studies with a poly(D,L-lactide) homo- or copolymer matrix the influence of
in vitro vs. in vivo protocols is depicted in figure 4.21b, while the analysis can be found
in the second row of table 4.11. In a similar fashion to poly(L-lactide) case studies,
a significant majority of the 12 analysed case studies in this group had also in vitro
degradation protocol which resulted in lower polymer degradation rates, although this
time with a bigger spread than the in vivo degraded cases.

Poly(lactide-co-glycolide) and miscellaneous polymers matrix

Figures 4.21c and 4.21d present the results conveying the type of degradation protocol
for case studies with a poly(lactide-co-glycolide) and miscellaneous polymers matrixes
respectively, with the analysis included in the third and fourth rows of table 4.11.
The 23 poly(lactide-co-glycolide) and the 11 miscellaneous polymers case studies were
degraded using in vitro protocols and therefore no comparison could be made.

All polymer matrixes

The last row of table 4.11 includes the analysis of the influence of in vitro vs. in vivo
protocols when considering all the analysed tricalcium phosphate case studies. The in
vitro data presented higher polymer degradation rates but the uneven split of the 55
case studies in the two categories made the comparison biased.

Direct comparison

The analysed tricalcium phosphate data contained several case studies which allowed
a more direct comparison between different degradation protocols. The cases used
in the direct comparisons shared all the characteristics apart from their degradation
protocols. A polymer degradation map containing these data is included in figure 4.22.

Several case studies authored by Kang et al. [122, 123] allowed the comparison
of three different in vitro protocol for porous poly(L-lactide) and β-TCP composites:
S, F and FL. The S degradation protocol employed SBF (pH = 7.4) at 37 ◦C with
replacement of 30 mL every 2 days, while the F protocol had constant buffer replacement
at a flow rate of 0.02 mL/(mL min) and the FL had the addition of dynamic loading
at 0.6 Hz and 0.1 MPa to protocol F.
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Fig. 4.22. Polymer degradation map including the tricalcium phosphate case studies
used for a direct comparison of degradation protocol influence on composite degradation
behaviour. k1 is the non-catalytic polymer degradation rate and k′

2 is the autocatalytic
polymer degradation rate. Bottom side filled markers represent in vitro case studies,
whereas top side filled markers represent in vivo case studies.

The continuous buffer replacement caused a decrease in the polymer degradation
rates as can be seen when comparing Kang 07 S β-TCP ( ) [122] with S protocol
and Kang 07 F β-TCP ( ) [122] with F. The further addition of dynamic mechanical
loading produced an increase in polymer degradation rates as seen in Kang 09 F β-TCP
( ) [123] with an F protocol and Kang 09 FL β-TCP ( ) [123] with an FL degradation
protocol.

Similarly, Yang et al. researched the effect of cyclic loading in porous poly(L-
lactide-co-glycolide)(70:30) and β-TCP. Including 8 h d−1 of cyclic loading at 1 Hz and
(0.5. . . 0.6) mm displacement and keeping 16 h d−1 of shaking at 50 rpm with PBS (pH
= 7.4) at 37 ◦C and weekly buffer replacement caused a mild increase in degradation
rate as seen when comparing Yang Y. S β-TCP ( ) [243] (no cycling load) and Yang
Y. D β-TCP ( ) [243].

Bennett studied the influence of the presence of deuterated water (D2O) in the
degradation buffer for poly(D,L-lactide-co-glycolide)(50:50)–α-TCP composites. All
the Bennett cases were degraded in PBS (0.01 m, pH = 7.4) fabricated with varying
percentage of D2O at 37 ◦C. Bennett nC α-TCP ( ) [24] was degraded in 0 % D2O,
Bennett nC D250 α-TCP ( ) [24] in 50 % D2O and Bennett nC D2100 α-TCP ( )
[24] in 100 % D2O. The addition of D2O dramatically slowed down the degradation
kinetics.
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Daculsi et al. compared in vitro, PBS (0.01 m, pH = 7.4) at 37 ◦C, vs. in vivo,
condylar implantation in adult New Zealand white rabbits, degradation protocols for
dense composites with both commercially available poly(D,L-lactide)(4:96) and β-TCP.
In this instance, Daculsi Vit β-TCP ( ) [44] degraded in vitro presented slower polymer
degradation rate than Daculsi Viv β-TCP ( ) [44], degraded in vivo.

Conclusions

The analysis of the influence of in vitro vs. in vivo protocols for TCP composites did
not provide great insights as a significant majority of the case studies had an in vitro
degradation protocol making difficult to isolate the protocol contribution.

On the other hand, the direct comparisons offered interesting insights. For dense
composites with both commercially available poly(D,L-lactide)(4:96) and β-TCP in
vitro samples degraded slower than in vivo samples. For several porous composites the
inclusion of loading in the in vitro degradation protocol resulted in higher polymer
degradation rates. And lastly, the addition of deuterated water to the degradation
buffer caused a significant decrease in the degradation rate.

4.7 Conclusions for the tricalcium phosphate com-
posites analysis

This chapter presented the analysis of tricalcium phosphate composites degradation
data harvested from literature using the computational model for TCP composites
presented in section 3.2.1. In the first place, the necessary information was reported,
including both composite degradation data harvested from literature and tricalcium
phosphate specific parameters employed by the computational model. Secondly, the
results from the simulations carried out for all the case studies along with the necessary
information for the analyses were presented. Then the model capabilities were discussed
and lastly, the analysis of the TCP results was carried out divided in an overview
and four main sections: tricalcium phosphate dissolution, effect of TCP addition on
composite degradation, influence of sample porosity and finally, influence of in vitro vs.
in vivo degradation protocols.

The analysis of the tricalcium phosphate dissolution showed an unexpected be-
haviour with both TCP allotropes showing similar dissolution rates and with higher
values than those measured in free drift experiments at 37 ◦C and different initial pH
ranging from 5.0 to 7.0 for highly crystalline β-TCP [32]. The double discrepancy of
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this behaviour could be explained by both the presence of a polymeric matrix acting
as a source of acidity, the influence of ceramic particle size on the definition of the
surrounding environment in composite samples and the possibility of effective surface
area overestimation for small particles.

The analysis of the effect of tricalcium phosphate addition on composite degradation
provided several insights. The TCP case studies, which displayed a wide range of
composite degradation behaviours, were classified into two categories: case studies
presenting a buffering effect and a non-buffering effect, with 88 % of the 41 cases
showing the former, as predicted by the modelling framework pointing to its validity.

For the compliant case studies, the TCP computational model highlighted the wide
range of both degradation constants and buffering effect extent that could be achieved
by distinct combinations of polymeric matrix and tricalcium phosphate, resulting in
an abundance of degradation behaviours. Considering that with a perfect capture
of degradation behaviour by the model similar polymer-ceramic combinations should
share the values of the four degradation constants, the analysis also pointed to the
existence of behaviour discrepancies within similar case studies belonging to different
data groups, suggesting the need for a more comprehensive characterisation of both
the employed tricalcium phosphate type filler and polymeric matrix in order to identify
the factors responsible for these variations.

For the minority of TCP case studies in which the computational model was unable
to capture the degradation behaviour, a number of plausible causes were identified such
as absence of water excess, important differences between pure polymer and composite
samples or the employment of a highly non-catalytic matrix.

The porosity analysis for TCP composites showed, in most part, an agreement with
the initial hypothesis that the degradation is related to the characteristic diffusional
length LH+–buffer. The degradation protocols analysis did not provide clear general
insights but revealed interesting information such as that for dense PDLLA–β-TCP
composites in vitro degradation was slower than in vivo, that the inclusion of loading
caused an increase in degradation rate for several porous composites or that, conversely,
the addition of deuterated water caused a significant decrease.

The following chapter, chapter 5 is the second chapter discussing the harvest and
analysis of experimental degradation data using the computational models derived from
the general framework presented in chapter 3. In this case, the analysed composites
contain hydroxyapatite as a filler.





Chapter 5

Degradation of bioresorbable
composites: hydroxyapatite case
studies

In this chapter, the analysis of the degradation of hydroxyapatite (HA) composites using
the HA composites degradation model, described in section 3.2.2, is presented. The
chapter follows, with minor changes, the structure of chapter 4. Firstly, in section 5.1,
the HA composite degradation data harvested from literature are reported, including
the necessary composite degradation input information employed by the computational
model. The second section, section 5.2, includes information about the different types
of hydroxyapatite (HA) found in the harvested degradation data and their associated
values for the ceramic-dependent constants. In order to avoid duplication, this chapter
does not include the values of the polymer-dependent constants, which can be found
in section 4.3. The third section, section 5.3, contains the initial values of the HA
composites degradation model variables. Section 5.4 presents the results from the
degradation simulations, i.e. the set of values obtained in each studied case for the
four degradation constants: k1, the non-catalytic polymer degradation rate; k′

2, the
autocatalytic polymer degradation rate; Ad, the ceramic dissolution rate and θ, the
ceramic dissolution exponent. The fifth section, section 5.5, contains a discussion
of the results including analyses of how properties such as composite structure and
degradation protocol affect composite degradation. Lastly, section 5.6, the sixth and
final one introduces a summary of the conclusions stemming from the HA composites
degradation discussion.
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5.1 Degradation data from hydroxyapatite compos-
ites and composite-dependent constants for the
hydroxyapatite composites model

This section includes information concerning the degradation of hydroxyapatite com-
posites. The harvested degradation data which includes several composite-dependent
constants for each case study are presented in a tabular format. This table is followed
by the remaining composite-dependent constants which are common to all hydroxya-
patite case studies. As has been mentioned in chapter 4, the information reported
here is part of the input data fed to the computational model in order to simulate
composite degradation. The harvested input information, extracted using the method-
ology described in section 3.5.2, can be grouped in two different categories: polymer
characteristics and ceramic characteristics. The first category includes several charac-
terising parameters of the polymeric matrix: polymer type, molar ratio of monomers
for the case of copolymers, initial number-average molecular weight, Mn0 and type of
reported data reflecting composite degradation. The second category includes several
characterising parameters of the ceramic filler: ceramic type, ceramic weight fraction
of the undegraded composite samples, fw0; ceramic representative particle size, d0 and
ceramic data available to compute the ceramic representative particle size.

As was previously stated, this table exclusively contains information fed to the
computational model. Some other relevant information, mostly concerning composite
characteristics rather than polymer or ceramic characteristics, was also harvested for
each studied hydroxyapatite composite degradation case. Those characteristics included
fabrication method, sample morphology and structure, as well as sample degradation
protocol. Although these factors may affect composite degradation behaviour, they
are not explicitly represented in the modelling framework. These pieces of information
are presented in appendix B.2 alongside the results for each analysed case study.

Table 5.1 summarises all the above-mentioned input information needed to run
the simulations with the HA composites degradation model for the hydroxyapatite
composites data harvested from the available literature. The data are ordered alpha-
betically by polymer type including first the homopolymers, followed by copolymers
and blends. For similar polymer types, enantiopure matrixes are presented first. When
several cases concerned the same polymeric matrix the cases were ordered according to
ceramic type and initial polymer molecular weight. Each row in the table represents
one case study and is separated from the rest of the table by either a solid or a dashed
line. A dashed line is used when consecutive cases were generated by the same author
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or research group and a solid line is used when there is no known author relationship.
Hydroxyapatite type is described using abbreviations. Briefly, hHA and hCHA stand
for high crystallinity pure hydroxyapatite and high crystallinity carbonated hydrox-
yapatite, respectively. The prefixes “p” and “l” indicate partial (“p”) and low (“l”)
crystallinity. A complete list of hydroxyapatite types including a full denomination for
each abbreviation can be found in table 5.2.

Table 5.1. Summary of data found in literature on degradation of composites made
of biodegradable polymer and hydroxyapatite. CMR is the molar ratio of the different
monomers in a copolymer, Mn0 is the sample initial number-average molecular weight, fw0 is
the initial ceramic weight fraction of a composite sample and d0 is the ceramic representative
particle size of the undegraded composite sample. Further abbreviations employed in columns
labelled “Data” can be found in section 3.5.2. Abbreviations used to specify the hydroxyapatite
type can be found in table 5.2. A dashed line between rows indicates that data displayed in
those consecutive rows belong to the same researcher or research group. A solid line between
rows indicates no known author relationship for the data.

Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(ε-
caprolactone)

- 53.00
Mn(t)

- 0 -
fn(40, 60)

nm
Wang PCL
bnHA [231]- 56.00 bnHA 33.3 0.052

- 54.00 bnHA 50 0.052

Poly(L-lactide)
- 25.00 σflexural(t)

and pH(t)
- 0 - fwb(50, 200)

nm
Huang hHA

[106]- 25.00 hHA 20 0.168

Poly(L-lactide)
- 33.20

Mv(t)
- 0 - fa(20, 40,

100, 100) nm
Wang lHA

[233]- 32.18 lHA 10 0.047

Poly(L-lactide)
- 33.20

Mv(t)
- 0 - fa(20, 40,

100, 100) nm
Wang gP-lHA

[233]- 31.04 gP-lHA 9.5 0.047

Poly(L-lactide)
- 79.44 Mn0 and

WL(t)
- 0 - fa(5, 10,

20, 40) nm
Zhou lCCDHA

[248]- 79.44 lCCDHA 25 0.012

Poly(L-lactide)
- 73.33

Mv(t)
- 0 -

fwb(45)
µm

Verheyen 92
Vit hHA [219]- 83.33 hHA 30 37

- 76.67 hHA 50 37

Poly(L-lactide)
- 166.67

Mv(t)
- 0 -

fwb(45)
µm

Verheyen 93
hHA [220]- 83.33 hHA 30 37

- 50.00 hHA 50 37

Poly(L-lactide)
- 73.33

Mv(t)
- 0 -

fwb(45)
µm

Verheyen 92
Viv hHA [219]- 83.33 hHA 30 37

- 76.67 hHA 50 37

Poly(L-lactide)

- 95.68
Mn(t) and

σy(t)

- 0 -

fn(200) nm

Diaz PP/C
bnHA and

Diaz C bnHA
[51]

- 95.68 bnHA 9.1 0.163
- 95.68 bnHA 23.1 0.163
- 95.68 bnHA 33.3 0.163
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(L-lactide)

- 106.59

Mv(t) and
P DI(t)

- 0 -

dmean in
text

Shikinami 99
pCHA [194]

- 103.37 pCHA 20 3
- 100.96 pCHA 30 3
- 104.00 pCHA 40 3
- 101.00 pCHA 50 3

Poly(L-lactide)
- 107.18

Mv(t)
- 0 - dmean in

text
Furukawa Med

pCHA [75]- 102.26 pCHA 30 3

Poly(L-lactide) - 100.14 Mv(t) pCHA 30 3
dmean in

text
Furukawa Sub

pCHA [75]

Poly(L-lactide)
- 100.96

Mv(t)
pCHA 30 3 dmean in

text
Ishii pCHA

[116]- 104.00 pCHA 40 3

Poly(L-lactide) - 89.71 Mv(t) pCHA 30 3
dmean in

text
Shikinami 01
pCHA [195]

Poly(L-lactide)
- 107.18

Mv(t)
- 0 - dmean in

text
Furukawa Med

hHA [75]- 102.26 hHA 30 3

Poly(L-lactide) - 105.19 Mv(t) hHA 30 3
dmean in

text
Furukawa Sub

hHA [75]

Poly(L-lactide)
- 120.19

Mv(t)
hHA 30 3 dmean in

text
Ishii hHA [116]

- 104.00 hHA 40 3

Poly(L-lactide) - 91.05 Mv(t) hHA 40 3
dmean in

text
Shikinami 01

hHA [195]

Poly(L-lactide)
- 174.67

Mv(t)
- 0 - fa(15, 15,

40, 70) nm
Deng SC lHA

[48]- 174.67 lHA 10 0.023

Poly(L-lactide)
- 174.67

Mv(t)
- 0 - fa(15, 15,

40, 70) nm
Deng ES lHA

[48]- 174.67 lHA 10 0.023

Poly(L-lactide)
- 178.67

Mv(t)
- 0 - fa(15, 15,

40, 70) nm
Sui ES lHA

[205]- 178.67 lHA 10 0.023

Poly(L-lactide)

- 200.00

Mw0 and
WL(t)

- 0 -

fa(20, 40,

l, l) nm

Xu PP/C
gP-lHA and

Xu C gP-lHA
[240]

- 200.00 gP-lHA 2.82 0.050
- 200.00 gP-lHA 4.70 0.050
- 200.00 gP-lHA 9.40 0.050
- 200.00 gP-lHA 19.74 0.050
- 200.00 gP-lHA 28.20 0.050

Poly(D,L-lactide)
4:96 56.11

Mw(t) and
P DI(t0)

- 0 -
SEM

images
Rakmae 13
lCHA [183]4:96 44.10 lCHA 20 0.02

4:96 29.94 lCHA 40 0.02

Poly(D,L-lactide)
4:96 56.11

Mw(t) and
P DI(t0)

- 0 -
SEM

images
Rakmae 13
pCHA [183]4:96 30.06 pCHA 20 0.15

4:96 26.04 pCHA 40 0.15
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(D,L-lactide)
4:96 56.11

Mw(t) and
P DI(t0)

- 0 -
SEM

images
Rakmae 13
hHA [183]4:96 20.96 hHA 20 0.3

4:96 18.02 hHA 40 0.3

Poly(D,L-lactide)
4:96 88.18

Mw(t)
- 0 -

dmean in
text

Rakmae 12
hCHA [184]4:96 35.88 hCHA 20 1

4:96 31.18 hCHA 40 1

Poly(D,L-lactide)
4:96 88.18

Mw(t)
- 0 -

dmean in
text

Rakmae 12
sA-hCHA [184]4:96 78.24 sA-hCHA 20 1

4:96 72.94 sA-hCHA 40 1

Poly(D,L-lactide)
4:96 88.18

Mw(t)
- 0 -

dmean in
text

Rakmae 12
sM-hCHA

[184]
4:96 86.47 sM-hCHA 20 1
4:96 72.94 sM-hCHA 40 1

Poly(D,L-lactide)
15:85 627.00

log(Mn(t))
- 0 -

fwb(1, 45)
µm

Van der Meer
hHA [217]15:85 627.00 hHA 30 37

15:85 627.00 hHA 50 37

Poly(D,L-lactide)
50:50 13.50 %Mw(t)

and P DI(t0)
- 0 -

fn(100) nm
Zou 12 Vit

pns-lHA [250]50:50 13.50 pns-lHA 28 0.082

Poly(D,L-lactide)
50:50 13.50 %Mw(t)

and P DI(t0)
- 0 -

fn(100) nm
Zou 12 Vit

pns-lHA [250]50:50 13.50 pns-lHA 28 0.082

Poly(D,L-lactide)
50:50 13.50 %Mw(t)

and P DI(t0)
- 0 -

fn(100) nm
Zou 12 Viv

pns-lHA [250]50:50 13.50 pns-lHA 28 0.082

Poly(D,L-lactide)
50:50 13.50 %Mw(t)

and P DI(t0)
- 0 -

fn(100) nm
Zou 12 Viv R
pns-lHA [250]50:50 13.50 pns-lHA 28 0.082

Poly(D,L-lactide)
modified w COOH

groups

%Mw(t)
and P DI(t0)

SEM
images

Zou 11 C
pns-lHA [251]

50:50 15.90 - 0 -
50:50 13.50 pns-lHA 15.5 0.3

Poly(D,L-lactide)
modified w COOH

groups

%Mw(t)
and P DI(t0)

SEM
images

Zou 11 C R
pns-lHA [251]

50:50 15.90 - 0 -
50:50 13.50 pns-lHA 15.5 0.3

Poly(D,L-lactide)
modified w OH

and COOH groups

%Mw(t)
and P DI(t0)

SEM
images

Zou 11 HC
pns-lHA [251]

50:50 14.10 - 0 -
50:50 13.70 pns-lHA 16.7 0.3

Poly(D,L-lactide)
modified w N, OH
and COOH groups

%Mw(t)
and P DI(t0)

SEM
images

Zou 11 AHC
pns-lHA [251]

50:50 13.80 - 0 -
50:50 12.60 pns-lHA 17 0.3

Poly(D,L-lactide) 50:50 51.30 Mv(t) pCHA 70 3
dmean in

text
Hasegawa
pCHA [97]
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(D,L-lactide)

NR 144.12

Mw(t)

- 0 -
fn(20, 30)

nm

Chen PP/C
bnHA and

Chen C bnHA
[37]

NR 144.12 bnHA 20 0.026
NR 144.12 bnHA 40 0.026
NR 144.12 bnHA 60 0.026

Poly(L-co-D,L-
lactide)

100:0 88.33 Mw(t)
and P DI(t)

- 0 - dmean in
text

Hile hHA [103]
70:30 95.00 hHA 25 30

Poly(L-lactide-co-
ε-caprolactone)

70:30 79.76

Mn(t)

- 0 -

fn(200) nm
Diaz PLCL
bnHA [49]

70:30 79.76 bnHA 9.1 0.163
70:30 79.76 bnHA 23.1 0.163
70:30 79.76 bnHA 33.3 0.163

Poly(D,L-lactide-
co-ε-caprolactone)

60:40 34.00

Mn(t)

- 0 -
fn(25, 45)

µm
Ural NS hHA

[215]
60:40 34.00 hHA 20 37
60:40 34.00 hHA 40 37
60:40 34.00 hHA 60 37

Poly(D,L-lactide-
co-ε-caprolactone)

60:40 91.80

Mn(t)

- 0 -
fn(25, 45)

µm
Ural VL hHA

[215]
60:40 91.80 hHA 20 37
60:40 91.80 hHA 40 37
60:40 91.80 hHA 60 37

Poly(D,L-lactide-
co-glycolide)

44.6:55.4 11.40
Mn(t)

- 0 -
dcube in

text
Tsunoda hHA

[214]44.6:55.4 8.50 hHA 50 0.5
44.6:55.4 9.50 hHA 50 1.4

Poly(D,L-lactide-
co-glycolide)

44.6:55.4 30.00
Mn(t)

- 0 - fwb(100, 150)
µm

Li hHA [134]
44.6:55.4 30.00 hHA 20 135

Poly(D,L-lactide-
co-glycolide)

47:53 65.60

Mn(t)

- 0 -

fn(200) nm
Diaz PLGA
bnHA [50]

47:53 65.60 bnHA 9.1 0.163
47:53 65.60 bnHA 23.1 0.163
47:53 65.60 bnHA 33.3 0.163

Poly(D,L-lactide-
co-glycolide)

50:50 30.29 %Mw(t) and
Mw(t0)

- 0 -
Assumed

Agrawal hHA
[2]50:50 30.29 hHA 44 80

Poly(D,L-lactide-
co-glycolide)

pH(t) and
WL(t)

Particle
size

distribution

Naik pCHA
[162] [160]

50:50 34.50 - 0 -
50:50 34.50 pCHA 27.7 7.50

Poly(D,L-lactide-
co-glycolide)

pH(t) and
WL(t)

Particle
size

distribution

Naik ca hCHA
[162] [160]

50:50 34.50 - 0 -
50:50 34.50 hCHA 29.5 24.66

Poly(D,L-lactide-
co-glycolide)

pH(t) and
WL(t)

Particle
size

distribution

Naik cw hCHA
[162] [160]

50:50 34.50 - 0 -
50:50 34.50 hCHA 31.2 12.75
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(D,L-lactide-
co-glycolide)

pH(t) and
WL(t)

Particle
size distri-
bution in
composite

Naik f
sMP-pCHA
[161] [160]

50:50 34.50 - 0 -

50:50 34.50
sMP-

pCHA
27.1 140.09

Poly(D,L-lactide-
co-glycolide)

pH(t) and
WL(t)

Particle
size distri-
bution in
composite

Naik c
sMP-pCHA
[161] [160]

50:50 34.50 - 0 -

50:50 34.50
sMP-

pCHA
28.8 132.99

Poly(D,L-lactide-
co-glycolide)

pH(t) and
WL(t)

Particle
size distri-
bution in
composite

Naik fca
sMP-hCHA
[161] [160]

50:50 34.50 - 0 -

50:50 34.50
sMP-

hCHA
26.0 75.10

Poly(D,L-lactide-
co-glycolide)

pH(t) and
WL(t)

Particle
size distri-
bution in
composite

Naik cca
sMP-hCHA
[161] [160]

50:50 34.50 - 0 -

50:50 34.50
sMP-

hCHA
29.9 75.73

Poly(D,L-lactide-
co-glycolide)

pH(t),
WL(t) and

Mw as-
received

Particle
size distri-
bution in
composite

Ege hCHA [64]50:50 34.50 - 0 -
50:50 34.50 hCHA 21.52 0.210

Poly(D,L-lactide-
co-glycolide)

pH(t),
WL(t) and

Mw as-
received

Particle
size distri-
bution in
composite

Ege hHA [65]
[64]

50:50 34.50 - 0 -
50:50 34.50 hHA 28.55 0.706

Poly(D,L-lactide-
co-glycolide)

75:25 77.30 WL(t) and
Mw0

- 0 - SEM
images

Lee hHA [132]
75:25 77.30 hHA 20 3

Poly(lactide-co-
glycolide)

95:05 124.20
η(t)

- 0 - fa(30, 30
115, 125) nm

Liuyun lHA
[144]95:05 99.46 lHA 3 0.045

Poly(lactide-co-
glycolide)

NR 30.0
WL(t)

- 0 - fa(0.5, 1
7, 10) µm

Ban hHA [16]
NR 30.0 hHA 16.6 1.3

Poly(L-lactide)
and poly(ε-

caprolactone)
blend

Mn(t) fn(100) nm
Rodenas CL
bnHA [186]

28.4:71.6 115.23 - 0 -
28.4:71.6 127.78 bnHA 16.7 0.082

Poly(L-lactide)
and poly(ε-

caprolactone)
blend

Mn(t) fn(100) nm
Rodenas LA
bnHA [186]

86.4:13.6 106.17 - 0 -
86.4:13.6 150.00 bnHA 16.7 0.082
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(D,L-lactide-
co-glycolide)

(50:50) and poly(ε-
caprolactone)

blend

Mw(t)
dmean in a
reference

Ji bnHA [119]

84:16 78.87 - 0 -
84:16 78.87 bnHA 10.9 0.030
84:16 78.87 bnHA 22.1 0.030
84:16 78.87 bnHA 31.2 0.030

Poly(D,L-lactide-
co-glycolide)

(65:35) and poly(ε-
caprolactone)

blend

71.8:28.2 39.63 Mn(t) hHA 10 10 d in text
Dunn CLs
hHA [59]

Poly(D,L-lactide-
co-glycolide)

(65:35) and poly(ε-
caprolactone)

blend

71.8:28.2 39.63 Mn(t) hHA 10 10 d in text
Dunn CLd
hHA [59]

Poly(D,L-lactide-
co-glycolide)

(65:35) and poly(ε-
caprolactone)

blend

93.9:6.1 33.39 Mn(t) hHA 10 10 d in text
Dunn LGs
hHA [59]

Poly(D,L-lactide-
co-glycolide)

(65:35) and poly(ε-
caprolactone)

blend

93.9:6.1 33.39 Mn(t) hHA 10 10 d in text
Dunn LGd
hHA [59]

Table 5.1. Summary of data found in literature on degradation of composites made of
biodegradable polymer and hydroxyapatite. CMR is the molar ratio of the different
monomers in a copolymer, Mn0 is the sample initial number-average molecular weight,
fw0 is the initial ceramic weight fraction of a composite sample and d0 is the ceramic
representative particle size of the undegraded composite sample. Further abbreviations
employed in columns labelled “Data” can be found in section 3.5.2. Abbreviations
used to specify the hydroxyapatite type can be found in table 5.2. A dashed line
between rows indicates that data displayed in those consecutive rows belong to the
same researcher or research group. A solid line between rows indicates no known author
relationship for the data.

Of the twelve composite-dependent constants listed in section 3.4, table 5.1 includes
three of them for each hydroxyapatite case study. The values of the remaining nine
composite-dependent constants are discussed here. The HA composites degradation
model considers water self-ionisation as a source of both hydroxide and hydrogen
ions. And thus, both the initial hydroxide ions concentration, ∆COH−

0
and the initial

hydrogen ions concentration not resulting from carboxylic end groups dissociation,
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∆CH+
0
, take the value of (Kw/[H+]0) mol m−3, where Kw is the water self-ionisation

constant at 37 ◦C and [H+]0 is the initial concentration of hydrogen ions.
In a similar way to the tricalcium phosphate case studies, the hydroxyapatite case

studies were assumed to experience a mixture of random and end scission, as previously
done by Pan et al. [169]. This polymer scission type is characterised by:

• Empirical rate of production of short chains by chain scission, α = 0.4 (1).

• Empirical exponent of production of short chains by chain scission, β = 1 (1).

• Average degree of pseudo-polymerisation of the short chains, m = 4 (1).

The last four composite-dependent constants are the composite degradation con-
stants, k1, k′

2, Ad and θ. These composite degradation constants are the output of the
analysis process and can be found in section 5.4.

