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Abstract 

Phosphate glass fibre polymer composites have the potential to be utilised as degradable 

orthopaedic implant devices with modifications to the glass fibre composition allowing for 

materials with tailorable mechanical properties and degradation rates. Accordingly such 

materials could be advantageous for the development of alternative cranioplasty implant 

devices. In collaboration with an industrial sponsor, a promising composition of phosphate 

glass was characterised to assess its potential as a composite reinforcing agent along with 

the applicability of different composite configurations as possible cranioplasty implants.   

The CorGlaes® Pure 107 phosphate glass was found to demonstrate suitable dissolution 

rates for cell culture whilst vibrational spectroscopy and analytical chemistry techniques 

confirmed its structural features and suitability for fibre manufacturing. The mechanical 

properties of its bulk and fibre formats were determined to be in line with alternate PG 

compositions but initial biocompatibility screenings of glass samples using human 

osteosarcoma cells found this composition to be cytotoxic. This was believed to be due to 

localised pH changes or from the release of Zn2+ ions towards cytotoxic levels. The 

absence of a carbonated hydroxyapatite layer formation when immersed in simulated body 

fluid also indicated that this glass composition possessed no in vitro bioactivity. 

Composite materials based on CorGlaes® Pure 107 fibres in a polylactic acid (PLA) matrix 

at a 0.2 fibre volume fraction (Vf) were found to exhibit mechanical properties within the 

same region as those reported for cranial bones. However rapid dissolution of the 

reinforcing fibres (due to autocatalysis) led to premature reductions in the composite 

mechanical properties and resulted in a cytotoxic response during in vitro cell culture. The 

introduction of a secondary hydroxyapatite filler phase into the CorGlaes® Pure 107 

composite to counteract the acidic pH led to changes in the samples mechanical properties 

and degradation media pH. However this failed to retard the fibre dissolution rate in 0.15Vf 

composites. At a 0.01Vf, the inclusion of HA produced biocompatible composites 

compared to the HA free equivalent and was attributed to the reduction of preferential Zn2+ 

ion release from the glass fibres due to the pH buffering at the fibre-matrix interface. 

However the low Vf required to achieve biocompatible composites made the CorGlaes® 

Pure 107 fibres unsuitable as a primary composite reinforcing agent. 

Consequently phosphate glass fibre composites may be suitable for cranioplasty 

applications with future hybrid composites allowing for the design of implant materials 

that are capable of eliciting an immediate in vivo response whilst retaining its long term 

mechanical properties. 
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Mechanical testing of the biocompatible 0.01Vf-0.2VHA hybrid composite configuration 

showed the expected decrease in flexural strength, increase in elastic modulus and 

transition to a brittle failure mode through the inclusion of the 0.2VHA filler compared to 

the 0.01Vf composite. However in contrast to the earlier results, the inclusion of CorGlaes® 

Pure 107 fibres produced hybrid composites with a reduced flexural strength and elastic 

Figure 8.4.6. SEM images after 168 hours MG63 cell culture on 0.01Vf-0.2VHA hybrid 

composites with a) The appearance of surface damage and spherical particles labelled 

[scale bar = 10µm] and b) Magnified section of isolated area showing hollow/damaged 

nature of selected particle [scale bar = 2µm].  

Spherical particles  

Hollow/damaged spherical particle  

Hybrid Composite surface damage  

Spherical particle  

a 
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modulus compared to the 0.2VHA composites. This behaviour was attributed to the absence 

of a fibre pre-preg solvent casting stage during composite manufacturing and the resulting 

poor polymer infiltration into the CorGlaes® Pure 107 fibres (due to the previously 

discussed changes to the polymer MFI at 0.2VHA-m). As a result, the quality of the fibre-

matrix interface may have been compromised and created flaws or voids throughout the 

material. Furthermore the increased handling required to isolate the low quantity of fibres 

required for each composite lamina (due to the use of the smaller 70x30mm mould) would 

also have likely contributed to the poor mechanical properties of the 0.01Vf-0.2VHA 

samples given the likely increase in fibre damage incurred. 

The degradation of 0.01Vf and 0.01Vf-0.2VHA samples was compared with the previously 

obtained 0.2VHA degradation data. The results showed that a reduction in both the wet and 

dry weights occurred in the 0.01Vf and 0.01Vf-0.2VHA composites due to the dissolution of 

the CorGlaes® Pure 107 fibres. It was also observed that the inclusion of the HA filler 

phase in the 0.01Vf-0.2VHA hybrid composites resulted in the wet weight change from fibre 

dissolution being significantly masked. This was due to the large difference between the Vf 

and VHA content and the associated water absorption from the presence of HA particles 

over the first 168 hours of immersion (Figure 8.4.7) as previously discussed.  