5.2 Hydroxyapatite information and ceramic-dependent
constants for the hydroxyapatite composites degra-
dation model

The composite degradation data obtained from the literature contained different types
of hydroxyapatite. A description of all those types and their corresponding ceramic-
dependent constants is presented in this section. The HA composites degradation model,
introduced in section 3.2.2, employs chemical relationships to represent the interactions
between ceramic filler and polymeric matrix. This fact enables the assimilation of
all the encountered hydroxyapatite types to merely two main classes according to
their chemistry: pure hydroxyapatite (HAp∗: Ca10(PO4)6(OH)2) and carbonated
hydroxyapatite (CHA: Ca10(PO4)6(CO3)x(OH)2-2x with x = 0.4†). Both HAp and
CHA can have a varying degree of crystallinity giving a total of four relevant types of
hydroxyapatite for use in the computational model: crystalline HA (cHA), crystalline
CHA (cCHA) and their amorphous or low crystallinity counterparts (aHA and aCHA).

Table 5.2 includes the abbreviations used to designate each one of the hydroxyapatite
types encountered in the harvested composite degradation data in addition to their
∗ HAp was chosen as abbreviation to designate pure hydroxyapatite, instead of the the more usual
HA, as HA was used throughout this work as abbreviation for hydroxyapatite in a general broad
sense, i.e. group of all ceramics that could be classified as hydroxyapatite, independently of their
particular properties.
† Information about the chosen fraction of carbonate ions in carbonated hydroxyapatite can be found
in appendix A.1.
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description. The corresponding assimilated hydroxyapatite types employed in the
computational model are also included.

Abbreviation Description Assimilated to
lCCDHA Carbonated calcium deficient unsintered pure hy-

droxyapatite produced by a wet chemistry route
aCHA

lCHA Amorphous or low crystallinity unsintered carbon-
ated hydroxyapatite produced by a wet chemistry
route

aCHA

pCHA Partially crystalline carbonated hydroxyapatite cCHA
sMP-pCHA MPTMS (mercaptopropyltrimethoxysilane) modi-

fied partially crystalline carbonated hydroxyapatite
cCHA

hCHA Highly crystalline carbonated hydroxyapatite cCHA
sA-hCHA APES (3-Aminopropyltriethoxysilane) modified

highly crystalline carbonated hydroxyapatite
cCHA

sM-hCHA MPTS (3-methacryloxypropyltrimethoxysilane)
modified highly crystalline carbonated hydroxyap-
atite

cCHA

sMP-hCHA MPTMS (mercaptopropyltrimethoxysilane) modi-
fied highly crystalline carbonated hydroxyapatite

cCHA

pns-lHA Mixture of partially crystalline and non-
stoichiometric unsintered pure hydroxyapatite
produced by a wet chemistry route

aHA

lHA Amorphous or low crystallinity unsintered pure
hydroxyapatite produced by a wet chemistry route

aHA

gP-lHA Polymer grafted lHA aHA
bnHA Commercially produced nano-sized pure hydroxya-

patite
cHA

hHA Highly crystalline pure hydroxyapatite cHA

Table 5.2. Abbreviations, descriptions and model assimilations of the different types of
hydroxyapatite encountered in the harvested degradation data.

As has been noted, the modelling framework uses several parameters that are
ceramic-dependent: ceramic molar mass, Mcer; ceramic density, ρcer; ceramic molar
volume, Ωcer; ceramic solubility expressed as a base 10 logarithm of the reciprocal of the
ionic product at equilibrium, −log10(Ksp); ceramic calcium equilibrium concentration,
[Ca2+]eq|cer and acid dissociation constants associated to the released anions, pKi.

For the HA composites degradation model the employed acid dissociation constants
are common to all the hydroxyapatite types, as explained in section 3.2.2, due to the
omission of carbonate ions in the buffering reactions. The hydroxyapatite chemical
composition affects the remaining five hydroxyapatite parameters: molar mass, density,
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molar volume, solubility and calcium equilibrium concentration. In addition, the degree
of crystallinity also affects hydroxyapatite density and hydroxyapatite molar volume
resulting in one set of acid dissociation constants, two sets of values for molar mass,
solubility constant and calcium equilibrium concentration, as these ceramic parameters
are dependent exclusively on chemical composition, and four sets of values for density
and molar volume, as these two ceramic parameters are affected by both chemical
composition and density. Table 5.3 reports all these ceramic-dependent parameters for
the four different relevant types of hydroxyapatite.

The HA composites degradation model also employs polymer-dependent constants,
namely polymer density, ρpol; polymer dissociation constant, Ka and molar mass
associated to one ester bond in the polymeric matrix, Munit. These constants are
common across all the models derived from the modelling framework and can be found
in section 4.3.

5.3 Initial values for the HA composites degrada-
tion model variables

This section presents the values at the time origin of the variables employed in the
HA composites degradation model. These values, in addition to the values of the
composite-dependent, ceramic-dependent and polymer-dependent constants presented
in section 5.1, 5.2 and 4.3 respectively, are needed in order to simulate the degradation
of hydroxyapatite composites. As previously stated, the HA composites model considers
water self-ionisation as a source of both hydroxide and hydrogen ions and employs a
value of (Kw/[H+]0) mol m−3 for the initial hydrogen ions concentration not resulting
from carboxylic end groups dissociation, ∆CH+

0
, with Kw the water self-ionisation

constant at 37 ◦C and [H+]0 the initial concentration of hydrogen ions.
The initial values of the eleven degradation variables, which are listed below, arise

from two assumptions: firstly, that both ceramic dissolution and polymer scission start
at the time origin and secondly, that the polymer phase has attained carboxylic end
acid dissociation equilibrium at the time origin.

• x1|t=0 = Rs0 = 0, initial concentration of polymer chain scissions (mol m−3).

• x2|t=0 = [H+]0 = CH+
0
, initial concentration of hydrogen ions (mol m−3). x2|t=0

takes a value equals to the positive root of the following x2 third degree polynomial:
x3

2 + Kax
2
2 − (KaCchain0 + Kw)x2 − KwKa = 0.
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Constant (unit) Quantity Value Reference

pK1 (1) First logarithmic phosphoric acid
dissociation constant at 37 ◦C 2.21 [20]

pK2 (1) Second logarithmic phosphoric
acid dissociation constant at 37 ◦C 7.18 [21]

pK3 (1) Third logarithmic phosphoric acid
dissociation constant at 37 ◦C 12.23 [218]

pKw (1) Logarithmic water dissociation
constant at 37 ◦C 13.58 [147]

MacHA (g mol−1) aHA and cHA molar mass∗ 1004.622 [180]
MacCHA (g mol−1) aCHA and cCHA molar mass⋆ 1015.010 App. A.1
−log10(Ksp)|acHA (1) aHA and cHA solubility at 37 ◦C∗ 117.2 [56]

−log10(Ksp)|acCHA (1) aCHA and cCHA solubility at
37 ◦C⋆ 116.9 [117]

[Ca2+]eq|acHA (mol m−3) aHA and cHA equilibrium calcium
concentration at 37 ◦C 4.370 × 10−4 App. A.2.2

[Ca2+]eq|acCHA (mol m−3) aCHA and cCHA equilibrium
calcium concentration at 37 ◦C 3.392 × 10−4 App. A.2.3

ρcHA (kg m−3) cHA density 3160 [56]
ρcCHA (kg m−3) cCHA density 3160 ⊤
ρaHA (kg m−3) aHA density 2528 ⊥
ρaCHA (kg m−3) aCHA density 2528 ⊥
ΩaHA (m3 mol−1) aHA molar volume 3.974 × 10−4 †
ΩaCHA (m3 mol−1) aCHA molar volume 4.015 × 10−4 †
ΩcHA (m3 mol−1) cHA molar volume 3.179 × 10−4 †
ΩcCHA (m3 mol−1) cCHA molar volume 3.212 × 10−4 †
∗ Using the formula Ca10(PO4)6(OH)2.
⋆ Using the formula Ca10(PO4)6(CO3)x(OH)2-2x with x = 0.4.
⊤ Data not reported. Assuming same density as cHA.
⊥ Data not reported. Assuming density is 80 % of the cHA or cCHA density.
† Calculated as the ratio between Mi and ρi (Ωi = Mi/ρi).

Table 5.3. Values of the ceramic-dependent parameters used in the hydroxyapatite
model. Acid dissociation expressed as the negative base 10 logarithm of the acid disso-
ciation constant, pKi = −log10(Ki) with Ki in mol dm−3. Water dissociation expressed
as the negative base 10 logarithm of the water dissociation constant, pKw = −log10(Kw)
with Kw in mol2 dm−6. Solubility expressed as the negative base 10 logarithm of the
ionic product at equilibrium of Ca10(PO4)6(OH)2 or Ca10(PO4)6(CO3)0.4(OH)1.2 with
concentrations in mol dm−3.
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• x3|t=0 = [Ca2+]0 = 0, initial concentration of calcium ions (mol m−3).

• x4|t=0 = [PO3−
4 ]0 = 0, initial concentration of phosphate ions (mol m−3).

• x5|t=0 = [R-COOH]0 = Cchain0− KaCchain0
x2|t=0+Ka

, initial concentration of non-dissociated
carboxylic end group chains (mol m−3).

• x6|t=0 = [R-COO−]0 = KaCchain0
x2|t=0+Ka

, initial concentration of dissociated carboxylic
end group chains (mol m−3).

• x7|t=0 = [HPO2−
4 ]0 = 0, initial concentration of hydrogenphosphate ions (mol m−3).

• x8|t=0 = [H2PO−
4 ]0 = 0, initial concentration of dihydrogenphosphate ions (mol m−3).

• x9|t=0 = [H3PO4]0 = 0, initial concentration of phosphoric acid (mol m−3).

• x10|t=0 = aHA0 = πd2
0

Vunit
, initial concentration of interfacial area in the compos-

ite (m2 m−3).

• x11|t=0 = [OH−]0 = Kw
x2|t=0

, initial concentration of hydroxide ions (mol m−3).

• x12|t=0 = [H2O]0 = 0, initial concentration of recombined water molecules
(mol m−3).

• x13|t=0 = Mn0, initial polymer number-average molecular weight (Da).

where the concentrations x1, . . . , x9, x11 and x12 are defined in the polymer phase, Ka

is the polymer acid dissociation constant at 37 ◦C (mol m3); Cchain0, the polymer chains
concentration at the time origin (mol m−3); d0, the representative particle size (m);
Vunit, the volume of the representative unit cell (m3) and Kw, the water self-ionisation
constant at 37 ◦C.

5.4 Results of the hydroxyapatite composites degra-
dation model

The results output by the HA composites degradation model after running the simula-
tions with the HA degradation data reported in section 5.1 are presented in this section.
These results have been grouped in four different blocks, according to their polymeric
matrixes: poly(L-lactide), poly(D,L-lactide), poly-lactide-co-glycolide and “miscella-
neous polymers”. The chosen visual representation, aimed at facilitating the analysis,
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includes three different graphs: a polymer degradation map, a ceramic degradation
map and a 3D plot exploring the polymer-ceramic degradation space. The polymer
degradation map provides information about degradation aspects of the matrix by
representing each case as a point by their duplet (k1, k′

2) in the k1–k′
2 plane. Likewise,

the ceramic degradation map provides information about degradation aspects of the
filler by representing each case as a point by their duplet (Ad, θ) in the Ad–θ plane.
Lastly, each case is represented as a triplet (k1, k′

2, Ad) in the (k1–k′
2–Ad) degradation

space. Each analysed composite degradation case is always represented by the same
unique combination of marker and colour, with the colour shade being an indication
of the polymeric matrix group the case belongs to: blue for poly(L-lactide), green for
poly(D,L-lactide) and red for poly(lactide-co-glycolide). The legend included in each
visual representation of the results is common for the three displayed graphs: k1–k′

2

map, Ad–θ plane and k1–k′
2–Ad plot. For clarity purposes, the results associated with

one polymeric matrix have been split into several groups when an excessive amount of
data resulted in difficulty interpreting the graphs.

Uniqueness of model parameters, k1, k′
2, Ad and θ: As explained in section 4.5,

there is a possibility of having multiple solutions for a given case. For HA cases
with multiple solutions, the chosen and reported (k1, k′

2, Ad, θ) 4-tuple was also
selected considering typical dissolution profiles, in terms of remaining ceramic weight
fraction, of similar HA composites from literature.

5.4.1 Poly(L-lactide) matrix

The results output by the HA composites degradation model for degradation data with
a poly(L-lactide) matrix are presented visually, split into three different sets: data from
the Takiron Co. group, data from the Leiden University and the Beijing University
groups and a general set containing the remaining data. Figure 5.1 includes results
from the Takiron Co. group, which contained experimental studies carried out by
Shikinami and Okuno [194, 195], Furukawa et al. [75] and Ishii et al. [116].
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Fig. 5.1. Results output by the HA composites degradation model for data with a
poly(L-lactide) matrix: case studies from the Takiron Co. group. k1 is the non-catalytic
polymer degradation rate, k′

2 is the autocatalytic polymer degradation rate, Ad is
the ceramic dissolution rate and θ is the power ceramic dissolution law exponent.
The hydroxyapatite type used in each case study is indicated in the legend by the
abbreviation found at the end of the case study code. The meaning of the abbreviations
can be found in table 5.2.

Figure 5.1a presents the polymer degradation map for the Takiron Co. group data,
figure 5.1b the ceramic degradation map and figure 5.1c the 3D plot in the k1–k′

2–Ad

degradation space. As previously mentioned, the marker-colour combinations displayed
in the legend are uniquely associated with one hydroxyapatite case. The values of the
polymer degradation constants k1 and k′

2 for all the Takiron Co. group case studies
populated a small region clustered around a single k1–k′

2 duplet. In a similar fashion,
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the ceramic dissolution constants Ad and θ were contained in a short Ad interval with
θ equal to 2.0 showing a low sensitivity of the model to changes in θ.

Figure 5.2 reports the results for HA composites degradation data belonging to
both the Leiden University and the Beijing University groups. The Leiden University
group contained data from Verheyen et al. [219, 220]. The Beijing University group
consisted of data from Deng et al. [48] and Sui et al. [205]. Following the usual visual
representation structure, figure 5.2a includes the polymer degradation map, figure 5.2b
the ceramic degradation map and figure 5.2c the 3D plot in the k1–k′

2–Ad degradation
space.
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Fig. 5.2. Results output by the HA composites degradation model for data with
a poly(L-lactide) matrix: case studies from the Leiden University group and the
Beijing University group. k1 is the non-catalytic polymer degradation rate, k′

2 is the
autocatalytic polymer degradation rate, Ad is the ceramic dissolution rate and θ is the
power ceramic dissolution law exponent. The hydroxyapatite type used in each case
study is indicated in the legend by the abbreviation found at the end of the case study
code. The meaning of the abbreviations can be found in table 5.2. Grey inset plots
correspond to zoomed-up regions included to avoid amalgamation of results around
the origin.

Figure 5.2 highlights the differences between results from the Leiden University
group data and the Beijing University group data. Although the two groups presented
clustering in both polymer and ceramic degradation constants, the clusters differed
significantly in both size and origin.
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Figure 5.3 presents the results corresponding to the remaining poly(L-lactide)-
hydroxyapatite data. This group encompassed work from Huang et al. [106], Wang
et al. [233], Zhou et al. [248], Díaz et al. [51] and Xu et al. [240]. Figure 5.3a exhibits
the polymer degradation map; figure 5.3b the ceramic degradation map and figure 5.3c
the 3D plot in the k1–k′

2–Ad degradation space.
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Fig. 5.3. Results output by the HA composites degradation model for data with a poly(L-
lactide) matrix: remaining case studies data. k1 is the non-catalytic polymer degradation
rate, k′

2 is the autocatalytic polymer degradation rate, Ad is the ceramic dissolution
rate and θ is the power ceramic dissolution law exponent. The hydroxyapatite type
used in each case study is indicated in the legend by the abbreviation found at the
end of the case study code. The meaning of the abbreviations can be found in table
5.2. Black inset plots correspond to regions situated outside the limits defined in the
main plot.
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Results belonging to the remaining group data showed a broad spread in both
polymer and ceramic degradation constants, without the presence of clusters, as
opposed to the previously poly(L-lactide)-hydroxyapatite shown data. Appendix B.2.1
contains the above-mentioned HA-PLLA results in a tabular format. Additionally, it
includes several composite characteristics for each analysed case study, necessary for
discussion section 5.5.

5.4.2 Poly(D,L-lactide) matrix

The results from the HA composites degradation model for composites with poly(D,L-
lactide) matrix are presented separated in two different sets. In the first place, data
from the Southwest Jiaotong University group and in the second place, a set containing
data from Suranaree University and the remaining data. Figure 5.4 exhibits the
model output for data belonging to the Southwest Jiaotong University group using a
polymer degradation map (figure 5.4a), a ceramic degradation map (figure 5.4b) and a
3-dimensional plot (figure 5.4c). This group comprised data from Zou et al. [250, 251].
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Fig. 5.4. Results output by the HA composites degradation model for data with
a poly(D,L-lactide) matrix: case studies from the Southwest Jiaotong University
group. k1 is the non-catalytic polymer degradation rate, k′

2 is the autocatalytic polymer
degradation rate, Ad is the ceramic dissolution rate and θ is the power ceramic
dissolution law exponent. The hydroxyapatite type used in each case study is indicated
in the legend by the abbreviation found at the end of the case study code. The meaning
of the abbreviations can be found in table 5.2.

The spread in both polymer and ceramic degradation constants of the results
reported in figure 5.4 was quite significant despite the shared authorship of all the
shown case studies.

Figure 5.5 combines data from the Suranaree University group and the remaining
PDLLA-HA data. This set of results encompasses data authored by Rakmae et al.
[184, 183], which formed the Suranaree University group and data authored by Van der
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Meer et al. [217] and Hasegawa et al. [97], which formed the remaining data group.
The map of polymer degradation constants is presented in 5.5a, the map of ceramic
degradation constants in 5.5b and the 3D k1–k′

2–Ad plot in 5.5c.
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Fig. 5.5. Results output by the HA composites degradation model for data with a
poly(D,L-lactide) matrix: case studies from Suranaree University group and remaining
case studies data. k1 is the non-catalytic polymer degradation rate, k′

2 is the autocat-
alytic polymer degradation rate, Ad is the ceramic dissolution rate and θ is the power
ceramic dissolution law exponent. The hydroxyapatite type used in each case study is
indicated in the legend by the abbreviation found at the end of the case study code.
The meaning of the abbreviations can be found in table 5.2.

The results showed clustering in both the k1–k′
2 and the Ad–θ maps although

with dissimilar behaviour. The polymer degradation map presented one big cluster
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encompassing all case studies but one, whereas the ceramic dissolution map portrayed
three different clusters. Appendix B.2.2 contains the above-mentioned HA-PDLLA
results in a tabular format. Additionally, it includes several composite characteristics
for each analysed case study, necessary for discussion section 5.5.

5.4.3 Poly-lactide-co-glycolide matrix

The results from the HA composites degradation model for composites with poly(lactide-
co-glycolide) matrix are reported split into two different sets. Firstly, data from the
CCMM group and secondly, the remaining data. Figure 5.6 visually exhibits the results
for poly(D,L-lactide-co-glycolide)-hydroxyapatite composites belonging to the CCMM
group, which combined data from Naik et al. [162, 160, 161] and Ege et al. [64, 65].
The polymer analysis is presented in figure 5.6a, followed by the ceramic analysis in
figure 5.6b and the combined polymer-ceramic analysis in figure 5.6c.



5.4 Results of the hydroxyapatite composites degradation model 183

0.0 0.5 1.0 1.5 2.0 2.5

k1 (s−1) ×10−9

0.0

0.5

1.0

1.5

2.0

2.5

k′ 2
(m

3
m

ol
−

1
s−

1
)

×10−9

Naik pCHA
Naik ca hCHA
Naik cw hCHA
Naik f sMP-pCHA
Naik c sMP-pCHA
Naik fca sMP-hCHA
Naik cca sMP-hCHA
Ege hCHA
Ege hHA

(a) k1–k ′
2 map

10−14 10−13 10−12 10−11 10−10

Ad (mol m−2 s−1)

1.0

1.5

2.0

2.5

3.0

θ
(1

)

(b) Ad–θ map

×10−9
k1 (s−1)

0.0
0.5

1.0
1.5

2.0
2.5

k
′
2

(
m

3

mol s
)

×10−
9

0.0
0.5

1.0
1.5

2.0
2.5

lo
g 1

0
A

d
(1

)

−14

−13

−12

−11

−10

(c) k1–k ′
2–log10Ad 3D representation

Fig. 5.6. Results output by the HA composites degradation model for data with
a poly(lactide-co-glycolide) matrix: case studies from the CCMM group. k1 is the
non-catalytic polymer degradation rate, k′

2 is the autocatalytic polymer degradation
rate, Ad is the ceramic dissolution rate and θ is the power ceramic dissolution law
exponent. The hydroxyapatite type used in each case study is indicated in the legend
by the abbreviation found at the end of the case study code. The meaning of the
abbreviations can be found in table 5.2.

The CCMM group data results showed significant clustering in the polymer degra-
dation map as the data contained only two pure polymer occurrences, i.e. all the Naik
or Ege case studies share the same pure polymer data. There was a higher spread in
the ceramic degradation map.

Figure 5.7 introduces the visual representation of the remaining results for the
PLGA-HA composites analysis. This set contained data from Tsunoda [214], Li and
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Chang [134], Díaz et al. [50], Agrawal and Athanasiou [2], Lee et al. [132], Liuyun et al.
[144] and Ban et al. [16]. Figure 5.7a contains the k1–k′

2 map, figure 5.7b the Ad–θ

map and lastly, figure 5.7c the representation of the k1–k′
2–Ad degradation space.

0.0 0.5 1.0 1.5 2.0 2.5

k1 (s−1) ×10−9

0.0

0.5

1.0

1.5

2.0

2.5

k′ 2
(m

3
m

ol
−

1
s−

1
)

×10−9

Tsunoda hHA
Li hHA
Li PP
Diaz PLGA bnHA
Agrawal hHA
Lee hHA
Liuyun lHA
Liuyun PP
Ban hHA

2.25 2.75
×10−9

3.5

4.0
×10−9

(a) k1–k ′
2 map

10−14 10−13 10−12 10−11

Ad (mol m−2 s−1)

1.0

1.5

2.0

2.5

3.0

θ
(1

)

(b) Ad–θ map

×10−9
k1 (s−1)

0.0
0.5

1.0
1.5

2.0
2.5

k
′
2

(
m

3

mol s
)

×10−
9

0.0
0.5

1.0
1.5

2.0
2.5

lo
g 1

0
A

d
(1

)

−14

−13

−12

−11

−10

(c) k1–k ′
2–log10Ad 3D representation

Fig. 5.7. Results output by the HA composites degradation model for data with a
poly(lactide-co-glycolide) matrix: remaining case studies data. k1 is the non-catalytic
polymer degradation rate, k′

2 is the autocatalytic polymer degradation rate, Ad is
the ceramic dissolution rate and θ is the power ceramic dissolution law exponent.
The hydroxyapatite type used in each case study is indicated in the legend by the
abbreviation found at the end of the case study code. The meaning of the abbreviations
can be found in table 5.2. Black inset plots correspond to regions situated outside the
limits defined in the main plot.
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The polymer degradation constants of the remaining PLGA-HA composites data
showed clustering for a majority of the analysed case studies, with the rest showing
much higher degradation rates. The ceramic degradation constants results expanded
across a much wider region with the data almost evenly distributed throughout the
Ad interval (10−14, 10−11). Appendix B.2.3 contains the above-mentioned HA-PLGA
results in a tabular format. Additionally, it includes several composite characteristics
for each analysed case study, necessary for discussion section 5.5.

5.4.4 Miscellaneous polymers matrixes

Figure 5.8 displays the visual representation of the results for the hydroxyapatite
composites with miscellaneous polymers as matrix. Figure 5.8a shows the polymer
degradation map, figure 5.8b the ceramic degradation map and figure 5.8c the 3D
degradation space plot. The miscellaneous polymers data set encompassed data from
Wang et al. ( , ) [231] with a poly(ε-caprolactone) matrix, data from Hile et al. ( ,

) [103] with a poly(L-co-D,L-lactide) matrix, data from Díaz and Puerto ( ) [49]
and Ural et al. ( , ) [215] with a poly(lactide-co-ε-caprolactone) matrix, data from
Rodenas-Rochina et al. ( , ) [186] with a matrix made of a blend of poly(L-lactide)
and poly(ε-caprolactone) and lastly data from Ji et al. ( ) [119] and Dunn et al. ( , ,

, ) [59] with a poly(lactide-co-glycolide)-poly(ε-caprolactone) blend as matrix.
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Fig. 5.8. Results output by the HA composites degradation model for data with a
miscellaneous polymer matrix. k1 is the non-catalytic polymer degradation rate, k′

2
is the autocatalytic polymer degradation rate, Ad is the ceramic dissolution rate and
θ is the power ceramic dissolution law exponent. The hydroxyapatite type used in
each case study is indicated in the legend by the abbreviation found at the end of the
case study code. The meaning of the abbreviations can be found in table 5.2. Grey
inset plots correspond to zoomed-up regions included to avoid amalgamation of results
around the origin.

The results showed some clustering in both polymer and ceramic degradation
constants, specially for case studies sharing common authorship like Dunn CLs hHA,
CLd hHA, LGs hHA, LGd hHA and Ural NS hHA, VL hHA. Appendix B.2.4 contains
the above-mentioned HA-misc. polymers results in a tabular format. Additionally, it
includes several composite characteristics for each case, necessary for section 5.5.
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5.5 Discussion of the modelling results for hydrox-
yapatite composites degradation data

This section presents the analysis and discussion of the results reported in section
5.4. Firstly, an overview of all modelling results in addition to an initial analysis are
introduced. The initial analysis is followed by a series of in-depth analyses exploring
hydroxyapatite dissolution as well as the effect of hydroxyapatite addition, sample
structure and degradation protocol on composite degradation behaviour. Finally, a
summary of the main features of hydroxyapatite composites degradation found during
the analyses is presented. The discussion in this section builds on the ideas outlined in
section 4.6.1 on the ideal model usage.

5.5.1 Modelling results overview and initial discussion

Figure 5.9 includes a compilation of all the hydroxyapatite biocomposites modelling
results collated in a single set of graphs: a polymer map, a ceramic map and a log10k1–
log10k ′

2–log10Ad 3D plot. Although the graph legends used in section 5.4 also apply to
this visual representation, they have been omitted for clarity. In lieu of those legends
and to facilitate the analysis, coloured regions enclosing a majority of the results for
cases with poly(L-lactide) (PLLA), poly(D,L-lactide) (PDLLA) and poly(lactide-co-
glycolide) (PLGA) matrixes have been included in both the polymer map and 3D
plot.

The global polymer degradation map for hydroxyapatite biocomposites, contain-
ing the non-catalytic polymer degradation rate k1 and the autocatalytic polymer
degradation rate k′

2 for each analysed case study, is shown in figure 5.9a. The three
main groups of polymeric matrixes, namely poly(L-lactide), poly(D,L-lactide) and
poly-(lactide-co-glycolide), are presented as coloured ellipses enclosing the majority
of the corresponding data. In general terms, although there was a significant overlap
among the different regions, polymer degradation rates could be ordered from low
to high as follows: PLLA < PDLLA < PLGA. This order in polymer degradation
rates matched the typical behaviour for polymeric scaffolds, as previously reported by
Neuendorf et al. [164] and Middleton and Tipton [151].

The polymer degradation map also shows a clear correlation between the values of
the non-catalytic and autocatalytic polymer degradation rates, k1 and k′

2 respectively, as
a significant majority of the analysed hydroxyapatite cases lie in the region surrounding
the map diagonal. This behaviour points to a coexistence of both types of polymer
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Fig. 5.9. Global degradation maps containing results output by the HA composites
degradation model for all the analysed case studies. k1 is the non-catalytic polymer
degradation rate, k′

2 is the autocatalytic polymer degradation rate, Ad is the ceramic
dissolution rate and θ is the power ceramic dissolution law exponent. Coloured ellipses,
for the k1–k′

2 map, or ellipsoids, for the log10k1–log10k ′
2–log10Ad plot, enclose the

majority of the case studies for usual polymeric matrixes. The beige coloured region
in the Ad–θ map represents experimental dissolution data for highly crystalline pure
hydroxyapatite at 37 ◦C and different initial pH ranging from 3.0 to 7.4 in free drift
experiments measured by Nair [163].

degradation in all the analysed cases. The use of logarithmic axes in this visual
representation makes less apparent that some particular cases showed a marked non-
catalytic behaviour, such as Furukawa Med pCHA ( ) [75] or Zou 12 Vit pns-lHA ( )
[250] both with k1/k′

2 ≥ 4, while others showed a marked autocatalytic behaviour, such
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as Van der Meer hHA ( ) [217], Wang PCL bnHA ( ) [231] or Rodenas CL bnHA ( )
[186], all of them with k1/k′

2 ≤ 0.33.
This k1–k ′

2 map showed a significant spread for both k1 (s−1), the non-catalytic
degradation rate and k′

2 (m3 mol−1 s−1), the autocatalytic polymer degradation rate,
with values spanning nearly four orders of magnitude, from 10−12 to 10−8, for both
polymer degradation constants. This variability translated into a vast difference in
degradation rate and mechanical performance over time for different composites. At
the low end, for example, the Wang PCL bnHA case study ( ) [231], a biocomposite
made of poly(ε-caprolactone) and commercially available nano-sized hydroxyapatite,
experienced a reduction in Mw of merely 2 % in a time period of six months. Similarly,
the Deng SC lHA case study ( ) [48], with poly(L-lactide) and low crystallinity
hydroxyapatite, showed little mass loss after having been degraded for up to eight
weeks despite having a porous structure. These two cases represented biocomposites
with the ability to maintain their integrity for long periods of time, probably, up to
several years.

Conversely, the Van der Meer hHA case ( ) [217], with a poly(D,L-lactide) matrix
and highly crystalline pure hydroxyapatite as a filler, comprised composite samples
which reached a mass loss of over 60 % in less than ten days. The Tsunoda hHA case
( ) [214], with poly(D,L-lactide-co-glycolide)(50:50) and pure hydroxyapatite, behaved
similarly, reporting a mass loss of over 50 % in six weeks for the composite sample with
lower ceramic content. These cases, at the high end of the polymer degradation map,
represented biocomposites that could be completely reabsorbed in just a few weeks.

The ceramic degradation map, including dissolution rate Ad (mol m−2 s−1) and
power dissolution law exponent θ (1) for all modelling results, is shown in figure 5.9b.
As observed in the TCP composites analysis (section 4.6.2), power dissolution law
exponent θ had the same value for all the different types of hydroxyapatite found in
literature. This fact pointed once again to insensitivity of the simulated degradation
profiles with respect to θ. On the other hand, dissolution rate Ad presented significant
variation, spanning nearly six order of magnitude (from 10−16 to over 10−11), indicating
a high sensitivity of the simulation degradation profiles with respect to Ad. The marker
colours used in this visual representation, as previously mentioned, convey information
solely about the case studies polymeric matrixes. Experimental dissolution data for
pure hydroxyapatite with high crystallinity at 37 ◦C and different initial pH ranging
from 3.0 to 7.4 measured in free drift experiments by Nair [163] fell in the Ad–θ space
region enclosed by the beige blob. An initial inspection showed both no obvious direct
correlation between polymeric matrix and ceramic dissolution behaviour, and higher
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Ad values than reported for pure hydroxyapatite in free drift conditions [163]. As
polymer matrix did not seem to be a critical factor and there was no overlap between
the reported results and the available dissolution data, a deeper analysis using all the
available information about the different types of hydroxyapatite employed was deemed
necessary. This analysis, with its own different visual representations is included later
in this chapter in section 5.5.2.

The 3D degradation space plot for hydroxyapatite biocomposites is shown in figure
5.9c. Translucent ellipsoids, encompassing a majority of the results obtained by the HA
composites degradation model, have been included for case studies with poly(L-lactide)
(PLLA), poly(D,L-lactide) (PDLLA) and poly(lactide-co-glycolide) matrixes. In a
similar fashion to the polymer degradation map there was a significant overlap between
the three ellipsoids. The region delimited by both k1 (s−1) and k′

2 (m3 mol−1 s−1) in
the interval (10−10, 10−9) and Ad (mol m−2 s−1) in (10−14, 10−13) seemed to contain a
particularly high concentration of cases.

Origin of the spread in composite degradation constants

The three general degradation maps showed a significant variability or spread in the
reported composite degradation constants for the analysed case studies. On the proviso
that the modelling framework has fully captured composite degradation behaviour, all
case studies sharing the same polymeric matrix-ceramic filler combination should have
exactly the same values for k1, k′

2, Ad and θ. As this is clearly not the case it is worth
analysing the origin of this variability.

This variability can be traced back to two different sources. A first source, expected
due to the complexity of composite degradation phenomena and the plethora of
interwoven parameters which play a role in it, arises from the fact that there are a
number of factors which have not been explicitly included in the modelling framework
but do affect composite degradation. For example, two a-priori similar case studies with
a poly(L-lactide) matrix and pure hydroxyapatite as a filler might show significantly
different degradation behaviour due to differences in sample structure and morphology,
degradation protocol, polymer properties such as polymer crystallinity, block structure
and ceramic properties such as ceramic crystallinity, purity, etc., i.e factors defined
within the experimental parameters.

An example of this variability can be found in the results from composites with a
poly(L-lactide) matrix presented in section 5.4.1 (figure 5.1, 5.2 and 5.3). Data from
the Takiron Co. group, as well as data from the Leiden University group and data
from the Beijing University group presented clustering in both polymer and ceramic
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degradation constants but with different origin and size for the clusters. The fact
that several case studies of the same group shared really similar values for k1, k′

2, Ad

and θ pointed to a good representation of composite degradation phenomena in the
model, whereas the differences in origin and sizes of the clusters pointed to differences
in degradation behaviour for case studies belonging to different groups and presumably
differences in polymeric matrix and ceramic filler rooted in different definitions of
experimental parameters. This type of variability can not be avoided and is in fact
used to deepen the understanding of composite degradation behaviour by carrying out
different analyses of relevant parameters hidden under the label poly(L-lactide)-pure
hydroxyapatite and not yet accounted for in the computational modelling framework.

A second source of variability, more troublesome in nature, was present in case
studies which shared fabrication methods, degradation protocols, materials sources and
authorship, with all of the above resulting in being almost identical a priori. Sometimes
despite this similarity, these case studies show differences in composite degradation
behaviour to an extent which can not be justified by inherent randomness in the
experimental degradation studies suggesting factors undefined within the experimental
parameters as culprits for this behaviour.

An example of this type of variability can be found in results from the Southwest
Jiaotong University group, reported in figure 5.4 in section 5.4.2, where most case
studies shared a poly(D,L-lactide)(50:50) polymeric matrix and a mixture of partially
crystalline and non-stoichiometric unsintered pure hydroxyapatite ceramic filler, both
fabricated for each case study following the same protocols. Despite these similarities
different case studies within the group showed significantly distinct behaviour. The
cause of this variability usually remains unidentified, requiring further work to develop a
thorough and full understanding of the phenomena involved in the degradation of these
case studies. In the following section, the hydroxyapatite dissolution is characterised
in detail.

5.5.2 Characterisation of hydroxyapatite dissolution

Calcium phosphates in general and hydroxyapatite in particular experience degradation
by dissolution in an aqueous media [29]. Hydroxyapatite, considered a sparingly soluble
ceramic, has a low solubility as indicated by its solubility product of − log10(Ksp) =
117.2 at 37 ◦C [56]. There are a variety of factors which affect hydroxyapatite dissolution
such as crystallinity and lattice defects [45], porosity [133], environmental pH [41] and
media composition [111].
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The analysis of ceramic dissolution seems a good starting point in order to under-
stand the influence of ceramic addition to a polymeric matrix, to form composite, on
the degradation behaviour of those composites. The modelling framework presented in
chapter 3 employed two parameters, dissolution rate Ad (mol m−2 s−1) and power disso-
lution law exponent θ (1), to characterise ceramic dissolution, as one of the phenomena
occurring during composite degradation. The global HA ceramic map presented in
figure 5.9b, as part of an initial analysis, showed the insensitivity of hydroxyapatite
composite degradation behaviour to power dissolution law exponent θ and, contrarily,
the strong influence of dissolution rate Ad. In addition, the initial analysis also pointed
to a lack of correlation between HA dissolution rate and specific matrix polymer type.
Considering this information, a series of analyses were carried out in order to deepen
the understanding of hydroxyapatite dissolution within composite degradation and
to elucidate the influence of different hydroxyapatite characteristics on the reported
values of dissolution rate Ad.

A number of different types of hydroxyapatite were encountered during the degrada-
tion data harvesting. Those types differed in several characteristics such as chemistry,
crystallinity and surface modification. As previously mentioned, these characteristics
influence the ceramic solubility and it is therefore assumed that these fillers will present
different behaviour. The expected behaviour is higher dissolution for the hydroxyap-
atite types with decreased crystallinity [45], increased number of impurities [133] and
absence of surface modifications. Figure 5.10 exhibits the dissolution rate for all the
HA analysed case studies according to their hydroxyapatite type. Hydroxyapatite type
is indicated in the figure legend using abbreviations. A complete list containing full
denominations and descriptions for all abbreviations is included in table 5.2.

For silane modified highly crystalline carbonated hydroxyapatite all the types have
been collated in one group (sm-hCHA) independently of the silane coupling agent
employed. To facilitate the analysis, the different hydroxyapatite types have been
split in two columns arranged in descending order of expected solubility. The first
column contains different types of carbonated hydroxyapatite (CHAs), with these types
coloured in shades of brown and with shade intensity proportional to the expected
solubility. In a similar fashion, the second column contains different varieties of pure
hydroxyapatite (HAs) in shades of grey following a similar intensity pattern. The
spread in y-axis of the data has been used exclusively to improve visual analysis and
carries no physical meaning. A golden stripe shows the dissolution rates measured by
Nair [163] in free drift experiments at 37 ◦C and different initial pH ranging from 3.0
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to 7.4 for highly crystalline pure hydroxyapatite fabricated using a similar method to
Ege et al. [64, 65].
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Fig. 5.10. Hydroxyapatite dissolution rate for all the analysed case studies: influence of
hydroxyapatite type. Ad is the ceramic dissolution rate. The golden stripe corresponds
to the range of dissolution rates measured by Nair in free drift experiments at 37 ◦C and
different initial pH ranging from 3.0 to 7.4 for highly crystalline pure hydroxyapatite
[163].

This visual representation suggested the same two different phenomena seen in
the TCP analysis. Firstly, the dissolution rate of the different hydroxyapatite types
displayed a behaviour opposite of what was expected with darker shades on the left
moving on to lighter shades as Ad increased implying larger values of dissolution rate
for case studies with a higher crystallinity and purity. Secondly, none of the reported
dissolution rates fell within the range measured by Nair in free drift experiments at
37 ◦C and initial physiological and lower pH values [163]. Dissolution rates for similar
types of hydroxyapatite presented a value that exceeded this measured value by up
to several orders of magnitude. This discrepancy was also observed by Yamamuro
et al., who reported a much greater dissolution of hydroxyapatite when blended with
poly(L-lactide) to form a composite than when immersed alone in distilled water at
37 ◦C with continuous stirring [102, 241], which would agree with the computational
model output. To ascertain the cause of this behaviour both the influence of polymeric
matrix and ceramic particle are considered.

Polymeric matrix

The addition of a sparingly soluble ceramic to a polymeric matrix is expected to cause
a buffering effect on composite degradation as explained in the overview of the model
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capabilities in section 4.6.1. Figure 5.11 reports the hydroxyapatite dissolution rate,
Ad, for all the analysed case studies indicating both the polymer matrix of the case
and whether a buffering effect was shown in addition to the hydroxyapatite type. The
polymer matrix is indicated by the edge colour of the markers. A black dot in the
centre of the ceramic indicates that the case study presented a buffering effect, whereas
a white dot indicates a non-buffering effect. No dot indicated that the comparison of
composite sample with their pure polymer counterparts could not be assessed, primary
due to the absence of pure polymer data.
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Fig. 5.11. Hydroxyapatite dissolution rate for all the analysed case studies indicating
the hydroxyapatite types: presence of buffering effect and influence of polymeric matrix.
Ad is the ceramic dissolution rate. The golden stripe corresponds to the range of
dissolution rates measured by Nair in free drift experiments at 37 ◦C and different
initial pH ranging from 3.0 to 7.4 for highly crystalline pure hydroxyapatite [163]. The
edge colours of the markers indicate the polymeric matrix used in the case studies
following the colour convention used in section 5.4. Black dots represent case studies
with a buffering effect, whereas white dots represent case studies with a non-buffering
effect.

No clear correlation between hydroxyapatite type and composite degradation
behaviour, in terms of buffering capacity, became apparent. On the contrary, there
were marked changes in buffering effect presence for different edge colours, pointing
to a possible influence of polymeric matrix on the presence of buffering effect. This
analysis is presented in section 5.5.3.

Particle size

The ceramic representative particle size is a critical parameter in composite characteri-
sation and plays an important role in defining the representative unit cell as discussed
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in section 3.3. Figure 5.12 exhibits the relationship between representative particle
size an hydroxyapatite dissolution rate Ad for all the HA analysed case studies.
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Fig. 5.12. Hydroxyapatite dissolution rate for all the analysed case studies indicating
the hydroxyapatite types: effect of particle size. Ad is the ceramic dissolution rate. d0
is the ceramic representative particle size of the undegraded composite sample.

In line with the TCP analysis, there was a strong correlation between the repre-
sentative particle size and the hydroxyapatite dissolution rate Ad, despite accounting
for particle size in the hydroxyapatite dissolution characterisation, as reflected by Ad

carrying units of mol s−2. This particle effect in addition to the unexpectedly high
values of HA dissolution rate obtained suggested again a series of critical differences
between the reference free drift experiments [163], i.e experimental measurements of
the ions released by a ceramic immersed in a solution, and the reality during composite
degradation.

In the first place, the environment surrounding the particles presents significant
differences between the two states with a source of local acidity in composite degradation.
The hydrogen ions released by the polymer molecules significantly lower the pH causing
a dramatic increase in hydroxyapatite dissolution as reported by Yamamuro et al.
[102, 241] accounting for the higher than expected dissolution rate values. Although
a dependency on polymer type of this phenomenon might be expected, it might not
be too significant as all the studied polymers generated environments significantly
different to those found in free drift experiments.

In the second place, while dissolution throughout free drift experiments barely
influences the overall properties of the media due to the high buffer to dissolved ions
ratio, the effect on the particle surroundings amid composite degradation is significant
and closely interconnected with particle size as explained in section 3.3, which would
partially account for the strong particle size/hydroxyapatite dissolution rate correlation.
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In addition, this correlation could also suggest an overestimation of the surface area of
small particles in composites resulting in unrealistic low values of Ad.

In summary, the analysis of the hydroxyapatite dissolution showed an unexpected
behaviour with denser and purer ceramics with higher crystallinity showing higher
dissolution rates than the less dense, impure, lower crystallinity ceramics and all of
them showing higher values than those measured in free drift experiments at 37 ◦C and
different initial pH ranging from 3.0 to 7.4 for highly crystalline pure hydroxyapatite
[163]. The double discrepancy of this behaviour can be explained by the presence of a
polymeric matrix acting as a source of acidity, the influence of ceramic particle size on
the definition of the surrounding environment in composite samples and the possibility
of an inaccurate size characterisation of the small particles within composites.

5.5.3 Effect of hydroxyapatite addition on composite degra-
dation behaviour

As explained in detail in section 4.6.4, the analysis of the effect of ceramic addition
requires the data to be classified as either showing a buffering effect or showing a
non-buffering effect, with the former being the expected behaviour, discussed in section
4.6.1. During the different undertaken analyses comparison between two different set
of polymer degradation rates k1 and k′

2, for example set A: (k1A, k′
2A) and set B: (k1B,

k′
2B) were made. As explained in section 4.6.4, A was deemed to have a lower polymer

degradation rate if (k1A < k1B) and (k′
2A < k′

2B
) or the Euclidean distance in the k1–k′

2

plane, measured from the origin, is shorter for point A than for point B.
In order to evaluate the effect of ceramic addition on composite degradation, i.e the

presence or absence of buffering effect, only case studies containing both composite and
pure polymer data have been considered. Full markers represent case studies showing a
buffering effect, whereas hollow markers represent case studies showing a non-buffering.
Markers shapes and colours have been taken from the results presented in section 5.4
without modification. For non-buffered case studies, which had two (k1, k′

2) duplets,
one for composite samples and another one for pure polymer samples as explained in
section 4.6.1, only the composite duplet has been included in the k1–k′

2 map. Figure
5.13 shows the effect of ceramic addition on hydroxyapatite composites degradation for
all the analysed case studies, grouped by polymeric matrix. Now, the inferences that
can be made from the composites using this analysis are considered for each different
polymer type.
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Fig. 5.13. The effect of hydroxyapatite addition on composite degradation for all
analysed case studies. k1 is the non-catalytic polymer degradation rate and k′

2 is the
autocatalytic polymer degradation rate. Full markers represent case studies showing a
buffering effect, whereas hollow markers represent case studies showing a non-buffering
effect. Grey inset plots correspond to zoomed-up regions included to avoid amalgamation
of results around the origin. Black inset plots correspond to regions situated outside
the limits defined in the main plot.

Poly(L-lactide) matrix

Figure 5.13a reports the effect of hydroxyapatite addition on composite degradation
for composites with a poly(L-lactide) matrix. Table 5.4 includes the analysis of this
effect reporting the degradation rate constants, k1 and k′

2 in addition to percentage and
number of cases for the two possible categories. A slight majority of the 17 analysed
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poly(L-lactide)-hydroxyapatite cases showed a buffering effect, i.e. the expected be-
haviour. The polymer degradation constants, reported as geometric mean ⋇ geometric
standard deviation, were lower and presented a larger spread for buffering cases.

Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes (8.4 ⋇ 6.3) × 10−11 (7.5 ⋇ 5.7) × 10−11 53 9
No (1.7 ⋇ 2.4) × 10−10 (9.7 ⋇ 3.0) × 10−11 47 8

Table 5.4. Analysis of hydroxyapatite addition effect on composite degradation for case
studies with a poly(L-lactide) matrix. k1 is the non-catalytic polymer degradation rate
and k′

2 is the autocatalytic polymer degradation rate, with both reported as geometric
mean ⋇ geometric standard deviation.

All the case studies from both the Leiden University group (Verheyen 92 Vit hHA
( ), Verheyen 93 hHA ( ) and Verheyen 92 Viv hHA ( )) [219, 220] and the Beijing
University group (Deng SC lHA ( ), Deng ES lHA ( ) and Sui ES lHA ( )) [48, 205]
presented both clustering of the polymer degradation rates and a buffering effect,
pointing to a good capture of their behaviour by the model. The two clusters of
polymer degradation rates showed a significant disparity in both size and origin. In
addition, the two groups displayed also differences in the extent of the buffering effect
with the Leiden University group case studies having a mild buffering effect and the
Beijing University group case studies presenting a much stronger buffering effect. These
two facts highlighted both the wide range of behaviours that could be achieved in
composites made of poly(L-lactide) and hydroxyapatite and the ability of the model to
characterise them.

The three case studies from the Leiden University group consisted of a pure polymer
sample and two composite samples with different hydroxyapatite weight percentages
(30% and 50%). Verheyen et al. reported, in all of them, that the extent of the buffering
effect was directly proportional to the hydroxyapatite weight percentage when solely
varying the ceramic-polymer ratio, i.e. that a greater buffering effect was seen in the
composite sample having a higher hydroxyapatite weight percentage [219, 220], as
captured by the model. In addition to this feature, the computational model was also
able to handle the differences in initial molecular weight among the three Verheyen 93
hHA samples (100% PLLA, PLLA-30%hHA and PLLA-50%hHA).

Deng et al. showed, with two case studies: Deng ES lHA ( ) and Deng SC lHA ( )
that fabrication method affected overall degradation behaviour without modifying the
effect of hydroxyapatite addition, i.e. the case studies showed different degradation



5.5 Discussion of the modelling results 199

profiles but in both situations a buffering effect was present in the composite samples
[48].

As previously mentioned, in case studies with no buffering effect, values of degrada-
tion rate constants k1 and k′

2 shown by composite samples, instead of those shown by
pure polymer samples, were employed in the degradation rate analysis. In these non-
buffering cases, the k1 and k′

2 values of the composite samples were higher than their
pure polymer counterparts. Poly(L-lactide) composites with buffering effect presented
polymer degradation rates both significantly lower and higher that the non-buffering
cases, with a significant majority of the non-buffering cases enclosed by the buffering
case studies. This fact could point to the idea that hydroxyapatite addition revealed
the true degradation rate of the polymeric matrix and that pure polymer samples
presented an artificially slow degradation.

To ascertain the validity of this hypothesis a deeper analysis of the non-buffering
case studies was necessary. Some of these cases belonged to Takiron Co. group
[194, 75, 116, 195]. This group of case studies were of particular interest for their
homogeneity in experimental conditions and reproducibility in behaviour. Although
only three of the nine case studies of this group contained pure polymer data, it was
assumed that the remaining cases would also exhibit a non-buffering effect as the
experimental degradation profiles of the composite samples seemed highly reproducible.
Shikinami 99 pCHA [194], one of the two cases with pure polymer data, showed a
clear lag time in experimental degradation data for the pure polymer sample as shown
in figure 5.14. The curve showing molecular weight variation over time contained an
initial plateau, lasting for 37 days, followed by a typical degradation profile. A shorter
lag time was also reported for the composite sample with the lowest ceramic loading.
On the contrary, immediate degradation was reported for the remaining composites of
which, for clarity purposes, only the sample with 20%pCHA is included in figure 5.14.
Furukawa Med pCHA [75] and Furukawa Med hHA [75] reported a similar duality in
degradation behaviour with a lag time of 18 days present only for the pure polymer
sample.

This lag time in degradation could have been caused by a delay in water penetration
due to a high density, a compact structure and a high polymer crystallinity arising from
the customised forging process employed to make the samples. Although composite
samples were made following the same protocol, ceramic-polymer interface could have
served as a pathway for water diffusion resulting in a higher water penetration. As
mentioned in section 4.6.4, water diffusion could be a limiting factor in composite
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Fig. 5.14. Degradation data (Mv over time) from two case studies belonging to the
Takiron Co. group [194, 75]. Mv is the viscosity average molecular weight. Data
replotted from [194, 75]. Dash-dotted lines are shown for clarity only. Markers and
colours are specific of this visual representation.

degradation for systems of these characteristics as hypothesised by Kobayashi and
Yamaji [127].

Another interesting phenomenon in degradation behaviour for composites with
poly(L-lactide) matrix was found in the data reported by Díaz et al. [51] and Xu et al.
[240]. Although the types of experimental data provided (respectively, yield strength
and weight loss), did not permit a unequivocally accurate analysis due to the difficulties
of relating the provided data with the molecular weight, the experimental evidence
pointed to a dual effect of hydroxyapatite addition on composite degradation rate. Low
ceramic weight fractions caused a buffering effect as obtained in Diaz PP/C bnHA ( )
[51] and Xu PP/C gP-lHA ( ) [240], whereas high ceramic weight fractions resulted in
faster loss of molecular weight for composites as sample integrity was compromised
with high proportion of filler as reported in Diaz C bnHA ( ) [51] and Xu C gP-lHA
( ) [240].

In summary, the model was able to fully capture the behaviour of a slight majority of
the PLLA case studies and pointed to water penetration and excessive hydroxyapatite
addition as causes of the degradation behaviour displayed by the non-buffering PLLA
cases.

Poly(D,L-lactide) matrix

Figure 5.13b shows the outcome of adding hydroxyapatite in terms of degradation
behaviour for cases with a poly(D,L-lactide) matrix with the analysis of these results
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reported in table 5.5. Hydroxyapatite addition resulted in a non-buffering effect in
a majority of the 17 case studies. Polymer degradation rate, measured as previously
stated as distance in the k1–k′

2 plane from the origin to the point defined by the average
(k1, k′

2) values, was higher for case studies with non-buffering effect, which could point
to not only differences in water penetration but the presence of other phenomena.

Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes (1.2 ⋇ 2.4) × 10−10 (2.4 ⋇ 3.1) × 10−10 41 7
No (2.2 ⋇ 1.7) × 10−10 (2.0 ⋇ 1.9) × 10−10 59 10

Table 5.5. Analysis of hydroxyapatite addition effect on composite degradation for case
studies with a poly(D,L-lactide) matrix. k1 is the non-catalytic polymer degradation
rate and k′

2 is the autocatalytic polymer degradation rate, with both reported as
geometric mean ⋇ geometric standard deviation.

Of the case studies which exhibited a buffering effect, Van der Meer hHA ( ) [217]
showed the one with the highest extent amongst all the analysed hydroxyapatite case
studies.

An important number of the non-buffering case studies with poly(D,L-lactide)
matrix belonged to Southwest Jiaotong University group [250, 251]. Case studies from
this group were fabricated by means of electrospinning and therefore presented a highly
porous structure. Only two cases out of eight, Zou 11 C pns-lHA ( ) and Zou 11
C R pns-lHA ( ), experienced a buffering effect with hydroxyapatite addition. The
remaining cases (6/8) did not show a buffering effect and composite samples had an
increase in molecular weight reduction rate, ranging from mild (Zou 12 Vit pns-lHA
( ), Zou 12 Vit R pns-lHA ( ), Zou 11 HC pns-lHA ( ) and Zou 11 AHC pns-lHA
( )) to severe (Zou 12 Viv pns-lHA ( ) and Zou 12 Viv R pns-lHA ( )). An increase
in molecular weight reduction rate was labelled mild when the time to reach half of the
initial molecular weight (t50) in composite samples was less than 30 % shorter than in
their pure polymer counterparts, and severe when the reduction in t50 varied between
50 % and 70 %.

Figure 5.15a reproduces the water uptake information available for cases whose
code start with Zou 11 [251]. A common behaviour, in which both pure polymer and
composite samples achieved a water uptake of 200 % in less than two weeks, was shared
across all these cases. Water uptake profiles showed a steep increase followed by a
more moderate monotonous increase. Final water uptake values, ranging from 450 %
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Fig. 5.15. Degradation data (water uptake over time and mass loss over time) from
Zou 11 case studies belonging to the Southwest Jiaotong University group [251]. Data
replotted from [251]. Dashed and dash-dotted lines are shown for clarity only.

to more than 1300 %, were higher for composite samples than for their pure polymer
counterparts but high enough to consider water excess in both situations.

Zou et al. reported mass loss for a vast majority of their case studies [251, 250].
Figure 5.15b includes some of these data. A similar trend, in which pure polymer
samples showed a maximum mass loss of 15 % whereas composite samples reached
mass loss values of (20. . . 25) %, was shared across cases. This experimental evidence
in addition to the presence of water excess pointed to compromised sample integrity as
the main driver behind the increase in degradation rate with hydroxyapatite addition.

The second relevant group of poly(D,L-lactide)-hydroxyapatite case studies, inves-
tigated by Rakmae et al. [183, 184], and referred to as Suranaree University group,
showed an intriguing behaviour. The group was made up of six case studies, which
could be split in two batches: Rakmae 13 and Rakmae 12. Rakmae 13, reported in
[183], was formed by Rakmae 13 lCHA ( ), Rakmae 13 pCHA ( ) and Rakmae 13
hHA ( ). Rakmae 12, reported in [184], is formed by Rakmae 12 hCHA ( ), Rakmae
12 sA-hCHA ( ), Rakmae 12 sM-hCHA ( ). Each batch shared pure polymer data,
i.e. there were only two sets of pure polymer data in the group. Despite sharing the
same degradation protocol and polymer source and similar fabrication method, sample
structure and morphology, the two case studies batches showed opposite behaviour.
Hydroxyapatite addition resulting in a non-buffering effect for Rakmae 13, whereas a
buffering effect was reported for Rakmae 12.

Although composite samples showed a variety of behaviours, those variations can
be accounted for by the differences in hydroxyapatite types employed in each case
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study. However, the differences in behaviour for pure polymer samples, ultimately
responsible for the overall difference in hydroxyapatite addition effect, could not be
explained without further research, as the common commercial origin of the polymer, in
addition to similarities in fabrication method, degradation protocol, sample structure
and morphology presumably excluded experimental variation as the source of the
discrepancies in degradation behaviour.

The final insight from case studies with a poly(D,L-lactide) comes from Chen
PP/C bnHA ( ) and Chen C bnHA ( ) authored by Chen et al. [37]. As with the
poly(L-lactide)-hydroxyapatite studies by Díaz et al. [51] and Xu et al. [240], addition
of a low weight percentage (20 wt %) of commercially available nano-hydroxyapatite
caused a mild buffering effect, while addition of high weight percentages (40 wt % and
60 wt %) caused the opposite effect. Although differences in degradation behaviour
between buffered and non-buffered samples, displayed as molecular weight vs. time
curves, were apparent, differences between samples with a common behaviour were
much more subtle, probably due to the porous nature of the samples.

For the PDLLA case studies, the model captured the behaviour of a minority of
the analysed cases, pointing to a variety of factors such as sample integrity, excessive
hydroxyapatite addition and unusual pure polymer behaviour, as roots for the behaviour
of the non-buffering PDLLA cases.

Poly(lactide-co-glycolide) matrix

Figure 5.13c reports the effect of hydroxyapatite addition on composites with a
poly(lactide-co-glycolide) matrix. Table 5.6 includes the analysis of these results.
A significant majority of the 16 studied cases behaved as expected and showed a
buffering effect with ceramic addition. Only two case studies, Li hHA ( ) [134] and
Liuyun lHA ( ) [144], exhibited a non-buffering effect.

Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes (9.8 ⋇ 1.7) × 10−10 (1.4 ⋇ 2.1) × 10−9 88 14
No (2.2 ⋇ 1.7) × 10−10 (2.3 ⋇ 3.2) × 10−10 12 2

Table 5.6. Analysis of hydroxyapatite addition effect on composite degradation for
case studies with a poly(lactide-co-glycolide) matrix. k1 is the non-catalytic polymer
degradation rate and k′

2 is the autocatalytic polymer degradation rate, with both
reported as geometric mean ⋇ geometric standard deviation.
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The computed polymer degradation rates showed a marked distinction between
case studies with and without buffering effect, with much lower values for the latter.
This significant difference in degradation rate could suggest that at high degradation
rates, the buffering effect played a more dominant role which overshadowed any other
factor, whereas at low degradation rates limiting factors, such as water penetration,
became more important. This coexistence of opposing factors affecting degradation
would have negative implication in terms of degradation control and predictability as
noted by Naik et al. [162].

Naik et al. and Ege et al. showed that the extent of the achieved buffering effect
could be varied by adding different hydroxyapatite types as demonstrated by the pH
over time degradation data included in figure 5.16. The variations in buffering effect
for case studies containing hydroxyapatite calcined in a variety of conditions can be
seen in figure 5.16a which shows data from Naik pCHA ( ) [162, 160], Naik ca hCHA
( ) [162, 160], Naik cw hCHA ( ) [162, 160], Ege hCHA ( ) [65, 64] and Ege hHA ( ).
The calcining conditions for each case study can be found in table B.7. The drop in pH,
representative of the time needed by the sample to reach a critical degradation point,
experienced a ample range of delays with hydroxyapatite addition. This delay ranged
from a little more than 3 day for Ege hCHA ( ), which contained pure hydroxyapatite
calcined at 800 ◦C for 2 h in an air atmosphere, to 17 days for Naik cw hCHA ( ), which
contained pure hydroxyapatite calcined at 800 ◦C for 4 h in a wet argon atmosphere.

Naik et al. also demonstrated that the silanisation of hydroxyapatite did not have
a large effect on the extent of the buffering effect as exhibited in figure 5.16b with
degradation data from Naik f sMP-pCHA ( ) [160, 161], Naik c sMP-pCHA ( )
[160, 161], Naik fca sMP-hCA ( ) [160, 161] and Naik cca sMP-hCHA ( ) [160, 161]
where the delays in pH drop were fairly similar for case studies sharing hydroxyapatite
differing only in silanisation treatment such as Naik f sMP-pCHA ( ) and Naik c
sMP-pCHA ( ) on one hand and Naik fca sMP-hCA ( ) and Naik cca sMP-hCHA ( )
on another.

For poly(lactide-co-glycolide)-hydroxyapatite case studies with no-buffering effect,
potential explanations were found when considering all experimental data provided.
Li and Chang reported, in addition to the Li hHA case study data, degradation data
for composites made with two more different fillers, wollastonite and bioglass 45S5
[134]. Both the wollastonite and bioglass 45S5 composites showed a buffering effect.
Achieving an opposite effect with hydroxyapatite addition could be explained by the
fact that the reported solubility of both wollastonite and bioglass 45S5 was much higher
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Fig. 5.16. Degradation data (pH over time) from case studies belonging to the CCMM
group data: influence of hydroxyapatite type on composite degradation. Data replotted
from [161, 162, 160, 64, 65]. Dashed and dash-dotted lines are shown for clarity only.

than the solubility of the hydroxyapatite, pointing to a mismatch in polymer-ceramic
selection regarding polymer degradation and ceramic dissolution timescales.

Regretfully, the composite degradation behaviour reported by Liuyun et al. (Liuyun
lHA case study) [144] can not be accounted for in a definitive manner. Differences in
differential scanning calorimetry between pure polymer and composite samples could
point to a plausible underlying cause, with the development of crystalline regions
within the polymer phase during degradation only in the composite sample but further
research would be necessary to confirm it.

For the PLGA composites, the model fully reflected the degradation behaviour
in almost all the analysed case studies and pointed to a more dominant effect of the
buffering effect at high polymer degradation rates.
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Miscellaneous polymers matrixes

The effect of hydroxyapatite addition on composite degradation for the remaining data,
i.e. case studies with a miscellaneous polymer matrix, is included in figure 5.13c. The
analysis of these results is presented in table 5.7.

Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes (1.9 ⋇ 9.2) × 10−10 (2.2 ⋇ 7.9) × 10−10 86 6
No 6.0 × 10−12 2.3 × 10−11 14 1

Table 5.7. Analysis of hydroxyapatite addition effect on composite degradation for
case studies with a miscellaneous polymer matrix. k1 is the non-catalytic polymer
degradation rate and k′

2 is the autocatalytic polymer degradation rate, with both
reported as geometric mean ⋇ geometric standard deviation.

In a similar fashion to the poly(lactide-co-glycolide) cases, an important majority
of the 7 cases experienced a buffering effect with hydroxyapatite addition. A non-
buffering effect was reported only in one case, Wang PCL bnHA ( ) [231], which had
a significantly low polymer degradation rate.

Ural et al. reported composite degradation data for two case studies: Ural NS
hHA ( ) [215] and Ural VL hHA ( ) [215]. Both cases shared the same commercially
available hydroxyapatite and had a similar polymeric matrix. The conditions of
polymerisation for the poly(D,L-lactide-co-ε-caprolactone) employed as matrix in each
case study differed in both atmosphere and time duration. Ural NS hHA matrix was
polymerised in a N2 atmosphere for 3 h while Ural VL hHA matrix was polymerised
under vacuum for 19 h. Although the curves showing number average molecular weight
(Mn) variation over time for both cases were, at a first glance, fairly distinct, the
analysis with the computational model revealed that in reality both case studies were
analogous as really similar sets of k1, k′

2, Ad and θ values represented accurately both
cases, as shown in figure 5.17. Thus, the computational model showcased its ability to
capture the similarities in degradation behaviour of both cases despite the mismatch
in initial molecular weight, arising from the difference in polymerisation times.

A similar matrix, poly(L-lactide-co-ε-caprolactone)(70:30), was employed by Díaz
and Puerto in Diaz PLCL bnHA ( ). The case study presented a fairly different be-
haviour highlighting the variety of behaviours that could result from changes in matrix,
ceramic and scaffold properties. In a similar fashion, Rodenas-Rochina et al. demon-
strated that by varying the ratio of polymers in a poly(L-lactide)-poly(εcaprolactone)
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Fig. 5.17. Degradation data (Mn over time) and HA composites degradation model
results for case studies reported by Ural et al. [215]. Mn is the number average molecular
weight. Experimental data replotted from [215]. Simulations carried out as part of this
work. Marker colours are specific of this visual representation.

blend, the degradation behaviour could be modified as seen in Rodenas CL bnHA ( )
[186] and Rodenas LA bnHA ( ) [186].

The divergence from the expected behaviour showed by Wang PCL bnHA ( )
[231] could be explained by a combination of factors including proportional loss of
mechanical integrity, as pointed by the presented mass loss data [231], and the low
autocatalytic behaviour of poly(ε-caprolactone), as described by Lam et al. [130].

In summary, for case studies with a miscellaneous polymeric matrix, the model
captured correctly the behaviour in almost all the analysed cases and pointed again to
the prevalence of the buffering effect at high polymer degradation rates.

All polymer matrixes

The global analysis, including all modelled case studies, is summarised in table 5.8. A
significant majority of the 57 analysed case studies presented a buffering effect and
therefore showcased the expected behaviour. In addition, the buffering case studies
had higher average polymer degradation rates than the non-buffering case studies.
This fact could point to a greater dominance of the buffering effect with high polymer
degradation rates.

Taking into account that the average k1 and k′
2 values of the pure polymer samples

within the non-buffering cases would be even lower, as the polymer degradation
constants of the composites were employed in this calculations, the lower average k1
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and k′
2 suggested that at low polymer degradation rates the buffering effect could be

overshadowed by other effects including water penetration.

Buffering
effect

k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

Yes (2.7 ⋇ 5.4) × 10−10 (3.5 ⋇ 6.0) × 10−10 63 36
No (1.7 ⋇ 2.7) × 10−10 (1.4 ⋇ 2.7) × 10−10 37 21

Table 5.8. Analysis of hydroxyapatite addition effect on composite degradation for all
the analysed case studies. k1 is the non-catalytic polymer degradation rate and k′

2 is
the autocatalytic polymer degradation rate, with both reported as geometric mean ⋇
geometric standard deviation.

Conclusions

The analysis presented in this section considered the effect of hydroxyapatite addition
on composite degradation. The analysed case studies were classified into two categories:
case studies showing a buffering effect and case studies showing a non-buffering effect,
with the presence of a buffering effect being one of the main features derived from the
composite degradation modelling framework.

36 of the 57 HA analysed case studies displayed a buffering effect, pointing towards
the validity of the computational model, especially at high polymer degradation
rates. A great variety of behaviours within these cases was noticed, highlighting the
numerous available possibilities within the degradation space. The computational
model emphasised the similarities in degradation behaviour for data coming from the
same group as seen in the clustering displayed by those cases. The model also showed
the ability to capture these degradation similarities even when they were hidden by
different initial molecular weights.

For the 21 case studies with a non-buffering effect, the model was unable to fully
characterise the behaviour but nevertheless, pointed into the right direction to identify
a cause for the unexpected behaviour, being this cause usually related to an unmet
model assumption such as water excess or mechanical integrity.

5.5.4 The influence of sample porosity on degradation be-
haviour

Porosity, as a factor influencing the diffusional length LH+–buffer, is expected to affect
the degradation behaviour of biocomposites as explained in section 4.6.5. The influence
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of porosity for HA composites is included in figure 5.18 and the corresponding analysis
in table 5.9.
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Fig. 5.18. The influence of sample porosity on composite degradation for all the
analysed hydroxyapatite case studies. k1 is the non-catalytic polymer degradation rate
and k′

2 is the autocatalytic polymer degradation rate. Right-hand side filled markers
represent dense case studies, whereas left-hand side filled markers represent non dense
case studies. Grey inset plots correspond to zoomed-up regions included to avoid
amalgamation of results around the origin. Black inset plots correspond to regions
situated outside the limits defined in the main plot.
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Case studies k1 (s−1) k′
2

(m3 mol−1 s−1)
Percentage
of cases (%)

Number
of cases

Dense with

poly(L-lactide) matrix
(8.7 ⋇ 2.8) × 10−11 (4.3 ⋇ 3.2) × 10−11 70 19

Non-dense with

poly(L-lactide) matrix
(1.3 ⋇ 5.9) × 10−10 (1.1 ⋇ 4.4) × 10−10 30 8

Dense with

poly(D,L-lactide) matrix
(9.8 ⋇ 1.9) × 10−11 (1.9 ⋇ 3.2) × 10−10 32 8

Non-dense with

poly(D,L-lactide) matrix
(2.2 ⋇ 1.8) × 10−10 (1.6 ⋇ 2.1) × 10−10 68 17

Dense with poly(lactide-

co-glycolide) matrix
(6.9 ⋇ 3.1) × 10−10 (9.9 ⋇ 4.3) × 10−10 78 14

Non-dense with poly(lac-

tide-co-glycolide) matrix
(4.8 ⋇ 2.3) × 10−10 (4.9 ⋇ 2.2) × 10−10 22 4

Dense with miscellaneous

polymers matrix
(2.8 ⋇ 7.0) × 10−10 (2.5 ⋇ 6.2) × 10−10 29 4

Non-dense with miscella-

neous polymers matrix
(6.0 ⋇ 8.9) × 10−11 (7.9 ⋇ 5.5) × 10−11 71 10

All dense data (1.9 ⋇ 4.1) × 10−10 (1.7 ⋇ 6.4) × 10−10 54 45
All non-dense data (1.5 ⋇ 4.6) × 10−10 (1.4 ⋇ 3.6) × 10−10 46 39

Table 5.9. Analysis of the influence of sample porosity on composite degradation for all
the analysed hydroxyapatite case studies. k1 is the non-catalytic polymer degradation
rate and k′

2 is the autocatalytic polymer degradation rate, with both reported as
geometric mean ⋇ geometric standard deviation.

Poly(L-lactide) matrix

The k1–k′
2 map shown in figure 5.18a contains information about the porosity-degradation

relationship for hydroxyapatite composites with a poly(L-lactide) matrix. The corre-
sponding analysis is presented in the first row of table 5.9. A significant majority of
the 27 analysed PLLA-HA cases had a dense structure. Unexpectedly, the polymer
degradation constants k1 and k′

2 for the dense cases were lower than for the porous
cases. Although a contribution towards this discrepancy could be explained with the in-
herent variations in polymer degradation rate due to the use of different poly(L-lactide)
matrixes in terms of origin and fabrication method, including information about the
buffering effect might improve the understanding of this behaviour.

Looking at the aforementioned buffering effect, discussed in section 5.5.3, and sample
porosity simultaneously it was found that dense case studies presented a percentage
ratio of buffering/non buffering cases of 50:50, shifting to 31:69 if all Takiron Co. group
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cases were included assuming a similar behaviour to Shikinami 99 pCHA [194]. For
porous structure case studies the buffering/non-buffering ratio was 60:40. The lower
percentage ratio of buffering effect in dense cases could point to the overshadowing
of porosity effect by other phenomena such as water penetration in addition to the
inherent differences in poly(L-lactide) degradation rate.

Poly(D,L-lactide) matrix

For hydroxyapatite case studies with a poly(D,L-lactide) matrix, the polymer degra-
dation map examining the influence of sample porosity can be found in figure 5.18b,
whereas the analysis is included in the second row of table 5.9. In this instance, a
significant majority of the 25 cases had a porous structure. The polymer degradation
rate for dense cases was again lower than for non-dense cases.

This result presented similarities with the poly(L-lactide) analysis, in the sense
that the influence of sample porosity might be overshadowed by inherent variations
of polymer degradation rate within the different poly(D,L-lactide) matrixes. These
variations could be even higher in this matrix as the analysed case studies presented
different ratio of the two lactide enantiomeric forms, D and L, and no group with the
same D-L ratio could be found in order to try and isolate the porosity effect.

Using the same approach employed with PLLA matrixes, the percentage ratio of
buffering/non-buffering was 57:43 for dense case studies 30:70 for porous case studies.
The higher polymer degradation rate in porous case studies in addition to the prevalence
of a non-buffering effect could suggest the predominance of the effect of mechanical
instability over porosity. Van der Meer hHA ( ) [217], which had both dense structure
and buffering effect, presented the highest polymer degradation rate, in agreement
with the expectations.

Poly(lactide-co-glycolide) matrix

Figure 5.18c exhibits the influence of sample porosity on composite degradation for
case studies with a poly(lactide-co-glycolide) matrix. The analysis of these results can
be found in the third row of table 5.18c. A significant majority of the 18 cases had
dense structure. For PLGA composites, the polymer degradation rate of the dense
cases was higher than the non-dense cases in line with the expected behaviour. Of
those with dense structure, the percentage ratio of buffering/non-buffering was 92:8,
while the percentage ratio was 33:67 for porous case studies suggesting a largely true
capture of the degradation behaviour by the initial hypothesis.
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Miscellaneous polymers matrixes

For the remaining case studies, the relationship between sample porosity and composite
degradation is presented in figure 5.18d with the corresponding analysis in the fourth row
of table 5.9. The distribution of structures in case studies with a miscellaneous polymer
matrix is uneven, with a bit more than a quarter of 14 cases having dense structures
and the remaining having a porous structure. Calculated polymer degradation rates
values were significantly higher for dense case studies agreeing with the expectations.
All dense case studies showed buffering effect, whereas one porous case showed a
non-buffering effect with ceramic addition. Said case, Wang PCL bnHA ( and )[231],
had incidentally the lowest degradation rate.

All polymeric matrixes

A global analysis of porosity influence, including the 84 analysed hydroxyapatite case
studies, is included in the fifth and final row of table 5.9. The polymer degradation
rates followed the expected behaviour with higher values for dense case studies albeit
without a really notable difference. This fact might point to the validity of our initial
hypothesis assuming that the data set considered is extensive enough to average out
the variations associated with specific types of polymeric matrix.

Nevertheless, further experimental work is required to ascertain the complete
validity of the initial hypothesis regarding the effect of sample structure on degradation
behaviour, making use of a more complete and exhaustive set of composite degradation
data.

Direct comparison

Only one direct comparison between dense and porous structures was found in all the
analysed case studies. The experimental degradation studies carried out by Deng et al.
[48] compared the degradation behaviour of solvent-cast and electrospun composites:
Deng SC lHA ( , solvent-cast) and Deng ES lHA ( , electrospun) shared exactly the
same poly(L-lactide) matrix, nano-hydroxyapatite filler and morphology. In both cases
the ceramic addition caused a buffering effect with a more prominent effect, i.e. greater
difference between composite and pure polymer samples in the electrospun case Deng
ES lHA. The solvent cast pure polymer sample degraded significantly slower than
electrospun pure polymer sample. Mass losses lesser than 11 % were reported for all
the samples.
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This unexpected behaviour might suggest unaccounted phenomena related to water
penetration, as water uptake was proportional to degradation rate when considering
exclusively either pure polymer samples or composite samples and overall had low
values, less than 12 % for all the samples, suggesting water as the limiting factor for
degradation. Different polymer crystallinity percentage arising from the fabrication
differences could potentially explain the unusual water uptake profiles, with dense
samples having higher water uptake than porous samples. All this information suggested
that the difference in fabrication method not only affected the value of LH+–buffer for
both cases but also influenced other degradation relevant properties resulting in the
unanticipated behaviour.

Conclusions

After completing the analysis of the influence of porosity on HA composites degradation
behaviour, a complex picture emerged. Although the global analysis including all HA
analysed case studies agreed with the initial hypothesis, pointing towards the validity
of the characteristic diffusional length LH+–buffer, careful consideration is required as
evidence pointing in the opposite direction was also found.

In summary, the poly(L-lactide) analysis, including the only direct comparison,
and the poly(D,L-lactide) analysis showed an unforeseen behaviour, whereas the
poly(lactide-co-glycolide) and miscellaneous polymers analyses in addition to the one
considering all polymer matrixes simultaneously, revealed a behaviour compliant with
the initial hypothesis. This coexistence of conflicting findings suggested that some
factors, intrinsically linked to sample structure, such as water penetration or mechanical
integrity, play an important role in degradation behaviour. Thus, these factors could
partially or fully overshadow the porosity effect generating the encountered convoluted
picture.

5.5.5 The influence of in vitro vs. in vivo protocols on degra-
dation behaviour

The degradation protocol, being a major contributor to the environmental conditions of
the samples during composite degradation, is predicted to have an effect on degradation
behaviour as pointed in section 4.6.6. The influence of in vitro vs. in vivo degradation
for all the analysed hydroxyapatite case studies is included in figure 5.19 with the
corresponding analysis in table 5.10.
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Fig. 5.19. The influence of in vitro vs. in vivo protocols on composite degradation
for all the analysed hydroxyapatite case studies. k1 is the non-catalytic polymer
degradation rate and k′

2 is the autocatalytic polymer degradation rate. Bottom side
filled markers represent in vitro case studies, whereas top side filled markers represent
in vivo case studies. Grey inset plots correspond to zoomed-up regions included to avoid
amalgamation of results around the origin. Black inset plots correspond to regions
situated outside the limits defined in the main plot.

Poly(L-lactide) matrix

For hydroxyapatite composites with a poly(L-lactide) matrix the k1–k′
2 map, including

information about degradation protocol, can be found in figure 5.19a. The analysis is
presented in the first row of table 5.10. Of the 27 analysed case studies, a majority



5.5 Discussion of the modelling results 215

Case studies k1 (s−1) k′
2

(m3 mol−1 s−1)

Percentage
of cases

(%)

Number
of cases

In vitro with

poly(L-lactide) matrix
(1.0 ⋇ 4.7) × 10−10 (7.1 ⋇ 4.7) × 10−11 59 16

In vivo with

poly(L-lactide) matrix
(8.7 ⋇ 2.2) × 10−11 (4.1 ⋇ 2.2) × 10−11 41 11

In vitro with

poly(D,L-lactide) matrix
(1.5 ⋇ 2.1) × 10−10 (1.6 ⋇ 2.4) × 10−10 80 20

In vivo with

poly(D,L-lactide) matrix
(2.8 ⋇ 1.4) × 10−10 (2.1 ⋇ 2.6) × 10−10 20 5

In vitro with poly(lactide-

co-glycolide) matrix
(6.3 ⋇ 2.9) × 10−10 (8.5 ⋇ 3.9) × 10−10 100 18

In vitro with miscella-

neous polymers matrix
(9.3 ⋇ 8.7) × 10−11 (1.1 ⋇ 5.8) × 10−10 100 14

All in vitro data (1.8 ⋇ 4.8) × 10−10 (1.9 ⋇ 5.2) × 10−10 81 68
All in vivo data (1.3 ⋇ 2.4) × 10−10 (6.8 ⋇ 3.1) × 10−11 19 16

Table 5.10. Analysis of the influence of in vitro vs. in vivo protocols on composite
degradation for all the analysed hydroxyapatite case studies. k1 is the non-catalytic
polymer degradation rate and k′

2 is the autocatalytic polymer degradation rate, with
both reported as geometric mean ⋇ geometric standard deviation.

reported in vitro degradation. These case studies exhibited higher polymer degradation
rates k1 and k′

2, albeit with high variability, than the in vivo degradation cases.

Poly(D,L-lactide) matrix

The polymer degradation map, exhibiting the influence of in vitro vs. in vivo protocols,
for the 25 case studies with a poly(D,L-lactide) matrix is shown in figure 5.19b with
the corresponding analysis included in the second row of table 5.10. Cases with in vivo
degradation had higher polymer degradation rates than cases with in vitro degradation.

Poly(lactide-co-glycolide) and miscellaneous polymers matrixes

The analysed data contained only in vitro degradation case studies for both poly(lactide-
co-glycolide) and miscellaneous polymers matrixes. Although no comparison between
in vitro and in vivo protocols could be made, polymer degradation maps are included
in figure 5.19c and 5.19d, respectively. The analysis is reported in table 5.10 with
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information about poly(lactide-co-glycolide) and miscellaneous polymers composites in
the third and fourth row, respectively.

All polymeric matrixes

Lastly, the global analysis including all data is presented in the final row of table
5.10. Of the 84 cases a significant majority had in vitro degradation. Polymer
degradation rates were higher for in vitro cases, probably driven by poly(D,L-lactide)
and poly(lactide-co-glycolide) case studies.

Direct comparison

Some of the analysed case studies allowed a more direct comparison between distinct
degradation protocols for specific systems, as solely degradation protocol was varied
during composite degradation experiments. For clarity purposes, a polymer degradation
map with the relevant cases for this analysis is shown in figure 5.20.
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Fig. 5.20. Polymer degradation map including the hydroxyapatite case studies used
for a direct comparison of degradation protocol influence on composite degradation
behaviour. k1 is the non-catalytic polymer degradation rate and k′

2 is the autocatalytic
polymer degradation rate. Bottom side filled markers represent in vitro case studies,
whereas top side filled markers represent in vivo case studies.

A significant amount of data from Takiron Co. group [194, 75, 116] could be used
to compare degradation behaviour under in vitro and in vivo conditions. These case
studies are shown in figure 5.20 using blue shade markers. As several of the Takiron
Co. group case studies did not include pure polymer data and the representations of
the results in the k1–k′

2 map were tightly clustered, only in this instance, the original
degradation data were used in order to facilitate the analysis of the degradation protocol
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effect. These curves, showing the variation of molecular weight over time, can be
found in figure 5.21. Complete information about the Takiron Co. group case studies
can be found in section 5.4.1. Briefly, all the cases presented a dense structure with
similar morphologies (cylinders with a diameter of 3.2 mm), a poly(L-lactide) matrix
and either partially crystalline carbonated hydroxyapatite (pCHA) or highly crystalline
pure hydroxyapatite (hHA) as a filler.
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Fig. 5.21. Degradation data (Mv over time) reporting the influence of in vitro vs. in
vivo protocols on degradation for case studies belonging to the Takiron Co. group
[194, 75]. Mv is the viscosity average molecular weight. Data replotted from [194, 75].
Dash-dotted lines are shown for clarity only. Markers and colours are specific of this
visual representation.

Containing pCHA, the composite sample of Shikinami 99 pCHA, degraded in vitro
(PBS at 37 ◦C without shaking), showed a similar degradation profile to both the
composite samples of Furukawa Med pCHA and Furukawa Sub pCHA, degraded in
vivo (Japanese white male rabbits), as can be seen in figure 5.21a. The different
implantation sites used in the in vivo cases had a negligible impact in the degradation
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profile of the composite samples. Contrarily, figure 5.21c showed that the pure polymer
sample of Shikinami 99 pCHA presented a delayed drop in molecular weight when
compared with the pure polymer sample of Furukawa Med pCHA. The Takiron Co.
group case studies employing hHA showed that there was no differences in degradation
profile between the composite samples of Furukawa Med hHA and Furukawa Sub hHA
as seen in 5.21b. Ishii pCHA and Ishii hHA behaved similarly to Furukawa Med pCHA
and Furukawa Med hHA, respectively. In summary, for Takiron Co. group case studies
there were no differences in composite samples degradation behaviour regardless of the
changes in degradation protocol. Pure polymer samples experienced a longer delay in
molecular weight drop with an in vitro degradation protocol.

Dense composites made of poly(L-lactide) and highly crystalline pure hydroxyapatite
were also employed by Verheyen et al. [219]. In this study, the Verheyen 92 Vit hHA
case, with a in vitro degradation protocol (PBS at 37 ◦C, weekly replacement and
40 mL/sample) showed higher values of polymer degradation rates than the Verheyen
92 Viv hHA case, with a in vivo degradation protocol (subcutaneous implantation in
mature female goats). The decrease in variation of molecular weight over time was
similar in both pure polymer and composite samples [219].

Several case studies part of the Southwest Jiaotong University group data [250]
(green shade markers in figure 5.20) were used to also assess the differences between in
vitro and in vivo degradation protocols in a different polymer-ceramic system. Cases
degraded in vitro (PBS with the addition of sodium azide at 37 ◦C and 20 mL/sample)
showed much lower values of polymer degradation constants k1 and k′

2 than cases
with in vivo degradation (subcutaneous implantation in male dogs). Composites had
a poly(D,L-lactide) matrix and in-situ-grown non-stoichiometric partially crystalline
hydroxyapatite with a porous structure. Although morphology of the in vivo cases was
different, the discrepancies in degradation behaviour are believed to originate mainly
from degradation protocol as the two morphologies were achieved using the same
electrospun mats. Although in all these cases ceramic addition caused a non-buffering
effect, the same trend was found for pure polymer samples.

Case studies by Dunn et al. [59] were employed to investigate the effect of buffer
replacement on in vitro degradation with sterile water kept at 37 ◦C. For the cases with
a higher fraction of ε-caprolactone (Dunn CLs hHA and Dunn CLd hHA) the buffer
replacement had no effect, whereas, in cases with a higher poly(lactide-co-glycolide)
content (Dunn LGs hHA and Dunn LGd hHA) the degradation in static conditions
(no buffer replacement) was slower than the degradation in dynamic conditions (buffer
replacement).
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Conclusions

The general analysis of the influence of in vitro vs. in vivo protocols on HA composites
degradation did not show great promise as distributions of protocols were heavily
one-sided for most matrixes. These uneven distributions in the different analysed
groups produced results governed by the inherent degradation behaviour of the case
studies members of the group instead of reflecting the protocol influence.

On the contrary, the numerous direct comparisons provided interesting insights. In
dense samples the differences between in vitro and in vivo protocols ranged from non-
existent to mild whereas for porous samples the differences were significant, pointing
towards the importance of the compound effect of sample porosity and degradation
protocol. Furthermore the discrepancies in behaviour did not follow always the same
trend. In vivo degradation resulted in an important increase in molecular weight
reduction rate when compared with in vitro degradation for porous sample, whereas
conflicting information appeared for dense samples with one event reporting a mild
decrease and another event reporting a mild increase but only for the pure polymer
samples.

Lastly, the influence of degradation protocol was found to be dependent on polymer
chemistry with those having higher degradation rate experiencing a more prominent
variation in behaviour with changes in degradation protocol.

5.6 Conclusions for the hydroxyapatite composites
analysis

This chapter presented the analysis of hydroxyapatite composites degradation data
harvested from literature using the computational model for hydroxyapatite composites
presented in section 3.2.2. Firstly, all the necessary information was reported, including
both composite degradation data harvested from literature and hydroxyapatite specific
parameters employed by the computational model. Secondly, the results from the
simulations carried out for all the HA case studies along with the necessary information
for the analyses were presented. Finally, the analysis of the results was carried out
divided in an overview and four main sections: hydroxyapatite dissolution, effect of HA
addition on composite degradation, influence of sample porosity and lastly, influence
of in vitro vs. in vivo degradation protocols.

The analysis of the hydroxyapatite dissolution showed a dually unexpected behaviour
with both extremely high dissolution rates, when compared to the rates measured in
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free drift experiments at 37 ◦C and pH ranging from 3.0 to 7.4 [163], and increasing
dissolution values for hydroxyapatite types with expected decreasing values. These
discrepancies were partially accounted for by both the presence of a polymeric matrix
in composites and the influence of particle size. Additionally, this behaviour could
suggest an issue with the characterisation of small particles within the composite.

The analysis of the effect of hydroxyapatite addition on composite degradation
provided a significant amount of information. The case studies, which displayed a wide
range of composite degradation behaviours, were classified into two categories: case
studies presenting a buffering effect and case studies presenting a non-buffering effect,
with a 63 % of the 57 HA cases showing a buffering effect as predicted by the HA
composites degradation model, pointing towards its validity especially at high polymer
degradation rates.

For the compliant case studies, the computational model highlighted the wide range
of degradation constants and buffering effects that could be achieved by different combi-
nations of polymeric matrix and hydroxyapatite resulting in a plethora of degradation
behaviours. The analysis also pointed to the existence of behaviour discrepancies
within similar case studies belonging to different data groups, suggesting the need for
a more comprehensive characterisation of both the employed hydroxyapatite type filler
and polymeric matrix in order to identify the factors responsible for these variations.
Conversely, the model emphasised the similarities in degradation behaviour for data
coming from the same group as seen in the clustering displayed by those cases. The
model also showed the ability to capture these degradation similarities even when they
were hidden by different initial molecular weights.

For case studies in which the computational model was unable to capture the
degradation behaviour a number of plausible causes were identified. These reasons
entailed violations of the computational model in-built assumptions generating the
mismatches between the expected and the experimentally reported behaviours. In a
significant number of cases the broken assumption was the presence of sufficient water
to guarantee that water is not a limiting factor in polymer hydrolysis.

The analysis of the influence of porosity in HA composites degradation behaviour
provided a complex picture. A part of the data, including the only direct comparison,
showed an unforeseen behaviour, whereas the remaining data revealed a behaviour
compliant with the characteristic diffusional length LH+–buffer hypothesis. This coexis-
tence of conflicting findings suggested that some factors, intrinsically linked to sample
structure, such as water penetration or mechanical integrity, played an important role
in degradation behaviour that could overshadow the porosity effect.
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The general analysis of the influence of in vitro vs. in vivo protocols on HA
composites degradation did not provide general information but the numerous direct
comparisons provided interesting insights such as non-existent to mild differences
in both directions between the in vitro and in vivo protocols for dense samples and
significant differences with much faster in vivo degradation for porous samples, pointing
towards the importance of the compound effect of sample porosity and degradation
protocol.

Chapter 7 is the third and last one dealing with the harvest and analysis of
experimental degradation data using the computational models derived from the
general framework and presented in chapter 3. After studying tricalcium phosphate in
chapter 4 and hydroxyapatite in the present chapter, this work stream closes in chapter
7 considering case studies with calcium carbonate as ceramic filler.

But before providing the final piece of the computational composite degradation
analysis, the next chapter, chapter 6, discusses the experimental characterisation of
the degradation of biocomposites made of poly(D,L-lactide-co-glycolide)(50:50) and
nano-sized calcium carbonate.





Chapter 6

Experimental degradation study of
PLGA–CaCO3 nanocomposites

This chapter presents the study of the degradation of nanocomposites made of poly(D,L-
lactide-co-glycolide) and calcium carbonate. The first section of the chapter describes
the materials and methods employed in this work. The second section includes the
characterisation of the raw materials followed by the characterisation of the undegraded
and degraded composites in the third and fourth sections, respectively. The discussion
of the results is reported in the fifth section and lastly, the conclusions in the sixth
and final section.

As mentioned before, the need to provide well-parametrised experimental degrada-
tion data in order to test the computational model assumptions concerning the effect
of both the ceramic particle size and weight fraction on composite degradation seems
paramount. To fulfil these requirements, a degradation study with nano-structured
poly(D,L-lactide-co-glycolide)–calcium carbonate (PLGA-CaCO3) composites was car-
ried out in which calcium carbonate nanoparticles of different sizes were used in various
polymer-ceramic ratios. This polymer-ceramic combination was chosen for two reasons:
first and foremost, the existence of commercially available CC particles with extremely
narrow particle size distributions in two different sizes and secondly, the relative scarcity
of CC composites data when compared with TCP or HA composites.

The generation of carefully characterised and controlled composite degradation data
will allow a more insightful application of the model in order to characterise the effect
of particle size and ceramic weight fraction. Although the harvested CaCO3 composites
literature data, which will be presented and analysed in chapter 7, provided many
insights, the presence of pitfalls in the ceramic characterisation such as agglomeration
[214] or poorly defined particle size [11, 2, 42] emphasised the necessity of this study.
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6.1 Materials and methods
This section contains the description of the materials and methods employed in this
degradation study. Firstly, a description of the polymeric matrix and ceramic filler
is presented. The composite manufacture method is then described, followed by the
experimental design, the in vitro degradation protocol and lastly, a description of
the techniques used to characterise raw materials and both undegraded and degraded
composites.

6.1.1 Polymeric matrix

A copolymer of the poly(D,L-lactide-co-glycolide) family was chosen as the matrix for
the composite samples investigated in this study. PLGA with a mid-range molecular
weight and a 50:50 molar ratio of D,L-lactide:glycolide capped with lauryl alcohol
resulting in lauryl ester end groups (Product name: PLGA 5050 DLG 5E) was purchased
in pellet form (Lakeshore BiomaterialsTM, Evonik Industries; Alabama USA). Table
6.1 shows the properties, as reported by the manufacturer, of the batch (Lot Number:
LP-836) used in this work.

Property Value

Inherent viscosity (I.V.(t0)) 0.48 dL g−1

Residual D,L-lactide monomer 1.0 wt %
Residual glycolide monomer 0.2 wt %
D,L-lactide mole ratio 50 mol %
Glycolide mole ratio 50 mol %
Mw0 70 kDa
Mn0 42 kDa
Dispersity (Ð(t0)) 1.7

Table 6.1. Specifications of purchased PLGA, provided by the manufacturer. Inherent
viscosity was measured at 0.5 % w/v in CHCl3 at 30 ◦C. Mw0 is the initial weight-average
molecular weight and Mn0 is the initial number-average molecular weight.

6.1.2 Ceramic filler

Calcium carbonate nano-structured particles were chosen as inorganic filler for the
composite samples. CaCO3 in two different formats, cubes of 80 nm and 150 nm of
nominal size, were obtained from Shiraishi Calcium Kaisha, Ltd; Japan. For conciseness
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the 80 nm and the 150 nm cubes are named C80 and C150, respectively. Table 6.2
reports several ceramic properties as characterised by the manufacturer.

Property C80 value C150 value

Moisture (% ) 0.8 0.4
Whiteness (%) 97 99
Nominal particle size (nm) 80 150
Particle shape Cubic Cubic

Table 6.2. Specifications of purchased CaCO3, provided by the manufacturer.

6.1.3 Composite manufacture

Figure 6.1 illustrates the two-step process used to make PLGA-CaCO3 composites
based on a modified version of Yang et al.’s protocol, which resulted in an even ceramic
distribution without agglomerates for PLGA–α-TCP nanocomposites [246]. The first
step encompassed the making of thin composite films through a solvent casting route.
Firstly, the desired quantity of ceramic particles were placed in a 100 ml volumetric
flask, then 40 ml of acetone were added and the flask was placed in a sonication bath
for 90 min in order to achieve a good and homogeneous dispersion of the particles in
the solvent. Simultaneously, the desired quantity of polymer was dissolved in a beaker
containing acetone, 40 ml for composite samples and 80 ml for pure polymer samples,
with the help of a magnetic stirrer for 90 min. Both mixtures were then placed in the
same beaker and stirred together for 120 min more. The mixture was poured into a
shallow silicone tray mould and left to dry overnight. The film was then peeled off the
tray and placed in the vacuum oven at 40 ◦C overnight.

= 
Acetone + PLGA 

Stirred 
Acetone + CaCO3 

Sonicated 
Mixing both 

mixtures Solvent-casted in a shallow mould 

3 h 1.5 h 

Injection-moulding step Solvent-casting step 

Fig. 6.1. Illustration of the two-steps composite manufacture process.

The second step of the process consisted of the sample injection moulding to attain
the desired shape. Once the films were dried, they were chopped into small pieces
to create composite pellets. The pellets were then fed into the barrel and injection-
moulded into rods using a DSM Xplore 5.5 ml injection moulding machine (DSM
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Research) and a cylindrical mould with a diameter of 3.5 mm and a length of 4 cm.
Table 6.3a shows the pressure and time parameters used in the three different stages of
the injection moulding process and table 6.3b shows the temperatures of the different
injection-moulder parts and the loading process temperature and time parameters.

Step Pressure (bar) Time (s)
Injection 5 6
Filling 2 4
Holding 2 4

(a) Pressure and time for the different stages in the
injection-moulding process.

Parameter Value
Barrel temperature 135 ◦C
Mould temperature 35 ◦C
Loading temperature 85 ◦C
Barrel residence time <120 s

(b) Injection-moulder temperatures and
feeding process parameters.

Table 6.3. Setting used in the Xplore 5.5 ml injection-moulding machine and loading
process parameters for pure polymer and PLGA-CaCO3 composite samples manufac-
ture.

The injection-moulded rods were cut into their final shape, cylinders of 2 mm
of length and 3.5 mm of diameter, using a Struers Accutom-5 automatic saw fitted
with a 1224 cutting wheel. The cutting method used rotation without water cooling,
medium cutting force, a rotational speed of 3000 rpm and a penetration cutting speed
of 0.1 mm s−1. The cut debris was removed with a pair of tweezers and the samples
were then stored in a desiccator prior to the degradation study.

6.1.4 Experimental design

In order to test the model assumptions, several composite types were manufactured.
Pure polymer samples were used as control. Two different ceramics were used to
investigate the influence of filler specific surface area on degradation behaviour. Different
weight fractions, for one of the ceramics, were included to assess the effect of filler
quantity. Table 6.4 summarizes the different sample types and their characteristics.
For each composite type the nominal ceramic weight fraction is specified, being the
reminder pure polymer.

6.1.5 In vitro degradation protocol

Pure PLGA and PLGA-CaCO3 disks (3.5 mm in diameter and 2 mm in thickness),
with the specifications reported in table 6.4, were prepared as described in section
6.1.3 for this degradation study. 0.01 m phosphate buffered saline (PBS) was prepared
dissolving one pouch of phosphate buffered saline powder, pH = 7.4 from Sigma Aldrich
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Sample name Polymer type
Ceramic

Type Nominal weight
fraction (%)

Shape
Nominal
particle

size (nm)

Pure PLGA P(D,L)LGA (50:50) None 0 - -
PLGA-10%C80 P(D,L)LGA (50:50) C80 10 Cubic 80
PLGA-20%C80 P(D,L)LGA (50:50) C80 20 Cubic 80
PLGA-10%C150 P(D,L)LGA (50:50) C150 10 Cubic 150

Table 6.4. Summary of the different manufactured pure polymer and composite samples
indicating the polymer and ceramic parameters.

(Product Number: P3813, Lot: SLBK5765V) in one litre of ultra-deionized water with
a quality of 18.2 MW cm−1 (Select Fusion water purification system, Purite) at a time.
The PBS density at room temperature was measured to be (1.005 ± 0.001) g cm−3

using a density hydrometer (BS718:1991 density hydrometer M100 250 mm, Brannan).
Each sample was placed in a sterile 7 ml polystyrene Bijou bottle (Appleton Woods

Ltd.) and the corresponding mass of PBS to attain a ratio of sample to buffer media
of 6 mg ml−1 was added. The Bijou containers were then sealed and placed in an
incubator (Incucell 111, MMM) at (37.0 ± 0.2) ◦C. No agitation, media buffer change
or replenishment was applied to the samples during degradation. 6 to 8 samples were
degraded per polymer-ceramic combination per timepoint.

6.1.6 General characterisation techniques

A series of characterisation techniques were employed with raw materials and both
undegraded and degraded samples. The methods used for those characterisation
techniques are described below.

Particle morphology

The particle morphology of the ceramic samples was analysed using a FEI Nano Nova
Scanning Electron Microscope (SEM). The samples were coated with a gold layer using
a sputter coater (EmiTech K550). The deposition process employed a 20 mA sputtering
current for 80 s with continuous sample rotation at a working distance of 36.5 mm.
According to the manufacturer [182], these settings corresponded to a deposition rate
of approximately 12 nm min−1 giving an estimated coating thickness in the vicinity of
15 nm. Several micrographs were taken in back-scattered electron (BSE) mode with a
5 kV gun voltage at a magnification of 30,000 times.
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Specific surface area

A TriStar 3000 (Micromeritics Instrument Corporation) was employed to determine
the specific surface area (SSA) of the ceramics. Around 0.3 g per sample were degassed
overnight in a vacuum oven and then introduced in the measuring vessel accompanied
by a liquid nitrogen (N2) dewar. The infiltration and adsorption of gaseous N2 onto the
sample surface was measured as a function of the gas pressure and the specific surface
area computed using both the Brunauer-Emmett-Teller (BET) and Langmuir theories.

Each sample was subjected to an adsorption-desorption cycle, the adsorption stage
spanned from a relative pressure (P/P0 with a saturation pressure, P0, of 775 mmHg) of
0.01 to 0.99, and the desorption stage spanned from 0.99 to 0.15. The relative pressure
steps were evenly distributed: increments of 0.02 were used for relative pressures less
than 0.20 and greater than 0.80 and increments of 0.05 for relative pressures in the 0.20
to 0.80 interval. The equilibration interval was 10 s for each step. Each complete cycle
totalled 55 measurements used to calculate the BET and Langmuir specific surface
areas.

Mass and size measurements

The mass measurements of undegraded and degraded composites were performed in
triplicate for each sample using a lab analytical balance (Sartorius CP124S, d = 0.1 mg).
The size measurements of undegraded samples were performed in duplicate for each
sample using a digital Vernier caliper (Neiko Stainless Steel Digital Caliper, accuracy
of 0.02 mm).

Density analysis

The density of the ceramic particles and both undegraded and degraded samples was
measured using a pycnometer (AccuPycTM 1330, Micromeritics) equipped with a 1 cm3

measurement chamber. Prior to the analysis, the two-step calibration was performed
with an empty measurement chamber and a known-volume spherical reference [150].
Moreover, ceramic samples were stored in a vacuum oven at 50 ◦C overnight and
dry degraded composites were stored in a desiccator. For the density analysis, the
measurement chamber was filled up to three quarters of its height with a known mass,
either ceramic powder or 4 to 6 disks of undegraded, degraded just after removal
from the buffer or degraded after drying samples, and the volume was measured. For
degraded composites, when the available samples did not amount to at least half of
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the volume of the measuring chamber (0.5 cm3), a known-volume plastic stub was used
as a filler for the measurements.

For each measurement, helium is admitted to the measuring chamber containing
the sample and the gas gauge pressure is measured (P1g), then the gas is also admitted
to the expansion chamber and the gauge pressure measured again (P2g). The sample
volume, Vsamp, is calculated as:

Vsamp = Vcell − Vexp
P1g
P2g

−1

where Vcell is the volume of the empty measurement chamber, Vexp the volume of the
expansion chamber and P1g and P2g the measured gas gauge pressures [150]. The
apparent density was calculated as mass divided by volume. For each sample the
measurement was repeated ten times.

Visual analysis

The visual appearance of the undegraded and degraded samples was documented using
a Canon reflex camera, with the samples placed on top of a flat surface next to a ruler,
used as a reference, and shooting from above at a fixed distance.

Phase identification

X-ray diffraction (XRD) was employed to identify the crystalline phases present in
the ceramic samples, as-made and degraded composite samples. A Philips PW1820
θ/2θ diffractometer with Bragg-Brentano para-focusing geometry was used with the
instrument configuration presented in table 6.5.

Parameter Value

Divergence slit 1/2°
Receiving slit 0.2°
Anti-scatter slit 1/2°
Mask 5 mm
Step size 0.01°
Time per step 2 s

Table 6.5. Parameters of the Philips PW1820 diffractometer configuration used for
XRD measurements of the ceramic particles.

The 2θ scan typically ranged from 10° to 75°. For ceramic samples, an aluminium
well sample holder was back-filled to minimize orientation effects. For composites,
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a single crystal silicon wafer was used. Several samples were secured on top of the
holder with a smear of petroleum jelly. The holder was then levelled to align the top
surfaces of the composites in the same horizontal plane. For degraded composites,
the samples were flattened using the minimum load in a manual press to counteract
the outer surface roughness developed during degradation prior to securing them onto
the holder. The spectra of the samples were analysed using X’pert Highscore Plus
software (PANalytical). Correction procedures to remove the Kα2 peaks and subtract
the background were applied. Patterns from the International Centre for Diffraction
Data (ICDD) were used for phase identification.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using a Q2000 DSC (TA
Instruments) on as-received polymer and both undegraded and degraded composites.
Approximately 5 mg of sample were placed in a DSC pan and equilibrated at 0 ◦C prior
to a temperature ramp to 250 ◦C at a heating rate of 15 ◦C min−1. The collected heat
flow data were analysed using Universal Analysis 2000 software (TA Instruments) to
determine the glass transition temperature (Tg).

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on the as-received polymer, ceramic
samples, and both undegraded and degraded samples using a Q500 thermogravimetric
analyser (TA Instruments) in order to investigate thermal degradation, weight fraction
of ceramic present in the as-made undegraded samples and the influence of degradation
on ceramic-weight ratio evolution over time. A TGA palladium pan was tared and then
a quantity of around 40 mg for as-received polymer and undegraded samples, 8 mg for
ceramic samples and 10 mg for degraded samples, was placed in the pan. The sample
was then subjected to a temperature ramp from room temperature (approximately
20 ◦C) to 550 ◦C at a heating rate of 10 ◦C min−1 in a nitrogen atmosphere. For ceramic
samples, the ramp ended at 800 ◦C with a heating rate of 15 ◦C min−1.

6.1.7 Degraded samples characterisation techniques

In addition to the general techniques mentioned above, some other techniques were
employed only with the degraded samples.

At the designated degradation timepoint, each sample was removed from the buffer
media and placed in a paper towel. The sample was gently dabbed to remove the outer



6.2 Raw materials characterisation 231

layer of media and its value of wet mass, Mwet, was recorded. Then, all the repeats of a
particular system were employed to calculate its wet density and the visual appearance
was recorded. After completion of the wet characterisation, the samples were placed in
a vacuum oven to allow for media evaporation. During the drying process, the mass
was monitored at regular time intervals. The dry analysis which included dry mass,
Mdry, dry volume and visual appearance was carried out once the dry mass became
stable. The samples were then prepared for the analyses of phase composition and
thermal properties following the protocols described in section 6.1.6.

The pH of the degradation media was measured using a calibrated pH-meter (HI-
4222 pH-meter fitted with a HI-1131B general purpose laboratory pH electrode and
calibrated prior to the measurements with HI-7004L pH 4.01, HI-7007L pH 7.01 and
HI-7010L pH 10.01 buffers, all from Hanna Instruments). The mass loss, ML, water
uptake, WU, and water absorption, WA were computed for each sample, using the
following expressions:

ML =
Minit − Mdry

Minit

× 100 (%) (6.1)

WU =
Mwet − Mdry

Minit

× 100 (%) (6.2)

WA =
Mwet − Mdry

Mdry

× 100 (%) (6.3)

with Minit, the sample initial mass, i.e. before degradation; Mdry, the dry mass of the
degraded sample and Mwet, the wet mass of the degraded sample.

6.2 Characterisation of the raw materials
This section contains the results from the characterisation of the raw materials including
particle morphology, specific surface area, phase identification and density of the ceramic
samples, polymer DSC analysis and TGA analysis for both polymer and ceramics.

6.2.1 Particle morphology

Figure 6.2 shows a representative micrograph of each ceramic and table 6.6 presents
the analysis of all the micrographs taken, giving a mean particle size with standard
deviation, after correcting for coating thickness, for the two CaCO3 samples.



232 Experimental degradation study of PLGA–CaCO3 nanocomposites

(a) C80 particles. (b) C150 particles.

Fig. 6.2. Back-scattered electrons micrographs of the two different CaCO3 particles.

Sample Size (nm)
C80 88 ± 19
C150 164 ± 33

Table 6.6. Estimated size, expressed as mean ± standard deviation, of the two different
CaCO3 particles from the back-scattered electrons micrographs.

The analysis showed that the morphology of both the C80 and C150 samples was
extremely consistent in terms of shape and individual particle size at the nano-scale.

6.2.2 Specific surface area

Table 6.7 reports the BET and Langmuir SSA values for the two CaCO3 samples.
Although both C80 and C150 presented high values of specific surface area, the SSA
values halved from C80 (higher value) to C150 (lower value).

Sample BET SSA (m2 g−1) Langmuir SSA (m2 g−1)
C80 16.9990 ± 0.0695 21.6877 ± 0.4505
C150 8.3318 ± 0.0138 10.6792 ± 0.2731

Table 6.7. BET and Langmuir specific surface areas of the two different types of CaCO3
particles.

6.2.3 Phase identification

Calcium carbonate presents three allotropes: β-CaCO3 or calcite (trigonal, R3̄c [86]),
λ-CaCO3 or aragonite (orthorhombic, Pmcn [47]) and µ-CaCO3 or vaterite (hexagonal
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P63/mmc [121]). Figure 6.3 shows the spectra of the C80 and C150 samples with the
calcite (ICDD Pattern 00-005-0586) peaks indicated. For both C80 and C150 all the
peaks of the spectra were accounted for solely with the calcite pattern, indicating pure
monophasic composition.
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Fig. 6.3. XRD spectra of the CaCO3 samples (C80 and C150) after the removal of the
Kα2 peaks with calcite reference peaks indicated. The spectra have been normalised
and the background noise smoothed with a Savitzky-Golay filter to facilitate cross-
comparison between samples. Height, measured from the baseline, of the calcite
reference peaks is proportional to the relative intensities reported in the ICDD pattern.

6.2.4 Density

Table 6.8 includes the absolute and relative apparent density values measured for
both C80 and C150 using a density value for calcite of 2.710 × 103 kg m−3 [155] in
the relative density calculations. The relative density values pointed to fully dense
nano-particles, with the discrepancies arising from the particle packing efficiency in
the measurement chamber.

Sample Density (kg m−3) Relative density (1)

C80 (2.667 ± 0.008) × 103 0.984 ± 0.003
C150 (2.658 ± 0.012) × 103 0.980 ± 0.005

Table 6.8. Absolute and relative apparent density values, expressed as mean ± standard
deviation, of the two different types of CaCO3 particles.
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6.2.5 Differential scanning calorimetry

Figure 6.4 depicts the DSC thermogram for the as-received polymer. The glass
transition appeared as a step in the specific heat flow curve and corresponded to a
temperature of (48.10 ± 0.35) ◦C, expressed as mean ± standard deviation for two
different samples.
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Fig. 6.4. Differential scanning calorimetry analysis of as-received PLGA50:50. Exother-
mic process down. The glass transition temperature, Tg, was found at the intersection
between the specific heat flow baseline extrapolated forward and the step slope extrap-
olated backwards (dashed red lines).

6.2.6 Thermogravimetric analysis

Figure 6.5 includes the results of the thermogravimetric analysis for the as-received
polymer. The thermal degradation of the polymer started at around 220 ◦C and finished
around 500 ◦C when the remaining polymer mass was negligible: (0.33 ± 0.05) %,
expressed as mean ± standard deviation for two different samples. The derivative
of the weight loss with respect to temperature had a value of zero until the thermal
degradation started, then increased and reached its peak value. A decrease followed
until it reached a null value again when the degradation finished.

Figure 6.6 presents the TGA results for the two CaCO3 samples. Both samples
showed a similar behaviour, with no signs of thermal degradation below 640 ◦C. From
640 ◦C up to 765 ◦C, C80 and C150 experienced significant degradation which ended
when the remaining weight had a value of approximately 55 % of the initial weight for
both samples. The derivative of the weight loss with respect to temperature had a
value of zero until the thermal degradation started, then increased until it peaked and
then decreased to zero again.
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Fig. 6.5. Thermogravimetric analysis of as-received PLGA50:50 indicating both the
percentage of remaining weight as a function of temperature and the derivative of the
weight loss percentage with respect to temperature as a function of temperature.
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Fig. 6.6. Thermogravimetric analysis of the CaCO3 samples indicating both the
percentage of remaining weight as a function of temperature and the derivative of the
weight loss percentage with respect to temperature as a function of temperature.

6.3 Characterisation of undegraded pure polymer
and composite samples

This section contains the results from the characterisation of the undegraded sam-
ples. Firstly, the mass and size of the generated samples are reported, followed by
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density, visual analysis, phase composition, differential scanning calorimetry and lastly,
thermogravimetric analysis.

6.3.1 Mass and size

As a basic initial physical characterisation, the mass and size of the samples were
measured prior to the start of the degradation study, in order to ensure consistency
of the manufacture process. Table 6.9 includes the mass and size of the undegraded
pure polymer and composite samples. Samples that deviated more than 10 % from the
mean were discarded. The samples had standard deviation values of less than 5 % of
the mean pointing to a manufacture process with high reproducibility.

Sample Mass
(mg)

Dmax
(mm)

Dmin
(mm)

Hmax
(mm)

Hmin
(mm)

Pure PLGA 27.8 ± 1.4 3.85 ± 0.11 3.72 ± 0.09 2.22 ± 0.14 2.00 ± 0.08
PLGA-10%C80 29.4 ± 1.1 3.84 ± 0.09 3.66 ± 0.11 2.35 ± 0.18 1.99 ± 0.06
PLGA-20%C80 30.8 ± 0.9 3.86 ± 0.07 3.70 ± 0.09 2.45 ± 0.17 2.01 ± 0.04
PLGA-10%C150 28.6 ± 1.4 3.88 ± 0.08 3.71 ± 0.08 2.37 ± 0.15 1.98 ± 0.08

Table 6.9. Mass and size of the undegraded pure polymer and composite samples.
Measurements are reported as mean ± standard deviation with a minimum n = 60.
Dmax is the maximum sample diameter, Dmin the minimum sample diameter, Hmax is
the maximum sample height and Hmin the minimum sample height.

6.3.2 Density

Table 6.10 reports the measured density for the undegraded pure polymer and composite
samples.

Sample Density (kg m−3)

Pure PLGA 1348 ± 35
PLGA-10%C80 1410 ± 32
PLGA-20%C80 1490 ± 29
PLGA-10%C150 1405 ± 31

Table 6.10. Density of the undegraded pure polymer and composite samples. Measure-
ments are reported as mean ± standard deviation.

Pure PLGA samples presented the lowest value of density, followed by the PLGA-
10%C150 and PLGA-10%C80 and lastly, PLGA-20%C80 with the highest value.
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6.3.3 Visual analysis

Figure 6.7 shows appearance and morphology of a typical sample. Due to the cutting
method the samples presented a slight lack of parallelism between the top and bottom
facets.

Top  view 

10 mm 

Lateral  view 

10 mm 

Fig. 6.7. Plan and side views of a typical PLGA-CaCO3 composite sample.

6.3.4 Phase identification

Figure 6.8 shows the XRD spectra of the undegraded pure polymer and composite
samples with the calcite reference peaks indicated. For PLGA-10%C80, PLGA-20%C80
and PLGA-10%C150 all the peaks were accounted for solely with the calcite pattern
indicating the absence of crystalline impurities. All the samples presented a broad
peak at low angles produced by the polymeric matrix. This broad peak was the only
one found in the pure PLGA spectrum indicating that the polymer maintained its
amorphous structure during processing.
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Fig. 6.8. XRD spectra of the undegraded pure polymer and composite samples after the
removal of the Kα2 peaks with calcite reference peaks indicated. Height, measured from
the baseline, of the calcite reference peaks is proportional to the relative intensities
reported in the ICDD pattern.
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6.3.5 Differential scanning calorimetry

Figure 6.9 shows the DSC thermograms, including the glass transition temperature, of
the different undegraded pure polymer and composite samples.
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Fig. 6.9. Differential scanning calorimetry analysis of the undegraded pure polymer
and composite samples. Exothermic process down. The glass transition temperature,
Tg, of each sample was found at the intersection between the specific heat flow baseline
extrapolated forward and the step slope extrapolated backwards (dashed brown lines).

Table 6.11 reports the measured values of the glass transition temperature for the
different samples. The pure PLGA sample presented a lower value of Tg than the
as-received polymer and the composite samples presented lower values than the pure
PLGA sample.

Sample Tg (◦C)

Pure PLGA 28.41 ± 0.77
PLGA-10%C80 23.31 ± 1.54
PLGA-20%C80 22.04 ± 1.99
PLGA-10%C150 20.95 ± 1.67

Table 6.11. Glass transition temperature (Tg) for undegraded pure polymer and
composite samples. Measurements are reported as mean ± standard deviation for three
repeats per composite type. Each repeat was taken from a different injection-moulded
rod.
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6.3.6 Thermogravimetric analysis

Figure 6.10 includes the results of the thermogravimetric analysis for the different
samples, depicting one representative TGA run per sample type. The remaining
weight percentage at 550 ◦C is considered to be the ceramic weight fraction in the
undegraded composite samples as the initial polymer and ceramic analyses showed
complete polymer decomposition at around 500 ◦C and no ceramic decomposition below
640 ◦C.
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Fig. 6.10. Thermogravimetric analysis of the undegraded pure polymer and composite
samples indicating both the percentage of remaining weight as a function of temperature
and the derivative of the weight loss percentage with respect to temperature as a
function of temperature.

Pure PLGA was almost fully disintegrated at temperatures above 370 ◦C giving a
final residue weight of (0.60 ± 0.13) wt % at 550 ◦C (n = 3). This residue was slightly
higher than the residue found in as-received PLGA. All the composite samples presented
a similar TGA thermogram profile with weight reduction starting at approximately
220 ◦C and stabilisation at around 330 ◦C. Table 6.12 includes the ceramic weight
fraction for the different composite samples. The real ceramic weight fraction were
fairly close to the intended weight fractions pointing to an accurate manufacture
process.
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Sample Ceramic weight fraction (wt %)

PLGA-10%C80 11.07 ± 0.30
PLGA-20%C80 21.88 ± 0.37
PLGA-10%C150 11.26 ± 0.18

Table 6.12. Ceramic weight fraction for undegraded composite samples. Measurements
are reported as mean ± standard deviation for three repeats per composite type. Each
repeat was taken from a different injection-moulded rod.

6.4 Characterisation of degraded pure polymer and
composite samples

This section presents the characterisation of the degraded samples. Firstly, the media
pH, mass loss, water uptake and water absorption are presented. Secondly, the wet
and dry densities and visual analysis are included and lastly, the phase identification,
differential scanning calorimetry and thermogravimetric analysis are reported.

6.4.1 Media pH

Figure 6.11 shows the degradation media pH data for pure polymer and composite
samples. The onset of pH drop happened first for the pure PLGA samples, followed
by the PLGA-10%C150, PLGA-10%C80 and lastly PLGA-20%C80 samples. The
shaded region corresponds roughly to a mass loss, reported in section 6.4.2, of 10 % to
20 % for the different samples. The final value of the pH plateau ranged from 2.525
to 3.544, with pure PLGA presenting the lowest value, followed by PLGA-10%C150
and PLGA-10%C80, both with a value within 0.001 pH units of 3.153 and lastly,
PLGA-20%C80 with the highest value.

The analysis of the media pH values is included in figure 6.12, with the normalised
and centred curves in figure 6.12a and the derivative of pH with respect to time in figure
6.12b. To facilitate the comparison, the pH curves were normalised to a 0 to 1 range
and centred with a value of 0.5 at the time origin. To compute the derivative of the pH
curves, linear splines were fitted to the data and smoothed using a Savitzky-Golay filter,
then quadratic splines were fitted using the smoothed data. The pH derivatives were
computed as linear splines resulting from the analytical derivation of the quadratic
splines.

All the pH curves presented the shape of the complementary error function, or
complementary sigmoid function, as can be seen in figure 6.12a, with no or little pH
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Fig. 6.11. Evolution of degradation media pH over time for pure polymer and composite
samples, expressed as mean values ± standard deviation for a minimum of five repeats
per timepoint. Dash-dot lines are shown for clarity only. The beige stripe corresponds
to a mass loss, reported in section 6.4.2, of 10 % to 20 % for the different samples.
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Fig. 6.12. Analysis of media pH values for degraded pure polymer and composite
samples including normalised and centred pH curves and pH derivative with respect to
time.

change in the initial stage, followed by a sudden drop until a plateau of minimum value
is reached, with different samples presenting variable abruptness in the changes. The
pH derivatives, found in figure 6.12b, had an initial zero value, followed by a peak
and a second stage at null value. The derivative of pure PLGA presented the shortest
initial stage and highest absolute value of the peak, followed by PLGA-10%C150 and
PLGA-10%C80 with longer initial stages and shorter peaks and lastly, PLGA-20%C80
with the longest initial stage and shortest peak. Both analyses suggested that the
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addition of C80 and C150 caused a decrease in the degradation kinetics, resulting in
delayed and smoother changes, with a more pronounced effect for smaller particles and
higher weight fractions.

6.4.2 Mass loss

Figure 6.13 presents the mass loss and mass loss rate for pure polymer and composite
samples while the samples maintained their mechanical integrity. The onset of mass
loss, depicted in figure 6.13a, followed the same sequence as the pH drop onset: first
pure PLGA, followed by PLGA-10%C150, PLGA-10%C80 and lastly PLGA-20%C80.
All the mass loss curves showed a similar behaviour with a initial stage of almost
negligible mass loss followed by an stage where mass loss became more significant
resulting in the collapse of the sample. The mass loss rate, computed from the mass
loss data using fitted quadratic splines, is shown in figure 6.13b. All curves presented
an initial stage with zero value followed by an incremental increase. Pure PLGA had
the earliest and sharpest increase, followed by PLGA-10%C150 and PLGA-10%C80
and lastly, PLGA-20%C80 with the latest and smoothest increase.
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Fig. 6.13. Evolution of mass loss and mass loss derivative with respect to time (mass
loss rate) over degradation time for pure polymer and composite samples, expressed as
mean values ± standard deviation for a minimum of three repeats per timepoint for
mass loss. Dash-dot lines are shown for clarity only. Mass loss rate computed from
mass loss data.
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6.4.3 Water uptake and water absorption

The water uptake and water absorption for pure polymer and composite samples are
included in figure 6.14. Water uptake, depicted in figure 6.14a, followed a similar trend
in all the samples with an initial monotonic increase, followed by a plateau before
sample collapse. The trend in water absorption, presented in figure 6.14a, was similar
to the water uptake trend, only deviating in the final stage when mass loss became
significant, causing a lack of final plateau.
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Fig. 6.14. Evolution of water uptake and water absorption over degradation time for
pure polymer and composite samples, expressed as mean values ± standard deviation
for a minimum of three repeats per timepoint. Dash-dot lines are shown for clarity
only.

6.4.4 Wet and dry density

Figure 6.15 shows the evolution of both the wet (6.15a) and dry (6.15b) densities for
the pure polymer and composite samples. All the samples presented a similar wet
density pattern with an initial decrease followed by a plateau. Conversely, the dry
density pattern displayed by the composites presented an initial increase followed by a
decrease.
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Fig. 6.15. Evolution of wet and dry density over degradation time for pure polymer
and composite samples. Dash-dot lines are shown for clarity only.

6.4.5 Visual analysis

Figure 6.16 depicts the visual appearance over degradation time for pure polymer and
composite samples using one representative sample per studied timepoint. All the
PLGA–β-CaCO3 composite samples displayed a similar behaviour characterised by an
initial swelling ( ) of the sample, causing an increase in sample diameter while still
maintaining circular shape. Then, the composites presented a concave appearance ( )
as a result of the faster inner degradation, followed by a flatter aspect ( ) caused by
further degradation. Immediately after the collapse, the sample presented a hollow
shell structure ( ) and lastly, the degradation of the shell gave a viscous behaviour to
the remains of the sample ( ). The pure PLGA went from swelling directly to viscous
remains.
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Fig. 6.16. Evolution of visual appearance over degradation time for pure polymer and
composite samples. The horizontal coordinate of the centre of each depicted sample
indicates its degradation time. PLGA images were taken as part of the wet analysis and
composite images were taken as part of the dry analysis. The different morphological
stages experienced by the samples are indicated using symbols: swelling ( ), concave
surfaces ( ), flat surfaces ( ), hollow shell ( ) and viscous remains ( ).

6.4.6 Phase identification

The XRD spectrum of the PLGA-20%C80 after 44 days of degradation is included in
figure 6.17 with the calcite reference peaks indicated. All the peaks were accounted for
solely with the calcite pattern indicating the absence of crystalline phases from the
reprecipitation of the dissolved Ca2+ and CO2−

3 ions.
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Fig. 6.17. XRD spectrum of degraded PLGA-20%C80 after the removal of the Kα2
peaks with calcite reference peaks indicated. Height, measured from the baseline, of
the calcite reference peaks is proportional to the relative intensities reported in the
ICDD pattern.

6.4.7 Differential scanning calorimetry

Figure 6.18 contains the value of the glass transition temperature, measured from the
DSC analyses, for composite samples. All the PLGA-CaCO3 composites experienced
the same trend with an initial stage characterised by a Tg increase, followed by a
decrease to a value in the vicinity of the initial.
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Fig. 6.18. Evolution of the glass transition temperature in composite samples over
degradation time with only one repeat per timepoint. Dash-dot lines are shown for
clarity only.

The DSC thermograms of selected PLGA-20%C80 composite samples, indicating
the value of Tg, are included in figure 6.19. Although all the timepoints showed a
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similar pattern, there was a clear change in the value of the glass transition temperature
over time.
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Fig. 6.19. Differential scanning calorimetry analysis of selected degraded PLGA-
20%C80 composite samples with different values of degradation time. Exothermic
process down. The glass transition temperature, Tg, of each sample was found at the
intersection between the specific heat flow baseline extrapolated forward and the step
slope extrapolated backwards (dashed brown lines).

6.4.8 Thermogravimetric analysis

The evolution of the ceramic weight percentage over degradation time for only two of
the composite samples, PLGA-20%C80 and PLGA-10%C150, is shown in figure 6.20.
Both composites displayed a similar behaviour with an increase in ceramic-polymer
ratio during the first half of their degradation time followed by a decrease in the second
half, finishing in close proximity of the initial values.

Figure 6.21 contains the thermograms obtained for the different analysed PLGA-
20%C80 timepoints including the remaining weight as a function of temperature and
the derivative of the weight loss with respect to temperature. As degradation proceeded
the polymer degradation started and finished at lower temperature values.
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Fig. 6.20. Evolution of the ceramic weight percentage in PLGA-20%C80 and PLGA-
10%C150 composite samples over degradation time with only one repeat per timepoint.
Dash-dot lines are shown for clarity only.
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Fig. 6.21. Thermogravimetric analysis of the degraded PLGA-20%C80 composite
samples indicating both the percentage of remaining weight as a function of temperature
and the derivative of the weight loss percentage with respect to temperature as a
function of temperature for different values of degradation time.
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6.5 Discussion of PLGA–CaCO3 degradation
This section discusses the characteristics of the PLGA–CaCO3 nanocomposites using
the information presented in sections 6.2, 6.3 and 6.4.

6.5.1 Raw materials

The chosen raw materials were a medium molecular weight poly(D,L-lactide-co-
glycolide)(50:50) with amorphous structure and a glass transition temperature above
physiological value (DSC analysis in section 6.2.5), thermally stable up to 220 ◦C with
a negligible residue at 500 ◦C (TGA analysis in section 6.2.6), and two types of calcium
carbonate particles, namely C80 and C150, with a monophasic calcite composition
(XRD analysis in section 6.2.3), an uniform cubic shape, particle sizes of (88 ± 19) nm
(C80) and (164 ± 33) nm (C150) and a really narrow particle size distribution (SEM
analysis in section 6.2.1), fully dense (pycnometer analysis in section 6.2.4), with C80
doubling C150 in specific surface area value (SSA analysis in section 6.2.2) and showing
thermal instability only above 640 ◦C (TGA analysis in section 6.2.6).

6.5.2 Manufacturing process

The employed manufacturing process, described in section 6.1.3 and shown to provide
an even distribution of nanoparticles throughout the matrix [246], yielded pure polymer
and composite disks with a whitish appearance (visual analysis in section 6.3.3),
slightly bigger than the used mould in a reproducible manner in terms of mass and
size (mass and size analysis in section 6.3.1), density values increasing with ceramic
content and similar to the ones measured by Barrett and Cameron [19, 18] for dense
PLGA(50:50)–α-TCP composites suggesting dense structure (density analysis in 6.3.2),
no crystalline impurities or crystalline regions in the polymer phase (XRD results
in section 6.3.4), a decrease of the glass transition temperature for all samples when
compared with the as-received PLGA pointing to some expected polymer degradation
during injection-moulding and with composites Tg values lower than pure polymer
values as previously reported by Wilberforce and co-workers for PLGA(50:50)–α-TCP
composites and attributed to the large interfacial area and poor polymer-ceramic
bonding [235, 236] (DSC analysis in 6.3.5), slightly higher than intended ceramic
weight fractions and well-distributed fillers, as indicated by the ceramic weight fraction
reproducibility (TGA analysis in section 6.3.6).
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6.5.3 Degradation behaviour

The discussion of the degradation behaviour is structured in two different parts. Firstly,
the common trends, applicable to all the samples are listed while secondly, the specific
changes resulting from different parameters such as presence of ceramic, ceramic size
and ceramic weight fraction are presented. To facilitate the discussion, the comparisons
between pH and mass loss, and mass change and water uptake are included in figure
6.22.
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Fig. 6.22. Comparisons between the evolution of media pH and mass loss, and mass
change and water uptake over degradation time for pure polymer and composite
samples. Mass change is mass loss expressed in a negative axis. Dash-dot lines are
shown for clarity only.

General degradation pattern

All the analysed samples presented a similar degradation pattern. Firstly, water started
entering the samples (section 6.4.3), causing swelling (section 6.4.5) and a decrease in
wet density (section 6.4.4), while the pH remained relatively constant at physiological
value (section 6.4.1) and there was no mass loss (section 6.4.2). As water penetrated,
both the PLGA and the β-CaCO3 started experiencing degradation, by means of
hydrolysis in the polymer matrix and dissolution in the ceramic filler. During a period
of time, degradation continued, preferentially in the sample core where the degradation
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products accumulated, causing samples to increase its water content, decrease its wet
density until it plateaued and show first concave surfaces and later flat facets when
dried, with the samples maintaining their mechanical integrity and little change in
both pH and mass loss. When the samples reached a critical point, a perforation of
the outer shell caused the collapse of the samples with the subsequent release of the
acidic degradation products into the buffering media causing a simultaneous drop in
pH and increase in mass loss. Then, the outer shell continued degrading resulting in
remains with a viscous behaviour. By the end of degradation there was no mass left
and the media pH of the media had a stable value.

The samples experienced heterogeneous bulk degradation as previously seen for
TCP composites with a similar polymeric matrix by Barrett [18, 19] and Bennett [24].
The core degraded much faster than the outer layer due to the inability of the inner
hydrogen ions to diffuse out of the samples, resulting in hollow composite shells as
commonly reported for polymeric and composite devices made of poly(α-hydroxy-acids)
[136, 137, 87, 245].

Analysis of the specific differences

The results showed that the addition of nano-structured β-CaCO3 particles, a sparingly
soluble calcium-based ceramic, to the poly(D,L-lactide-co-glycolide) matrix caused a
reduction in degradation kinetics, referred in this work as buffering effect, resulting in
a delayed onset of both mass loss and subsequent pH drop as shown by the analysis
of media pH, including a cross-comparison between samples and the derivative with
respect to time (section 6.4.1), and the mass loss analysis, including mass loss rate
(section 6.4.2), as previously reported in literature [214, 2, 11, 42].

The sample degradation happened in the following order: pure PLGA, PLGA-
10%C150, PLGA-10%C80 and lastly, PLGA-20%C80 suggesting two phenomena:

• When two samples had the same ceramic weight fraction, fwCer0, using particles
with a smaller representative ceramic particle size, d0, resulted in a higher
buffering effect as previously reported [245, 244], in agreement with the unit cell
analysis included in section 3.3.

• When two samples had the representative ceramic particle size, d0, using a higher
ceramic weight fraction, fwCer0, resulted in a higher buffering effect as previously
reported [66, 18, 19, 245, 244], also in agreement with the unit cell analysis
included in section 3.3
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Using a ceramic with smaller d0 or a higher fwCer0 caused a similar effect, because
both changes increased the overall ratio of ceramic surface area per unit of polymer
volume as captured in the modelling framework unit cell.

The final value of the media pH (section 6.4.1) showed that both β-CaCO3 samples,
C80 and C150, possessed the same total buffering potential as both PLGA-10%C80
and PLGA-10%C150, with the same polymer-ceramic ratio and thus, same ratio of
acidity to buffering sources, presented the same final pH value, higher than pure PLGA
final and lower than PLGA-20%C80. However, the evolution of the media pH value
was different, as mentioned above, highlighting the importance of the role of particle
size in the accessibility of the buffering potential.

Tsunoda carried out a similar experimental study with nanocomposites made of
poly(D,L-lactide-co-glycolide)(44.6:55.4) and calcite cubes of three different sizes with
disk-shaped samples and a ceramic weight fraction fwCer0 = 50 % with significant
agglomeration. The study showed almost no difference in the variation of pH media
over time among the three employed particle sizes: 0.7, 1.7 and 3.0 µm, suggesting
saturation of the buffering effect due to a high fwCer0 [214]. Conversely, the variation
of media pH in the present study suggested that the highest employed fwCer0 value was
below the saturation point.

The water uptake and absorption values (section 6.4.3) were slightly lower for
pure polymer than for composite samples as previously seen by Naik and co-workers
[161, 162, 160], which in a water-controlled hydrolysis scenario would mean that the
buffering effect of the calcite particles is even greater than measured. The evolution of
the dry density in composites (section 6.4.4) could be explained by an initial compaction
of the samples during polymer degradation followed by an increasing loss of mass while
maintaining the volume. The XRD analysis (section 6.4.6) showed no recombination
of the dissolved ceramic ions into a crystalline phase suggesting their availability for
buffering the polymer acidity. As expected, the TGA analysis (section 6.4.8) showed a
decrease in polymer degradation temperature boundary with degradation time.

To facilitate the discussion of the changes over degradation time in glass transition
temperature, Tg, and ceramic weight fraction, fwCer0, for the composite samples, figure
6.23 includes the comparisons between mass change, defined as −ML, Tg and fwCer0.

The pattern followed by the ceramic weight fraction for both PLGA-20%C80 and
PLGA-10%C150 (section 6.4.8) could be explained considering the different degradation
stages. While there was no significant mass loss, faster polymer degradation when
compared to ceramic dissolution caused an increase in the ceramic-polymer ratio. When
mass loss started to become significant, the ceramic weight fraction decreased as the
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Fig. 6.23. Comparisons between the evolution of mass change and glass transition
temperature, and mass change and ceramic weight fraction over degradation time for
composite samples. Dash-dot lines are shown for clarity only.

released composite mass was ceramic rich, leaving behind a composite mass with a
greater representation of the undegraded outer shell as seen before by Ege [64].

The Tg pattern was unusual, with an initial increase during the first half of
the degradation time followed by a decrease, while literature data showed an initial
decrease followed by an increase for PLGA(50:50) data [189, 223] with the initial
decrease reflecting a drop in molecular weight [73]. Considering that poly(D,L-lactide)
has a Tg of (50. . . 60) ◦C and poly(glycolide) of 35 ◦C, the increase in Tg could be
partially explained by a preferential degradation of the glycolic units [6, 89] coupled
with the reported mass change although further research is needed to clarify it.

6.6 Conclusions
The main conclusions from the experimental study of the degradation behaviour of
PLGA-CaCO3 nanocomposites are listed below:

• Both PLGA and PLGA–β-CaCO3 composites experienced heterogeneous bulk
degradation.
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• The addition of nano-structured calcite, a sparingly soluble calcium-based ceramic,
in two different sizes and weight fractions to the polymeric matrix caused a
buffering effect during composite degradation, causing a delay of all the associated
degradation phenomena such as mass loss and pH drop onset.

• The use of particles with a smaller representative particle size d0 or the use
of a higher ceramic weight fraction fwCer0 increased the extent of the observed
buffering effect pointing to a proportionality between buffering effect and ceramic
surface area per unit of polymer volume.

In summary, this chapter has studied the degradation behaviour of PLGA-CaCO3

nanocomposites, including two different particle sizes and ceramic weight fractions.
The ceramic filler, extremely consistent in both particle size and shape, presents a good
opportunity for an exhaustive analysis of the role of particle size and ceramic weight
fraction in composite degradation. Said analysis, carried out with the CC composites
degradation model reported in the next chapter, employs a combination of pH and
mass loss data as detailed in section 3.5. In addition to this analysis, chapter 7 contains
the remaining harvested and analysed CC composites degradation data.



Chapter 7

Degradation of bioresorbable
composites: calcium carbonate case
studies

This chapter includes the analysis of the degradation of calcium carbonate (CC)
composites employing the CC composites degradation model described in section 3.2.3.
In addition, it presents a second analysis of the experimental data presented in chapter
6 using an extended method which takes advantage of the detailed nature of the data.
Chapter 7 is the third and last chapter dealing with the use of the ceramic-specific
degradation models, derived from the general modelling framework, to analyse the
degradation of biocomposites and thus, presents a structure similar to chapters 4 and 5.
The first section, section 7.1, presents the calcium carbonate composite degradation data
harvested from literature. Section 7.2 reports the different types of calcium carbonate
encountered in the harvested data and the values of the ceramic-dependent constant for
each one of them. Similarly to chapter 5, the values of the polymer-dependent constants
are not included. Those values can be found in section 4.3. The values at the time
origin of the variables employed in the CC composites degradation model are included
in section 7.3. The results of the degradation simulations are presented in section 7.4,
followed by the discussion in section 7.5. Section 7.6 contains the conclusions derived
from the different analyses of the degradation of calcium carbonate composites. The
detailed analysis of chapter 6 data is presented in section 7.7. And lastly, in addition
to the calcium carbonate specific conclusions, section 7.8 contains a summary of the
core insights derived from the composite degradation analyses carried out in chapter 4,
5 and 7 with the three ceramic-specific computational models.
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7.1 Degradation data from calcium carbonate com-
posites and composite-dependent constants for
the calcium carbonate composites model

This section includes the calcium carbonate composites experimental data harvested
from literature. Firstly, several composite-dependent constants in addition to other
composite degradation characteristics are presented in a tabular form, as they are
different for each case study. Secondly, the remaining composite-dependent constants,
which are common across all the calcium carbonate case studies, are discussed. The
harvested data resulted from a search of the available literature conducted according
to the method described in section 3.5.2. Following the structure employed in chapters
4 and 5, the harvested data can be grouped in two different categories: polymer charac-
teristics and ceramic characteristics. The first category includes several characterising
parameters of the polymeric matrix: polymer type, molar ratio of monomers for the
case of copolymers, initial number-average molecular weight, Mn0 (kDa) and type of
reported data reflecting composite degradation. The second category includes several
characterising parameters of the ceramic filler: ceramic type, initial ceramic weight
fraction of the composite samples, fw0 (wt %); ceramic representative particle size, d0

(µm) and ceramic data available to compute the ceramic representative particle size.
The extracted data were processed as described in section 3.5.2.

Other relevant degradation information, mostly concerning composite character-
istics rather than polymer or ceramic characteristics, was also harvested for each
studied calcium carbonate composite degradation case. Those characteristics included
fabrication method, sample morphology and structure, as well as sample degradation
protocol and are presented in appendix B.3 alongside the results for each analysed case
study as they are not considered explicitly in the modelling framework.

Table 7.1 presents the above-mentioned input information employed to analyse the
degradation of calcium carbonate composites using the CC composites degradation
model described in section 3.2.3. The data are ordered alphabetically by polymer type
including first the homopolymers, followed by copolymers and blends. For similar
polymer types, enantiopure matrixes are presented first. When several cases concerned
the same polymeric matrix the cases were ordered according to ceramic type and initial
polymer molecular weight. Each row in the table represents one case study and is
separated from the rest by either a solid or a dashed line. A dashed line is used when
consecutive cases were generated by the same author or research group and a solid
line is used when there is no known author relationship. Calcium carbonate type
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is described using abbreviations. Briefly, CC stands for calcium carbonate and the
preceding Greek letter indicates the allotrope. A complete list of calcium carbonate
types including full denominations can be found in table 7.2.

Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(L-lactide) - 145.00 Mn(t) µ-CC 60 1
dmean in

text
Wakita K
µ-CC [225]

Poly(L-lactide) - 211.00 Mn(t) µ-CC 60 1
dmean in

text
Wakita M
µ-CC [225]

Poly(L-lactide)
- 127.00

Mn(t)
- 0 - dmean in

text
Liu λ-CC [143]

- 127.00 λ-CC 20 17.5

Poly(L-lactide)
- 127.00

Mn(t)
- 0 - dmean in

text
Liu µ-CC [143]

- 127.00 µ-CC 20 17.5

Poly(D,L-lactide)
50:50 98.26 Mw(t) and

P DI(t0)
- 0 - fn(300, 450)

µm
Li λ-CC [139]

50:50 98.26 λ-CC 60 388

Poly(D,L-lactide-
co-glycolide)

44.6:55.4 8.60 %Mw(t) and
P DI(t0)

- 0 -
Assumed Ara β-CC [11]

44.6:55.4 9.00 β-CC 30 30

Poly(D,L-lactide-
co-glycolide)

44.6:55.4 11.40

Mn(t)

- 0 -
dcube in

text
Tsunoda β-CC

[214]
44.6:55.4 9.70 β-CC 50 0.7
44.6:55.4 9.00 β-CC 50 1.3
44.6:55.4 8.60 β-CC 50 3.0

Poly(D,L-lactide-
co-glycolide)

44.6:55.4 11.40
Mn(t)

- 0 - fa(0.75, 0.75,

20, 30) µm
Tsunoda λ-CC

[214]44.6:55.4 6.90 λ-CC 50 1.13

Poly(D,L-lactide-
co-glycolide)

50:50 30.29 %Mw(t) and
Mw(t0)

- 0 -
Assumed

Agrawal β-CC
[2]50:50 30.29 β-CC 42 80

Poly(D,L-lactide-
co-glycolide)

50:50 35.70
pH(t) and

WL(t)

- 0 -
Analysis in
chapter 6

Ch6 β-CC
[Chapter 6]

50:50 35.70 β-CC 11.07 0.088
50:50 35.70 β-CC 21.88 0.088
50:50 35.70 β-CC 11.26 0.164
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Polymer Characteristics Ceramic Characteristics Case Code
and

ReferenceType CMR
(mol %)

Mn0
(kDa) Data Type fw0

(wt %)
d0

(µm) Data

Poly(D,L-lactide-
co-glycolide)

85:15 60.76
Mw(t) and
P DI(t0)

- 0 -
dmean in

text
Cotton β-CC

[42]
85:15 65.45 β-CC 15.8 10
85:15 70.80 β-CC 36.1 10
85:15 70.95 β-CC 50.6 10

Table 7.1. Summary of data found in literature on degradation of composites made of
biodegradable polymer and calcium carbonate. CMR is the molar ratio of the different
monomers in a copolymer, Mn0 is the sample initial number-average molecular weight,
fw0 is the initial ceramic weight fraction of a composite sample and d0 is the ceramic
representative particle size of the undegraded composite sample. Further abbreviations
employed in columns labelled “Data” can be found in section 3.5.2. Abbreviations
used to specify the calcium carbonate type can be found in table 7.2. A dashed line
between rows indicates that data displayed in those consecutive rows belong to the
same researcher or research group. A solid line between rows indicates no known author
relationship for the data.

Having now presented three of the composite-dependent constants for each calcium
carbonate case study in table 7.1, the values of the remaining nine composite-dependent
constants are discussed here. Similarly to the TCP composites degradation model,
the CC composites degradation model does not considered water self-ionisation and
therefore the value of the initial hydroxide ions concentration, ∆COH−

0
(mol m−3), is

not necessary.
As the polymer chains acid dissociation is the only hydrogen ions source considered

in the model, the initial hydrogen ions concentration not resulting from carboxylic end
groups dissociation, ∆CH+

0
, takes the value 0 mol m−3. The calcium carbonate case

studies employed a mixture of random and end scission, previously used by Pan et al.
[169], and characterised by:

• Empirical rate of production of short chains by chain scission, α = 0.4 (1).

• Empirical exponent of production of short chains by chain scission, β = 1 (1).

• Average degree of pseudo-polymerisation of the short chains, m = 4 (1).

Obtaining the defining values of the last four composite-dependent parameters, the
composite degradation constants k1, k′

2, Ad and θ, for each case study is the aim of
the harvested data analysis process. The values of the composite degradation constant
for each calcium carbonate case study are reported in section 7.4.
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7.2 Calcium carbonate information and ceramic-
dependent constants for the calcium carbonate
composites degradation model

This section presents the different types of calcium carbonate encountered in the
harvested data and the values of the ceramic-dependent parameters for these types of
calcium carbonate. Similarly to the TCP and HA composites degradation model, the
CC composites computational model, introduced in section 3.2.3, employs chemical
relationships to characterise the interactions between ceramic filler and polymeric
matrix resulting in a model capable of dealing with several different types of calcium
carbonate.

Calcium carbonate (CC), whose chemical formula is CaCO3, presents several
allotropes, namely β, λ and µ. µ-CC is metastable with respect to β and λ-CC, which
have a greater biological importance [157]. Although the three allotropes share the exact
same chemical composition (CaCO3) and therefore release both Ca+

2 and (CO3)2− ions
during dissolution, the polymorphs have different crystallographic properties with β-CC
or calcite having a trigonal space group R3c [86], λ-CC or aragonite, an orthorhombic
space group Pmcn [47] and µ-CC or vaterite, a hexagonal space group P63/mmc [121].
These differences in structure affect the ceramic parameters used in the computational
model. The abbreviations used to designate the different types of calcium carbonate
found in the the harvested calcium carbonate composites degradation data can be
found in table 7.2.

Abbreviation Description
β-CC Calcite or beta-calcium carbonate with

high crystallinity
λ-CC Aragonite or lambda-calcium carbonate

with high crystallinity
µ-TCP Vaterite or mu-calcium carbonate with

high crystallinity

Table 7.2. Abbreviations and descriptions of the different types of calcium carbonate
encountered in the harvested degradation data.

As summarised in section 3.4, the computational models derived from the gen-
eral modelling framework employ a series of parameters that are ceramic-dependent,
such as ceramic molar mass, Mcer; ceramic density, ρcer; ceramic molar volume, Ωcer;
ceramic solubility expressed as a negative base 10 logarithm of the ionic product at
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equilibrium, −log10(Ksp); ceramic calcium equilibrium concentration, [Ca2+]eq|cer and
acid dissociation constants associated to the released anions, pKi. The values taken by
the different types of calcium carbonated present in the degradation data can be found
in table 7.3.

Constant (unit) Quantity Value Reference

pK1 (1) First logarithmic carbonic acid
dissociation constant at 37 ◦C 6.30 [95]

pK2 (1) Second logarithmic carbonic acid
dissociation constant at 37 ◦C 10.24 [96]

MCC (g mol−1) CC molar mass 100.087 [179]
−log10(Ksp)|β (1) β-CC solubility at 37 ◦C 8.56 [177]
−log10(Ksp)|λ (1) λ-CC solubility at 37 ◦C 8.42 [177]
−log10(Ksp)|µ (1) µ-CC solubility at 37 ◦C 8.02 [177]

[Ca2+]eq|β (mol m−3) β-CC equilibrium calcium
concentration at 37 ◦C 5.248 × 10−2 App. A.2.4

[Ca2+]eq|λ (mol m−3) λ-CC equilibrium calcium
concentration at 37 ◦C 6.166 × 10−2 App. A.2.4

[Ca2+]eq|µ (mol m−3) µ-CC equilibrium calcium
concentration at 37 ◦C 9.772 × 10−2 App. A.2.4

ρCC|β (kg m−3) β-CC density 2710 [155]
ρCC|λ (kg m−3) λ-CC density 2947 [154]
ρCC|µ (kg m−3) µ-CC density 2645 [156]
ΩCC|β (m3 mol−1) β-CC molar volume 3.693 × 10−5 ∗
ΩCC|λ (m3 mol−1) λ-CC molar volume 3.396 × 10−5 ∗
ΩCC|µ (m3 mol−1) µ-CC molar volume 3.784 × 10−5 ∗
∗ Calculated as the ratio between MCC and ρCC (ΩCC = MCC/ρCC).

Table 7.3. Ceramic specific parameters used in the calcium carbonate model. Acid
dissociation expressed as the negative base 10 logarithm of the acid dissociation
constant, pKi = −log10(Ki) with Ki in mol dm−3. Solubility expressed as the negative
base 10 logarithm of the ionic product at equilibrium of CaCO3 with concentrations in
mol dm−3. |β/λ/µ used to denote the value of a magnitude particularised for a specific
CC polymorph.

To avoid duplication, the polymer-dependent constants employed by the CC com-
posites degradation model are not listed here as they are common for all the models
derived from the general framework. A completed list of these constants can be found
in table 4.4.
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7.3 Initial values for the CC composites degrada-
tion model variables

In order to run the degradation simulations of calcium carbonate composites, the initial
values of the CC composites degradation model variables are needed, in addition to
the values of the composite-dependent, ceramic-dependent and polymer-dependent
constants reported section 7.1, 7.2 and 4.3 respectively.

The values of the ten degradation variables at the time origin, presented in this
section and found below, arise from two assumptions: firstly, that both ceramic
dissolution and polymer scission start at the time origin and secondly, that the polymer
phase has attained carboxylic end acid dissociation equilibrium at the time origin
in addition to the existence of only one source of hydrogen ions, namely polymer
acid dissociation, as given by the value of the initial hydrogen ions concentration not
resulting from carboxylic end groups dissociation, ∆CH+

0
= 0 mol m−3.

• x1|t=0 = Rs0 = 0, initial concentration of polymer chain scissions (mol m−3).

• x2|t=0 = [H+]0 = CH+
0

= −0.5Ka +
√

0.25K2
a + KaCchain0, initial concentration of

hydrogen ions (mol m−3).

• x3|t=0 = [Ca2+]0 = 0, initial concentration of calcium ions (mol m−3).

• x4|t=0 = [CO2−
3 ]0 = 0, initial concentration of carbonate ions (mol m−3).

• x5|t=0 = [R-COOH]0 = Cchain0 −
(

− 0.5Ka +
√

0.25K2
a + KaCchain0

)
, initial

concentration of non-dissociated carboxylic end group chains (mol m−3).

• x6|t=0 = [R-COO−]0 = −0.5Ka +
√

0.25K2
a + KaCchain0, initial concentration of

dissociated carboxylic end group chains (mol m−3).

• x7|t=0 = [HCO−
3 ]0 = 0, initial concentration of hydrogen carbonate ions (mol m−3).

• x8|t=0 = [H2CO3]0 = 0, initial concentration of carbonic acid (mol m−3).

• x9|t=0 = aCC0 = πd2
0

Vunit
, initial concentration of calcium carbonate interfacial area

in the composite (m2 m−3).

• x10|t=0 = Mn0, initial polymer number-average molecular weight (Da).

where the concentrations x1, . . . , x8 are defined in the polymer phase, Ka is the polymer
acid dissociation constant at 37 ◦C (mol m3); Cchain0, the polymer chains concentration
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at the time origin (mol m−3); d0, the representative particle size (m) and Vunit, the
volume of the representative unit cell (m3).

7.4 Results of the calcium carbonate composites
degradation model

The results output by the CC composites degradation model after running the sim-
ulations with the CC degradation data reported in section 7.1 are presented in this
section. Due to the low number of case studies all of them are presented together using
three different graphs: a polymer degradation map, a ceramic degradation map and a
3D plot exploring the polymer-ceramic degradation space. The polymer degradation
map provides information about degradation aspects of the matrix by representing
each case as a point by their duplet (k1, k′

2) in the k1–k′
2 plane. In a similar fashion,

the ceramic degradation map provides information about degradation aspects of the
calcium carbonate filler by representing each case as a point by their duplet (Ad, θ)
in the Ad–θ plane. Finally, each case is represented as a triplet (k1, k′

2, Ad) in the
(k1–k′

2–Ad) degradation space. Each analysed calcium carbonate composite degradation
case is always represented by the same unique combination of marker and colour, with
the colour shade being an indication of the polymeric matrix group the case belongs
to: blue for poly(L-lactide), green for poly(D,L-lactide) and red for poly(lactide-co-
glycolide). The legend included in each visual representation of the results is common
for the three displayed graphs: k1–k′

2 map, Ad–θ plane and k1–k′
2–Ad plot.

Uniqueness of model parameters, k1, k′
2, Ad and θ: As explained in section 4.5,

there is a possibility of having multiple solutions for a given case. For CC cases
with multiple solutions, the chosen and reported (k1, k′

2, Ad, θ) 4-tuple was also
selected considering typical dissolution profiles, in terms of remaining ceramic weight
fraction, of similar CC composites from literature.

Figure 7.4 shows the visual representation of the modelling results for all the CC
case studies. This visual representation consists of three degradation maps: a polymer
degradation map, showing the obtained k1 and k′

2 values, in figure 7.1a, a ceramic
degradation map, with the Ad and θ values in figure 7.1b and lastly, a representation
of the 3D degradation space (k1–k′

2–Ad) in figure 7.1c. The CC composites group
contained data from Wakita et al. ( , ) [225] with a poly(L-lactide) matrix, data
from Liu et al. ( , ) [143] also with a poly(L-lactide) matrix, data from Li and
Vert ( ) [139] with a poly(D,L-lactide) matrix and data from Ara et al. ( ) [11],
Tsunoda ( , ) [214], Agrawal and Athanasiou ( ) [2], and Cotton et al. ( ) [42], all
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of them with a poly(D,L-lactide-co-glycolide) matrix. Data from chapter 6 with a
poly(D,L-lactide-co-glycolide) matrix is also included ( ) [Chapter 6].
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Fig. 7.1. Results output by the CC composites degradation model for all analysed
case studies. k1 is the non-catalytic polymer degradation rate, k′

2 is the autocatalytic
polymer degradation rate, Ad is the ceramic dissolution rate and θ is the power ceramic
dissolution law exponent. The calcium carbonate type used in each case study is
indicated in the legend by the abbreviation found at the end of the case study code.
The meaning of the abbreviations can be found in table 7.2. Grey inset plots correspond
to zoomed-up regions included to avoid amalgamation of results around the origin.

The polymer degradation map shown in figure 7.1a contained two clusters with
the poly(D,L-lactide-co-glycolide) data split between both. Similarly, the ceramic
map shown in figure 7.1b presented four different clusters. Appendix B.3 contains the
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presented CC results in a tabular format, in addition to several composite characteristics
for each analysed case, necessary for the following discussion.

7.5 Discussion of the modelling results for calcium
carbonate composites degradation data

In a similar fashion to chapters 4 and 5, this section presents the analysis and discussion
of the results included in section 7.4 employing the ideas listed in section 4.6.1 on
the ideal model usage. The smaller size of the CC degradation data sample causes a
shorter than usual overview of the results and initial discussion. These considerations
are followed by the characterisation of calcium carbonate dissolution. Also due to
the size of the data sample, the discussion of the in-depth analyses, namely effect of
calcium carbonate addition, sample structure and degradation protocol on composite
degradation behaviour is presented jointly. Lastly, a short summary of the main traits
of the degradation of calcium carbonate biocomposites is included.

7.5.1 Initial discussion

Figure 7.2 includes the CC composites degradation results with the usual presentation
style, employed in the initial overview sections 4.6.2 and 5.5.1, which includes coloured
regions enclosing cases with poly(L-lactide), poly(D,L-lactide) and poly(lactide-co-
glycolide) matrixes.
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Fig. 7.2. Global degradation maps containing results output by the CC composites
degradation model for all the analysed case studies. k1 is the non-catalytic polymer
degradation rate, k′

2 is the autocatalytic polymer degradation rate, Ad is the ceramic
dissolution rate and θ is the power ceramic dissolution law exponent. Coloured ellipses,
for the k1–k′

2 map, or ellipsoids, for the log10k1–log10k ′
2–log10Ad plot, enclose the

majority of the case studies for usual polymeric matrixes. The beige coloured region in
the Ad–θ map represents experimental dissolution data for calcite measured at 25 ◦C
and a constant pH = 3.7 in a 0.7 m KCl solution with different rotating speeds by
Sjöberg and Rickard [199].

The polymer degradation map, included in figure 7.2a, presented a significant
spread for both k1 (s−1), the non-catalytic degradation rate and k′

2 (m3 mol−1 s−1), the
autocatalytic polymer degradation rate, spanning nearly three orders of magnitude,
from 10−11 to 10−8 despite the low number of CC case studies. PLLA showed the
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lowest values of k1 and k′
2, followed by PDLLA and lastly PLGA, matching the typical

behaviour reported by Neuendorf et al. [164] and Middleton and Tipton [151]. All
the CC analysed cases lie in the region surrounding the map diagonal, which pointed
to a coexistence of both types of polymer degradation although some cases showed a
marked non-catalytic behaviour, such as Liu µ-CC ( ) [143] and Liu λ-CC ( ) [143],
both with k1/k′

2 > 3.5, while others showed a marked autocatalytic behaviour such
as Li λ-CC ( ) [134] and Cotton β-CC ( ) [42] both with k1/k′

2 < 0.2. At the low
degradation end, Wakita M µ-CC ( ) [225], a porous poly(L-lactide)–µ-CC composite,
experienced a reduction in Mn of only 7 % after 4 weeks of degradation. Conversely, on
the opposite k1–k′

2 map corner, Ch6 β-CC ( ) [Chapter 6], a dense poly(D,L-lactide-co-
glycolide)(50:50)–β-CC composite, whose pure polymer occurrence reached the critical
Mn in a little over 2 weeks.

The ceramic degradation map, shown in figure 7.2b, presented values of dissolution
rate Ad (mol m−2 s−1) spanning almost four orders of magnitude, from 10−13 to over
10−9. The power dissolution law exponent θ (1) was equal to 2 for all the CC cases in
a similar fashion to the TCP and HA case studies. The data pointed to a relationship
between polymeric matrix, expressed by the marker colours, and the CC dissolution
rate Ad. The beige region represents dissolution data for calcite measured at 25 ◦C
and a constant pH = 3.7 in a 0.7 m KCl solution with different rotating speeds by
Sjöberg and Rickard [199]. The obtained Ad values were significantly lower than those
enclosed by the beige region. A series of detailed analyses, trying to explain these
observations, using all the available information about the different types of employed
calcium carbonate follows in 7.5.2.

Lastly, figure 7.2c includes the 3D degradation space plot for calcium carbonate
biocomposites. Due to the limited number of CC case studies, there was little overlap
between ellipsoids, which encompassed the cases with poly(L-lactide), poly(D,L-lactide)
and poly(lactide-co-glycolide) matrixes, and no region presented a specially high
concentration of data.

7.5.2 Characterisation of calcium carbonate dissolution

Calcium carbonate experiences degradation by dissolution in an aqueous media [157].
CaCO3, a sparingly soluble ceramic, presents low solubility in all its allotropes as
indicated by its solubility products at 37 ◦C of − log10(Ksp) = 8.56 for β-CC [177],
− log10(Ksp) = 8.42 for λ-CC [177] and − log10(Ksp) = 8.02 for µ-CC [177]. There are
a variety of factors, in addition to the abovementioned crystal structure, which affect
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CC dissolution such as crystallinity, environmental pH [177] and media composition
[72]. The collated analyses of calcium carbonate dissolution are presented in figure 7.3.
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Fig. 7.3. Calcium carbonate dissolution rate for all the analysed case studies: influence
of tricalcium phosphate type, influence of polymeric matrix and presence of buffering
effect and influence of particle size. Ad is the ceramic dissolution rate. d0 is the ceramic
representative particle size of the undegraded composite sample. The golden stripe
corresponds to the range of dissolution rates measured by Sjöberg and Rickard for
calcite at 25 ◦C and a constant pH = 3.7 in a 0.7 m KCl solution with different rotating
speeds [199]. The edge colours of the markers indicate the polymeric matrix used in the
case studies following the colour convention used in section 7.4. Black dots represent
case studies with a buffering effect, whereas white dots represent case studies with a
non-buffering effect.
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The influence of CC type is presented in figure 7.3a. The dissolution rate of
the different CaCO3 did not follow the expected behaviour, included in the legend.
µ-CC had the lowest dissolution rate while both λ-CC and β-CC had higher values.
Furthermore all the dissolution rate values were significantly lower than those reported
by Sjöberg and Rickard for calcite [199].

The influence on dissolution rate Ad of polymer matrix and buffering effect is
presented in figure 7.3b while the influence of particle size is included in figure 7.3c.
The presence of buffering effect in all cases with both pure polymer and composite
occurrences added no information. As discussed in chapter 3, polymer degradation
causes an increase in acidity during composite degradation. Having lower dissolution
values than the ones reported by Sjöberg and Rickard for calcite measured at 25 ◦C
and a constant pH = 3.7 in a 0.7 m KCl solution with sample rotation [199] could be
explained by the less harsh environment found in CC composites, without rotation and
with, at least during the initial phase, a higher pH. Furthermore the clear correlation
between particle size and Ad pointed to a heavy influence of the particle size on the
local environment, in a similar fashion to the TCP (section 4.6.3) and HA (section
5.5.2) analyses.

The initial apparent relationship between polymeric matrix and dissolution rate
seen in the global Ad–θ map (figure 7.2b) could be explained by the scarcity of the CC
degradation data as the polymeric matrix–particle size combinations were extremely
limited.

7.5.3 Effect of calcium carbonate addition, sample porosity
and degradation protocol on composite degradation be-
haviour

The different studies of the CC composites degradation results are included in figure
7.4 with their respective analyses in table 7.4.



7.5 Discussion of the modelling results 269

0 1 2 3

k1 (s−1) ×10−9

0

1

2

3

k′ 2
(m

3
m

ol
−

1
s−

1
)

×10−9

Buffering
Non buffering

3.0 4.5 6.0
×10−11

0.0

1.5

3.0
×10−11

(a) Effect of calcium carbonate addition

0 1 2 3

k1 (s−1) ×10−9

0

1

2

3

k′ 2
(m

3
m

ol
−

1
s−

1
)

×10−9

Dense
Non dense

0.0 1.5 3.0 4.5 6.0
×10−11

0.0

1.5

3.0
×10−11

(b) The influence of sample porosity

0 1 2 3

k1 (s−1) ×10−9

0

1

2

3

k′ 2
(m

3
m

ol
−

1
s−

1
)

×10−9

In vitro
In vivo

0.0 1.5 3.0 4.5 6.0
×10−11

0.0

1.5

3.0
×10−11

(c) The influence of in vitro vs. in vivo protocols

Fig. 7.4. Analyses of the CC modelling results: effect of calcium carbonate addition,
influence of sample porosity and influence of in vitro vs. in vivo protocols on composite
degradation for all analysed case studies. k1 is the non-catalytic polymer degradation
rate and k′

2 is the autocatalytic polymer degradation rate. Full markers represent
case studies showing a buffering effect, whereas hollow markers represent case studies
showing a non-buffering effect. Right-hand side filled markers represent dense case
studies, whereas left-hand side filled markers represent non dense case studies. Bottom
side filled markers represent in vitro case studies, whereas top side filled markers
represent in vivo case studies. Grey inset plots correspond to zoomed-up regions
included to avoid amalgamation of results around the origin.

The effect of calcium carbonate addition is shown in figure 7.4a with the analysis
included in the first row of table 7.4. As explained in section 4.6.1, the expected result
of the addition of a ceramic such as CaCO3 is the presence of a buffering effect. The 9
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Case studies k1 (s−1) k′
2

(m3 mol−1 s−1)
Percentage
of cases (%)

Number
of cases

Buffering (4.8 ⋇ 6.1) × 10−10 (6.0 ⋇ 9.5) × 10−10 100 9
Dense (9.3 ⋇ 4.3) × 10−10 (1.8 ⋇ 2.3) × 10−9 64 7

Non-dense (4.4 ⋇ 2.3) × 10−11 (2.2 ⋇ 2.5) × 10−11 36 4
In vitro (3.1 ⋇ 7.1) × 10−10 (3.6 ⋇ 10.5) × 10−10 100 11

Table 7.4. Analysis of calcium carbonate addition effect, influence of sample porosity
and influence of in vitro vs. in vivo protocols on composite degradation for all the
analysed calcium carbonate case studies. k1 is the non-catalytic polymer degradation
rate and k′

2 is the autocatalytic polymer degradation rate, with both reported as
geometric mean ⋇ geometric standard deviation.

analysed CC case studies showed the predicted buffering effect, pointing to a extremely
good capture of the CC composites degradation behaviour by the computational model.

The extent of the buffering effect, understood as the decrease of the molecular
weight reduction rate in the composite occurrences when compared to the pure polymer
data, varied significantly. Liu λ-CC ( ) [143] and Liu µ-CC ( ) [143] displayed an
extremely low buffering effect while Agrawal β-TCP ( ) [2] and Ara β-CC ( ) [11]
presented a mild one.

Some other cases with a PLGA matrix displayed a high buffering effect such as
Ch6 β-CC ( ) [Chapter 6] or Tsunoda β-CC ( ) [214] and Tsunoda λ-CC ( ) [214],
in which there was a 10 weeks delay in the time needed to reach the critical molecular
weight Mn crit. In the two cases with the highest autocatalytic behaviour, Li λ-CC ( )
[139] and Cotton β-CC ( ) [42], the addition of calcium carbonate caused a extremely
high buffering effect delaying the time to reach the critical molecular weight, Mn crit,
in more than 28 and 22 weeks respectively.

The influence of sample porosity on CC degradation behaviour is shown in figure
7.4b with the analysis reported in the second row of table 7.4. Although initially the
results seemed to agree with the length LH+–buffer hypothesis, explained in section 4.6.5,
they were heavily influenced by the types of polymeric matrix, as only poly(L-lactide)
cases presented a porous structure.

Lastly, the influence of degradation protocol is presented in figure 7.4c with the
respective analysis in the third row of table 7.4. As all the data had in vitro degradation
no useful information emerged from this analysis.
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7.6 Conclusions for the calcium carbonate compos-
ites analysis

This chapter discussed the analysis of calcium carbonate composites degradation data
harvested from literature using the CC composites degradation model presented in
section 3.2.3. Following the usual structure, all the necessary degradation data and the
calcium carbonate specific parameters were reported. Then, the simulations results in
addition to analyses looking at the calcium carbonate dissolution, effect of CC addition
and the influences of sample porosity and in vitro vs. in vivo degradation protocols
were presented.

The analysis of the calcium carbonate dissolution showed a dually unexpected
behaviour, with increasing dissolution rate values for CaCO3 types with expected
decreasing values and values lower than those measured by Sjöberg and Rickard [199]
for calcite at 25 ◦C and a constant pH = 3.7 in a 0.7 m KCl solution with different
rotating speeds [199]. These discrepancies were accounted for by the existence of a
milder environment in composites, caused by the degradation of the polymeric matrix,
that the one in the reference data [199] and by the influence of the particle size on said
environment in a similar fashion to the TCP and HA analyses.

The analysis of the effect of calcium carbonate addition on composite degradation
provided several insights. A 100 % of the 9 analysed CC cases presented a buffering
effect as predicted by the model, pointing to a better representation of the sparingly
soluble calcium filler whose allotropes had higher solubility product Ksp values. The
computational model highlighted the wide range of degradation constants and buffering
effects that could be achieved by different combinations of polymeric matrix and
calcium carbonate with a relatively low number of case studies.

Sadly, the analyses of the influences of porosity and in vitro vs. in vivo degradation
protocols did not provide any useful insights due to the scarcity of CC composites data.

7.7 Detailed analysis of chapter 6 experimental data
The outcome of the usual analysis of chapter 6 experimental data is included in section
7.4. Although this analysis provided a significant amount of information, the nature of
the data allowed a more detailed analysis of the degradation behaviour of the calcium
carbonate bionanocomposites. This detailed analysis of the data is presented in this
section. Firstly, the method of analysis is briefly described with emphasis in the
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differences with the original method. Secondly, the necessary additional data employed
in this detailed analysis is presented. And lastly, the results and discussion are included.

This detailed analysis was more complex and time consuming than the original
approach. In addition, it required a significant amount of extra information. These
reasons precluded the use of this method with all the harvested degradation data.
The characteristics of the biocomposites presented in chapter 6, in addition to their
extensive characterisation, made them a good candidate for trying this extended
method. The matrix, previously used by other CCMM members, was a commercially
available polymer which ensured consistency and reproducibility and the commercial
available ceramic had a really narrow particle size distribution.

7.7.1 Method of analysis for the detailed analysis

Figure 7.5 shows an schematic of the detailed analysis data fitting process. Said process,
divided in three different stages, aims to find the best set of values for the degradation
constants k1, k′

2, Ad and θ similarly to the usual analysis process.
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Fig. 7.5. Flow chart depicting the detailed analysis data fitting process.

The expression used to characterise the polymer degradation, dRs

dt
= k1Ce +

k′
2CeCH+ , employed two polymer degradation constants: a non-catalytic one, k1,

and an autocatalytic one, k′
2. Examining the expression, it is apparent that the

autocatalytic degradation rate only plays a relevant role in polymer degradation when
the concentration of hydrogen ions, CH+ , is significant. Thus, it is hypothesised that the
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analysis of polymer degradation data, in which the distance travelled by the hydrogen
ions to diffuse out into the degradation media is small enough to ensure no H+ build
up, would yield information solely about the non-catalytic degradation rate k1.

1. The first stage, shown in a blue shade, dealt with the “Non-catalytic pure polymer
data analysis” using polymer degradation data from nanoparticles in order to
find the value of the non-catalytic polymer degradation constant k1.

2. The second stage, in a green shade, dealt with the “Autocatalytic pure polymer
data analysis” using the case study own pure polymer degradation data and the
previously found k1 value in order to find the value of the autocatalytic polymer
degradation constant k′

2.

3. In the third and last stage, in a red shade and labelled “Composite data analysis”,
the usual procedure was followed to find the values of the values of the ceramic
dissolution rate Ad and exponent θ using the previously found values of k1 and
k′

2.

7.7.2 Necessary data for the detailed analysis

The polymer nanoparticles degradation data, employed in the detailed analysis in order
to find the value of the non-catalytic polymer degradation rate k1, are presented here.
Fu et al. observed the presence of an acidic environment within poly(D,L-lactide-co-
glycolide)(50:50) microspheres during degradation, with the smallest analysed particles
of 14 µm presenting a significantly less acidic centre than bigger particles [74], pointing
to the necessity of including nanoparticles with a size of less than 14 µm in the data for
the non-catalytic pure polymer analysis. Table 7.5 summarises the main characteristics
of the poly(D,L-lactide-co-glycolide)(50:50) nanoparticles degradation data harvested
from diverse sources in literature, in addition to their corresponding k1 values obtained
in the non-catalytic pure polymer analysis.

7.7.3 Results and discussion from the detailed analysis

The results from the detailed analysis and the subsequent discussion are presented
below. Figure 7.6 shows a comparison between Ch6 β-CC [Chapter 6] results from the
detailed and typical analyses. In addition, another three comparisons are also included
for case studies with the same poly(D,L-lactide-co-glycolide)(50:50) matrix employed
in Ch6 β-CC. For all these case studies, a value for the non-catalytic degradation rate
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End-
group Manufacturer Mn0

(kDa)
Degradation

Data
dp

(nm) k1 (s−1)
Case Code

and
Reference

Unknown
Boehringer
Ingelheim,
Germany

21.25 Mw%(t) 18000 2.8 × 10−9 Blanco 98 [27]

Unknown Sigma Aldrich 24.20 Mn(t) 900 4.8 × 10−9 Blanco 06 [28]

Ester
capped

Resomer RG504,
Boehringer
Ingelheim;
Germany

26.20 Mp(t) 530 1.2 × 10−9 Dunne [60]

Ester
capped

Resomer RG502,
Boehringer
Ingelheim;
Germany

6.72 Mw%(t) 76 4.7 × 10−10 Musyanovych
[158]

Unknown Birmingham
Polymers, USA 113.13 Mw(t) 110 2.9 × 10−10 Panyam

0.1 µm [170]

Unknown Birmingham
Polymers, USA 113.13 Mw(t) 1100 1.1 × 10−10 Panyam 1 µm

[170]

Uncapped Purac, The
Netherlands 25.70 Mn(t) 300 1.9 × 10−9 Samadi

COOH [188]

Lauryl
capped

Purac, The
Netherlands 25.90 Mn(t) 320 1.0 × 10−9 Samadi

Capped [188]

Table 7.5. Summary of data found in literature on degradation of poly(D,L-lactide-
co-glycolide)(50:50) nanoparticles and obtained values of the non-catalytic polymer
degradation constant k1. Mn0 is the sample initial number-average molecular weight,
dP is the representative particle size of the pure polymer particles and k1 is the non-
catalytic polymer degradation rate. Further abbreviations employed in columns labelled
“Data” can be found in section 3.5.2. A dashed line between rows indicates that data
displayed in those consecutive rows belong to the same researcher or research group. A
solid line between rows indicates no known author relationship for the data.

k1 = 1.1 × 10−9 s−1 was employed. This value was chosen from the non-catalytic pure
polymer analysis reported in table 7.5, as the most similar case studies in terms of
end-group and degradation protocol presented k1 values in the (1.0. . . 1.2) × 10−9 s−1

range.
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Fig. 7.6. Results output by the CC and TCP composites degradation model for
several case studies using the detailed analysis method. k1 is the non-catalytic polymer
degradation rate, k′

2 is the autocatalytic polymer degradation rate, Ad is the ceramic
dissolution rate and θ is the power ceramic dissolution law exponent. β-CC is calcite or
beta-calcium carbonate with high crystallinity and α-TCP is highly crystalline alpha
tricalcium phosphate. DA stands for “Detailed Analysis”.

The polymer degradation map, included in figure 7.6a, showed a better capture of
the influence of sample thickness using the detailed analysis. Having a fixed k1 value,
the relationship between the obtained k′

2 values and the sample thickness became more
obvious. Barrett α-TCP DA ( ) [19, 18], with a thickness of 900 µm had the lowest k′

2

value, followed by Yang Z. 5050 mC α-TCP DA ( ) [244, 245] and Bennett nC α-TCP
DA ( ) [24], both with a thickness of 1 mm and lastly, Ch6 β-CC DA ( ) [Chapter 6]
with the highest k′

2 value and a thickness of 2 mm. Likewise, the similarities amongst
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case studies became even more apparent using the detailed analysis instead of the usual
one. Figure 7.6b contains the ceramic degradation map, which showed a slight shift in
the values of ceramic dissolution rate Ad for the detailed analysis, as a result of the
change in k1/k′

2 ratio to lower values, indicating that samples had a more autocatalytic
behaviour than previously thought. Lastly, the 3D representation of the results is
presented in figure 7.6c showing the differences between both methods of analysis. The
use of the detailed method produced fittings as good as the ones generated with the
usual method.

In summary, the use of the detailed analysis method provided a more accurate
characterisation of the composite degradation behaviour, being able to capture more
precisely the influence of sample porosity and the similarities amongst case studies.
These features pointed to an improvement in model performance with the use of the
detailed analysis method advancing towards a predictive model but with a significant
extra cost. As a consequence, the use of this detailed method may be indicated solely
for a subset of composites with specific characteristics of interest.

7.8 General composite degradation data conclusions
Chapter 4, 5 and the present chapter reported the analysis of the degradation of calcium
based biocomposites containing three different ceramic fillers: tricalcium phosphate,
hydroxyapatite and calcium carbonate. For these three ceramics, quantitative degrada-
tion data were harvested and then, analysed with the computational models derived
from the general modelling framework presented in chapter 3. Several analyses were
carried out for all the degradation data. These analyses included ceramic dissolution,
effect of ceramic addition on composite dissolution, influence of sample porosity and
influence of degradation protocol.

The analysis of the ceramic dissolution showed a behaviour consistent with ceramic
dissolution in highly acidic environments, with dissolution rates higher than those
measured in free drift experiments for highly crystalline samples and lower than those
measured in extremely low pH, high molar concentration and with rotation of the
ceramic sample, indicating the necessity of using a tailored dissolution protocol to
ensure the validity of the obtained information about ceramic dissolution when said
information is intended for use in the ceramic-specific computational models.

In addition, the ceramic dissolution analysis pointed to the important influence of
both the acidic environment caused by the polymeric matrix and the ceramic particle
size on ceramic dissolution rate. The strong particle size dependence of the obtained Ad
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values, despite the use of surface adimensionalisation resulting in units of mol m−2 s−1,
with bigger particle reporting higher Ad values, or in other words, with smaller particles
being more efficient, could be partially explained by the influence of particle size on the
definition of the environment surrounding said particle during composite degradation
as explained in section 3.3, but could also point to small particles having less effective
surface area available than considered by the model resulting in artificially low Ad

values, i.e. the representative particle size found in real composites is bigger than the
value reported by the ceramic characterisation processes.

The analysis of the effect of ceramic addition on composite degradation was ex-
tremely fruitful. The analysed case studies displayed a wide variety of behaviours that
were categorised into two different types: case studies presenting a buffering effect, as
predicted by the modelling framework, and case studies presenting a non-buffering
effect. Overall, 76 % of the 107 cases showed a buffering effect suggesting a good capture
of the degradation behaviour of biocomposites by the general modelling framework.
By calcium-based filler, the presence of a buffering effect was noticed in a 63 % of
the 57 HA cases, a 88 % of the 41 TCP cases and a 100 % of the 9 CC cases. The
differences amongst calcium-based fillers pointed to the presence of less deviation from
the expected behaviour with higher ceramic solubilities, expressed as solubility product
Ksp.

For case studies with a buffering effect, the ceramic-specific computational models
emphasised the diversity present in the degradation behaviours of the different studied
combinations of polymeric matrix and calcium-based ceramic filler. Those differences
were represented by the wide range of degradation constants and the extent of the
buffering effects. The analysis revealed the existence of dissimilar behaviours, that
could not be accounted for by the expected k′

2 variations, for a priori, similar case
studies such as two case studies sharing nominally the same matrix and filler. This
behaviour dissimilarity suggested the need for a more comprehensive characterisation
of both the employed calcium-based filler and polymeric matrix in order to identify
the factors responsible for these variations. Conversely, the model highlighted the
similarities in degradation behaviour for data coming from the same research group
as seen in the clustering displayed by those cases. The use of the detailed analysis
method showed an even better capture of the similarities amongst case studies and the
relationship between sample thickness and k′

2 values, although at a significant extra
cost.

For case studies with a non-buffering effect, the analysis done with the ceramic-
specific computational models helped identifying potential causes for those behaviours.
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In most of the cases, the causes concerned violations of the computational models
in-built assumptions. Amongst them, the most common cause was the absence of
sufficient water to guarantee water-independent polymer hydrolysis. Other causes were
poor composite sample structural integrity and the existence of considerable differences
between pure polymer and composite samples.

The analysis of the influence of porosity on the degradation behaviour of biocom-
posites provided an ambiguous picture. A significant portion of the data supported the
initial hypothesis of higher degradation rate for samples with a higher characteristic
diffusional length LH+–buffer, such as dense samples, while the remaining data did not
support it, suggesting a greater importance, in some cases, of factors intrinsically
linked to sample structure, such as water penetration and mechanical integrity, on the
degradation behaviour.

Lastly, the analysis of the influence of in vitro vs. in vivo protocols on the
biocomposites degradation did not provide a general trend but revealed interesting
insights concerning the effect of protocol differences for particular polymer-ceramic
combinations.



Chapter 8

Conclusions and future work

In this final chapter, the main conclusions stemming from this research are presented,
followed by a series of suggestions for future work.

8.1 Conclusions
The principal conclusions drawn from the work presented in this thesis are listed below:

• As understanding of composite degradation is paramount and time consuming,
the use of already published data became necessary and the employment of a
computational tool for its analysis seemed to present significant advantages.

• The most thorough and up-to-date compilation of quantitative degradation data
from biocomposites containing tricalcium phosphate, hydroxyapatite and calcium
carbonate was generated. The compiled 131 case studies represented over 60
nominally different polymer-ceramic combinations.

• A general modelling framework for the degradation of bioresorbable composites
with calcium-based fillers, which used mathematical expression to characterise
the interwoven degradation phenomena, was developed from a generalisation
of the degradation model for composites made of biodegradable polyesters and
tricalcium phosphates proposed by Pan et al. [169, 168].

• Three ceramic-specific models were generated through the particularisation of the
general modelling framework for three different calcium-based fillers, namely tri-
calcium phosphate (TCP), hydroxyapatite (HA) and calcium carbonate (CC). Im-
plementations of the three ceramic-specific models were programmed in C++ and
Python.
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• The ceramic-specific models were employed to analyse the 131 different case
studies and evaluate the ceramic dissolution, the effect of the ceramic addition
on composite degradation, the influence of sample porosity on degradation and
lastly, the influence of in vitro vs. in vivo protocols on degradation.

• The computational models predicted a decrease in molecular weight reduction
rate for composites with the addition of a sparingly soluble ceramic filler, which
in this work was termed presence of “a buffering effect”, found in 76 % of the 107
analysed case studies: 88 % of the 41 TCP cases, 63 % of the 57 HA cases and
a totality of the 9 CC cases which suggested less deviation from the expected
behaviour for ceramics with higher solubility product Ksp.

• The analysis of composite degradation data highlighted the wide range of both
degradation constants and buffering effect extents that could be achieved by differ-
ent combinations of polymeric matrix and tricalcium phosphate, hydroxyapatite
or calcium carbonate, resulting in a plethora of degradation behaviours. Further-
more, the existence of discrepancies in degradation behaviour between a priori
similar bioresorbable composites became apparent, highlighting the high number
of hidden factors affecting composite degradation such as polymer tacticity or
ceramic impurities.

• The analysis of the case studies which displayed a buffering effect showed that
the three types of biocomposites, namely TCP, HA and CC shared the same
degradation mechanisms and that those were captured by the modelling frame-
work. In general terms, the extent of the buffering effect was dependent on the
filler with CC giving the most pronounced buffering effect, followed by TCP and
lastly, HA. Additionally, the analysis also showed that practically all the cases
presented a combination of both non-catalytic and autocatalytic degradation.

• Several causes were identified in the analysis of cases with a non-buffering effect,
such as limited water content during composite degradation, poor composite
sample structural integrity and presence of significant differences between pure
polymer and composite samples.

• The analysis of ceramic dissolution showed dissolution values which pointed to
a significant influence of both polymeric matrix, acting as a source of acidity,
and ceramic particle size on the definition of the environment surrounding a
ceramic particle during composite degradation. Additionally, it suggested the
advisability of further research on the characterisation of ceramic particle sizes
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within composites and the use of a more complete set up for the experimental
study of dissolution when ceramics fillers are analysed outside composites.

• The porosity analysis showed, in a majority of the cases, an agreement with
the initial hypothesis of a direct relation between degradation and characteristic
diffusional length LH+–buffer. The degradation protocols analysis did not provide
a clear general picture.

• PLGA and three PLGA–β-CaCO3 composites were fabricated with regular
uniform nano-sized β-CaCO3 particles employing two different sizes and ceramic
weight fractions. The in vitro degradation of all the samples was found to proceed
by heterogeneous bulk degradation and the addition of β-CaCO3 resulted in
a marked buffering effect proportional to the ceramic surface area per unit of
polymer volume, in line with the model predictions.

8.2 Future work
After the presentation of the main conclusions, the following recommendations, that
could serve as a guide for future work, are included. These recommendations are
divided into two different categories.

The first group of suggestions includes a series of improvements for the modelling
framework and the derived ceramic-specific models presented in chapter 3 including
improvements for both the model and the composite data processing, which are listed
below:

• Addition of a water concentration factor to the polymer scission rate equation:
the modelling framework assumes an excess of water during polymer scission.
However, some of the analysed case studies showed water-controlled composite
degradation, thus their behaviour was not well captured by the ceramic-specific
models. The addition of the water concentration CH2O (mol m−3) to both the
non-catalytic and the autocatalytic parts of the polymer scission rate equation
could improve the performance when dealing with case studies with water-limited
degradation.

• Adaptation of the modelling framework for polymers with high degree of crys-
tallinity: the modelling framework does not consider the presence of crystalline
phase in the polymeric matrix and therefore, failed to characterise cases with a
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high degree of crystallinity, a significant increase of crystallinity during degra-
dation or different crystallinity values for pure polymer and composite samples.
This misrepresentation happened due to the difference in polymer degradation
rate between amorphous and crystalline phases [213, 212]. As biodegradable
polyesters usually present certain degree of crystallinity [216], including mod-
ifications to deal with the crystalline phase would result in an increase in the
versatility of the models. The needed modifications could follow, for example, the
theory proposed by Han and Pan [91, 94, 168] or the simplified version proposed
by Gleadall et al. [78].

• Inclusion of a characterisation of the transport mechanisms for the different
species present during composite degradation: the modelling framework assumes
negligible diffusion out of the composite sample and sufficient diffusion within
the unit cell of both polymer degradation products such as monomers, oligomers
and hydrogen ions, and ceramic dissolution products such as calcium ions and
specific ceramic anions. Including the possibility for these degradation products
of experiencing controlled diffusion within the composite, and particularly, out of
the composite sample would dramatically improve the characterisation of similar
biocomposites with different shapes and porosities providing a true value for the
autocatalytic polymer degradation rate k′

2. A starting point for the inclusion
of the diffusion of polymer degradation products could be the model initially
proposed by Wang et al. [232] and modified by Pan [168]. Further analysis would
be necessary to include the transport mechanisms of the ceramic dissolution
products.

• As a simpler alternative to the inclusion of the polymer degradation products
diffusion mechanisms, a database with all the obtained k′

2 values for similar
biocomposites with different sample shape or porosity could be built and anal-
ysed using a mathematical expression that related the measured values of the
autocatalytic polymer degradation rate k′

2 to the real value with a factor fshape,
function of the characteristic diffusional length LH+–buffer.

• Use of a pH dependent law to characterise ceramic dissolution: the modelling
framework uses a power law to characterise ceramic dissolution with constant
Ad and θ values. During composite degradation, the pH of the environment
surrounding the ceramic particle changed with degradation time and thus, the
use of pH dependent ceramic dissolution rate Ad and exponent θ would result in
a more accurate description of the ceramic dissolution behaviour.
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• Addition of a non-stoichiometry factor to the ceramic dissolution rate equation:
the modelling framework assumes stoichiometric ceramic dissolution but the in-
house hydroxyapatite dissolution studies showed a non-stoichiometric dissolution
behaviour [163]. Including a factor knon-stoi, representing the ratio of dissolved
ceramic anions to calcium cations, would allow a more realistic characterisation
of case studies with non-stoichiometric ceramic dissolution.

• Development of a 3D version of the model that could be added to the modelling
environment COMSOL Multiphysics enabling the study of real 3D degradation
data obtained with micro X-ray computed tomography and handled with Sim-
pleware for geometries of particular interest such as plates or pins using the
approach employed by Shine et al. for polymeric scaffolds [196].

• Development of a kinetic Monte Carlo based model to characterised polymer
hydrolysis and ceramic dissolution coupled with finite differences for diffusion,
which would enable a better understanding of the initial polymer molecular weight
distribution and ceramic particle size distribution as well as their evolutions over
time. The model could follow the approach employed by Han and Pan for
biodegradable polymers [90, 92].

• Addition of the effect of polymer end-group: the initial concentration of hydrogen
ions was computed assuming that all the polymer chains ended in free carboxylic
acids which could be ionised. A more accurate characterisation could be achieved
by considering the polymer end-group and its ionising capability, if any.

• Generation of a database of values of the non-catalytic polymer degradation
rate k1 extracted from nanoparticles degradation data from different polymeric
matrixes. Such database would facilitate the use of the detailed analysis method.

• Generation of a database of scission types experienced by the different polymeric
matrixes: the modelling framework can accommodate different scission types
by changing α (1) and β (1), the empirical parameters used to characterise the
polymer scission type and subsequent production of short chains by chain scission.
Such database would ensure the use of the correct scission type with each polymer
improving the characterisation of the composite degradation behaviour.

• Study of the values of representative particle size within composite samples: a
study relating the value of representative particle size within a composite and the
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value of representative particle size within the ceramic phase before composite
making would result in an improvement of ceramic characterisation.

• Selection of a particular subset of the analysed degradation data with potentially
interesting clinical application for in-depth analysis of that particular polymer
and ceramic in terms of polymer scission type, non-catalytic polymer degradation,
water diffusion, ceramic dissolution under several pH values, etc., which would
facilitate the development of a predictive model.

The second group of recommendations contains completely different approaches
that could be used with the significant amount of harvested composite degradation
data.

• Development of a neural network for classification/prediction of the composite
degradation behaviour and study of the relevance of each composite parameter
extracted during the data harvest in the displayed composite degradation.

• Development of a model with a binary yes/no outcome stating the suitability for
a specific clinical application of a given particular bioresorbable composite.

In summary, this thesis has presented a modelling framework for the degradation
of bioresorbable composites, enabling a global approach for the analysis of data with
different calcium-based ceramics, resulting in an up-to-date picture of the current under-
standing of biocomposite degradation which could be used for a better implant design
or as a stepping-stone towards a predictive model for customisation of biocomposite
implants in clinical use.
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Appendix A

A.1 Carbonated hydroxyapatite (CHA)
For carbonated hydroxyapatite (CHA), with the formula: Ca10(PO4)6(CO3)x(OH)2-2x,
a fraction of x = 0.4 was chosen to accommodate the reduction in carbonate content
experienced during heat treatment by bone, which usually has CO3 = (4 . . . 6) %. The
chosen value, x = 0.4, represents a CO3 ≈ 2.4 % and a CO2 ≈ 1.7 %, with the latter
value needed to calculate the Ksp value according to Ito et al. [117].

The CHA molar mass can be expressed as a function of pure hydroxyapatite molar
mass, MHA, and the carbonate content, x, as:

MCHA = 10MCa + 6(MP + 4MO) + x(MC + 3MO) + (2 − 2x)(MH + MO)
= MHA + x(MO + MC − 2MH)
= 1004.6162 + x(25.994)
= 1004.6162 + 0.4(25.994)
= 1015.010 g mol−1 (A.1)

A.2 Solubility product (Ksp) and equilibrium cal-
cium concentration ([Ca2+]eq)

The general equilibrium equation for the dissolution of a sparingly soluble ionic
compound MXν is given by the following expression from [14]:

MXν(s) ⇌ Mν+(aq) + νX-(aq) (A.2)
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The solubility product (Ksp) can be defined as:

Ksp = [M+][X−]ν (A.3)

with [M+], the concentration of M+ ions in water and [X−], the concentration of X-

ions in water.
A generalised version can be expressed as:

Ksp =
n∏

i=1
Cmi

i |eq (A.4)

with Ci|eq the concentration of constituents ions at equilibrium and mi, their respective
coefficients in the ionic compound.

A.2.1 Tricalcium phosphate (TCP)

Tricalcium phosphate (TCP), whose chemical formula is Ca3(PO4)2, has the following
dissolution reaction:

Ca3(PO4)2 (s) 37 ◦C−−−⇀↽−−− 3Ca2+(aq) + 2(PO3−
4 )(aq) (A.5)

Assuming stoichiometric dissolution: [PO3−
4 ]eq = 2

3 [Ca2+]eq and the solubility
product can be expressed as:

Ksp = ([Ca2+]eq)3([PO3−
4 ]eq)2

= ([Ca2+]eq)3
(

2
3

)2

([Ca2+]eq)2

= 4
9([Ca2+]eq)5 (mol5 dm−15) (A.6)

Thus, the equilibrium calcium concentration is:

[Ca2+]eq =
(

9
4Ksp

) 1
5

=
(

9
410−(− log10 Ksp)

) 1
5

(mol dm−3) (A.7)
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A.2.2 Pure hydroxyapatite (HAp)

Pure hydroxyapatite, whose chemical formula is Ca10(PO4)6(OH)2, has the following
dissolution reaction:

Ca10(PO4)6(OH)2 (s) 37 ◦C−−−⇀↽−−− 10Ca2+(aq) + 6(PO3−
4 )(aq) + 2(OH−)(aq) (A.8)

Assuming stoichiometric dissolution: [PO3−
4 ]eq = 3

5 [Ca2+]eq and [OH−]eq = 1
5 [Ca2+]eq,

and Ksp can be expressed as:

Ksp = ([Ca2+]eq)10([PO3−
4 ]eq)6([OH−]eq)2

= ([Ca2+]eq)10
(

3
5

)6

([Ca2+]eq)6
(

1
5

)2

([Ca2+]eq)2

= 36

58 ([Ca2+]eq)18 (mol18 dm−54) (A.9)

Thus, the equilibrium calcium concentration is:

[Ca2+]eq =
(

58

36 Ksp

) 1
18

=
(

58

36 10−(− log10 Ksp)
) 1

18

(mol dm−3) (A.10)

A.2.3 Carbonated hydroxyapatite (CHA)

Carbonated hydroxyapatite (CHA), with the formula: Ca10(PO4)6(CO3)x(OH)2-2x with
x = 0.4, has the following dissolution reaction:

Ca10(PO4)6(CO3)x(OH)2-2x (s) 37 ◦C−−−⇀↽−−−10Ca2+(aq) + 6(PO3−
4 )(aq)

+ 0.4(CO2−
3 )(aq) + 1.2(OH−)(aq) (A.11)

Assuming stoichiometric dissolution: [PO3−
4 ]eq = 3

5 [Ca2+]eq, [CO2−
3 ]eq = x

10 [Ca2+]eq

and [OH−]eq = 1−x
5 [Ca2+]eq, and Ksp can be expressed as:

Ksp = ([Ca2+]eq)10([PO3−
4 ]eq)6([CO2−

3 ]eq)x([OH−]eq)(2−2x)

= ([Ca2+]eq)10
(

3
5

)6

([Ca2+]eq)6
(

x
5

)x

([Ca2+]eq)x
(

1 − x
5

)(2−2x)

([Ca2+]eq)(2−2x)

= 36(2.5x)x(1 − x)(2−2x)

58 ([Ca2+]eq)(18−x) (mol18−x dm−(54−1.2 x)) (A.12)
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Thus, the equilibrium calcium concentration is:

[Ca2+]eq =
(

58

36(2.5x)x(1 − x)(2−2x) Ksp

) 1
18−x

=
(

58

36(2.5x)x(1 − x)(2−2x) 10−(− log10 Ksp)
) 1

18−x

=
(

58

3610.40.61.2 10−(− log10 Ksp)
) 1

17.6

(mol dm−3) (A.13)

A.2.4 Calcium carbonate (CC)

Calcium carbonate, whose chemical formula is CaCO3, has the following dissolution
reaction:

CaCO3 (s) 37 ◦C−−−⇀↽−−− Ca2+(aq) + (CO2−
3 )(aq) (A.14)

Assuming stoichiometric dissolution: [Ca2+]eq = [CO2−
3 ]eq, and Ksp can be expressed

as:

Ksp = [Ca2+]eq[CO2−
3 ]eq

= ([Ca2+]eq)2 (mol2 dm−6) (A.15)

Thus, the equilibrium calcium concentration is:

[Ca2+]eq = (Ksp) 1
2

=
(

10−(− log10 Ksp)
) 1

2

(mol dm−3) (A.16)

A.3 Polymer dissociation constant (pKa) for copoly-
mers and blends

The dissociation constant Ka of a copolymer or polymer blend can be computed using
the Ka values of their individual components, usually reported in literature, as shown
for a two-components case:

Ka1 = [H+][R1-COO−]
[R1-COOH] (A.17)
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Ka2 = [H+][R2-COO−]
[R2-COOH] (A.18)

The overall Ka value can be expressed as:

Ka = [H+][R-COO−]
[R-COOH] = [H+] ([R1-COO−] + [R2-COO−])

[R1-COOH] + [R2-COOH] (A.19)

Assuming random polymerisation, the possibility of finding a specific monomer at
the end of a chain is equal to the molar fraction of said monomer:

[R1-COOH] + [R1-COO−] = α1

α2
([R2-COOH] + [R2-COO−]) (A.20)

As the ratio of undissociated to dissociated chains is large, the relationship can be
approximated as:

[R1-COOH] = α1

α2
[R2-COOH] (A.21)

Given the following expression for the overall Ka value:

Ka = [H+][R-COO−]
[R-COOH] = [H+][R1-COO−] + [H+][R2-COO−]

[R1-COOH] + [R2-COOH]

= Ka1[R1-COOH] + Ka2[R2-COO−]
[R1-COOH] + [R2-COOH]

=
Ka1[R1-COOH] + Ka2

α2
α1

[R1-COOH]
[R1-COOH] + α2

α1
[R1-COOH]

=
Ka1 + Ka2

α2
α1

1 + α2
α1

= Ka1α1 + Ka2α2

α1 + α2
= α1Ka1 + α2Ka2 (A.22)

Resulting in a dissociation constant value for a copolymer or polymer blend of
pKa = − log10(α1Ka1 +α2Ka2) with α1 and α2, the molar ratios of the two components
of the copolymer or blend and Ka1 and Ka2, their corresponding values of dissociation
constant.

A.4 Initial degree of pseudo-polymerisation
Ndp0 (Da Da−1), the initial degree of pseudo-polymerisation, can be expressed as a
function of Munit, the molar mass associated to one ester bond (Da) and Mn0, the
number-average molecular weight at the time origin (Da); or Ce0, the concentration
of ester bonds in long chains at the time origin in the polymer phase (mol m−3) and
Cchain0, the initial concentration of long polymer chains in the polymer phase (mol m−3)
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using Ce0 = ρpol
Munit

and Cchain0 = ρpol
Mn0

with ρpol, the polymer density (kg m−3):

Cchain0

Ce0
= Initial number of chains

Initial number of ester bonds =
ρpol
Mn0
ρpol

Munit

= Munit

Mn0
= N−1

dp0 (A.23)

A.5 Sauter Mean diameter
Assuming spherical particles, the diameter which characterises the distribution in terms
of volume and surface area, deq, would satisfy:

Overall volume of particles
Overall surface of particles =

∑N
i=1 Vi∑N
i=1 Ai

=
∑N

i=1
π
6 d3

i∑N
i=1 πd2

i

=
N π

6 d3
eq

Nπd2
eq

= deq

6 (m) (A.24)

being Vi (m3), Ai (m2) and di (m), the volume, surface area and diameter of the i-th
particle respectively.

The Sauter Mean diameter, (SMD or D[3, 2] or d32), is defined as:

SMD = D[3, 2] = d32 = d3
v

d2
s

= Nd3
v

Nd2
s

==
∑N

i=1 d3
i∑N

i=1 d2
i

= 6
∑N

i=1
π
6 d3

i∑N
i=1 πd2

i

= 6
∑N

i=1 Vi∑N
i=1 Ai

(m) (A.25)

with dv (m), the volume equivalent particle diameter and ds (m), the surface equivalent
particle diameter.

Thus, deq = SMD = D[3, 2] = d32.

A.6 Geometric mean and geometric standard devi-
ation

The geometric mean of a set of numbers {x1, x2, . . . , xN} can be defined as:

µg =
( N∏

i=1
xi

) 1
N

= N
√

x1x2 . . . xN (A.26)
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And the geometric standard deviation, more appropriately called geometric SD
factor [126], can be calculated as:

σg = exp

√√√√√∑N

i=1

(
ln xi

µg

)2

N − 1

 (A.27)

With {x1, x2, . . . , xN} characterised by (µg ⋇ σg)

A.7 Characterisation of poly(ethylene:hexamethylene/
sebacate)

Figure A.1 includes the different repeating units of the poly(ethylene:hexamethylene/sebacate)
block [115]. The copolymer had an estimated 50 mol % sebacic acid, a 25 mol % ethylene
glycol and a 25 mol % hexamethylene glycol [62].

Ethylene

O (CH2)2

 
m

Hexamethylene

O (CH2)6

 
n

Sebacate

O C

O

(CH2)8 C

O



o

Fig. A.1. Structure of the repeating units of poly(ethylene:hexamethylene/sebacate)
block copolymer, taken from [115].

A random copolymerisation yields, on average, 1.75 ester bonds available per
repeating unit, resulting in a Munit value of:

Munit = Molar mass of the average repeating unit
Number of ester bonds per repeating unit

= 0.5Msebacic acid + 0.25Methylene + 0.25Mhexamethylene

1.75
= 146.481 Da (A.28)

with Msebacic acid, Methylene and Mhexamethylene, the molar masses of the different monomer
repeating units.

Table A.1 includes the values of the polymer-specific parameters for poly(ethylene:
hexamethylene/sebacate) block copolymer.
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Property Value Reference

Munit 146.481 Da See above
pKa at 25 ◦C 4.59 [203]
ρpol 1085 kg m−3 [190]

Table A.1. Polymer-specific parameters for poly(ethylene:hexamethylene/sebacate)
block copolymer. Munit is the average molar mass associated to one ester bond, pKa
is the negative base 10 logarithm of the sebacate segment acid dissociation constant
at 25 ◦C and ρpol is the polymer density reported as midpoint of the typical density
interval.



Appendix B

This appendix contains information of all the analysed case studies in tabular format.
Presented divided by ceramic filler and subdivided by polymeric matrix, each case
study occupies a row containing the values of the four composite degradation constants
(k1, k′

2, Ad and θ), in addition to several relevant characteristics. These characteristics
are split into three different groups: polymer characteristics, such as polymer type
and manufacturer; ceramic characteristics, such as ceramic type and manufacturer;
and general sample characteristics, such as structure and morphology, fabrication
method and degradation protocol. The TCP case studies can be found in appendix
B.1, followed by HA cases in appendix B.2 and lastly, CC cases in appendix B.3.

B.1 Tricalcium phosphate case studies modelling
results

TCP case studies with a poly(L-lactide) matrix are included in appendix B.1.1, followed
by cases with a poly(D,L-lactide) homo- or copolymer matrix in appendix B.1.2,
cases with poly(lactide-co-glycolide) matrix in appendix B.1.3 and lastly, cases with
miscellaneous polymers matrixes in appendix B.1.4.
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B.1.2 Poly(D,L-lactide) homo- and copolymers matrixes
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B.2 Hydroxyapatite case studies modelling results
HA case studies with a poly(L-lactide) matrix are included in appendix B.2.1, followed
by cases with a poly(D,L-lactide) matrix in appendix B.2.2, cases with poly(lactide-
co-glycolide) matrix in appendix B.2.3 and lastly, cases with miscellaneous polymers
matrixes in appendix B.2.4.
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