 

 

 

Figure 8.4.7. Comparison between sample wet weight over first 168 hours of degradation 

between 0.01Vf, 0.01Vf-0.2VHA and 0.2VHA samples with the inclusion of HA in the 

hybrid composite samples obscuring the decrease in wet weight through fibre dissolution. 
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Accordingly, no comment can be made on the effects of the HA filler on the rate of 

CorGlaes® Pure 107 fibre dissolution rates using the wet weight data due to the absorption 

of moisture and small volume of fibres used. The same variation in composite wet/dry 

weights was observed (due to water ingress throughout the pores created by the degraded 

fibres as well as media absorption) and was in line with the previous results. The low fibre 

volume of these samples was also responsible for the significantly reduced weight loss 

compared to the previous 0.2Vf RCM or 0.15Vf hybrid samples.  

Analysis of the dry weight data showed the expected decrease due to CorGlaes® Pure 107 

fibre dissolution over the first 168-336 hours of immersion. This weight loss was then seen 

to plateau at ≈3.5% and ≈2% for the 0.01Vf and 0.01Vf-0.2VHA samples respectively with 

the offset attributed to the reduced weight fraction (Wf) of the fibres due to the secondary 

HA filler phase. As before, no estimation as to the extent of HA dissolution in the hybrid 

composites during this degradation period could be assessed from the current data that may 

have also contributed to the weight loss results. The pH data obtained during sample 

degradation also showed the expected reduction in pH from the dissolution of the 

CorGlaes® Pure 107 fibres. However due to the decreased fibre volume fraction and 

associated reduction in phosphate species released into the media, the acidic pH did not 

reach the same severity in the 0.01Vf composites (≈4.0) as previously recorded during 

0.2Vf RCM sample degradation (≈2.5). Similar to the previous data, the inclusion of HA 

was seen to raise the pH of the media during 0.01Vf-0.2VHA sample degradation (≈5.0) but 

due to the difference in Vf, the pH was buffered to a greater extent compared to the 0.15Vf-

0.2VHA hybrid composite configuration (≈4.0).  

The immersion of 0.01Vf samples also saw a gradual decrease in the average flexural 

strength of the composites that appeared to plateau after three weeks (504 hours) of 

degradation with a reduction and plateau in the elastic modulus occurring after 168 hours 

(1 week). Based on the previous data, the decrease in mechanical properties was attributed 

to the dissolution of the CorGlaes® Pure 107 fibres. The reduced fibre volume fraction in 

these composites also caused the overall decrease in flexural strength (-8.6 %) and elastic 

modulus (-21.5%) to be significantly lower than the 0.2Vf RCM samples when compared 

after 168 hours of degradation. This was due to the reduced reinforcement provided by the 

CorGlaes® Pure 107 fibres at 0.01Vf compared to 0.2Vf (section 3.2.3.1). Additionally, the 

increased variability in both the flexural strength and elastic modulus of the 0.01Vf 

composites during degradation was considered to be reflective of the increased difficulty in 

establishing a uniform distribution of fibres throughout the matrix. This was due to the low 
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quantity of CorGlaes® Pure 107 fibres in each lamina of the 0.01Vf composite compared to 

the 0.2Vf RCM samples. 

The variation in 0.01Vf-0.2VHA sample mechanical properties over the 1008 hour 

degradation period was believed to be due to the reduced dependency of the composites on 

the CorGlaes® Pure 107 fibres for mechanical reinforcement (due to the large difference 

between the Vf and VHA). As a result, the dissolution of these fibres appeared to have a 

negligible effect on the sample mechanical properties with the variation in mechanical 

properties seen between samples attributed to the unwanted non-homogenous distribution 

of the HA particles. However this variation may also have been influenced by the 

dissolution of the HA during pH buffering of the degradation media. Consequently these 

hybrid composites failed to display the same clear decline and plateau in mechanical 

properties as previously recorded for the 0.15Vf hybrid samples.  

Furthermore, the inclusion of HA appeared to maintain the elastic modulus of the hybrid 

composite above that of the 0.01Vf sample throughout the entire immersion period but was 

below that of the 0.2VHA control. This was likely due to the internal porosity created from 

fibre dissolution as well as the previously mentioned breakdown of the HA-PLA interface 

via buffering of the media pH.  However it was observed that that the elastic modulus of 

the 0.01Vf and 0.01Vf-0.2VHA samples was superior to that of the 0.2VHA control when 

compared after 1008 hours of immersion. This subsequently cast further doubt on the 

accuracy of this result (i.e. the sudden drop in elastic modulus for the 0.2VHA sample at 

1008 hours) as discussed earlier. 

A comparison between the ionic release rates during the initial 168 hours of 0.01Vf and 

0.01Vf-0.2VHA sample degradation revealed a marked difference in the daily and 

accumulative ionic concentrations (Figure 8.3.26 and Figure 8.3.27). This was apparent by 

the increased concentrations of (PO4)
3- and Ca2+ ions in the 0.01Vf-0.2VHA degradation 

media compared to the 0.01Vf samples (Figure 8.4.8). The increased concentration of these 

ions was to be expected given the Ca2+ and (PO4)
3- products that occur from HA 

dissolution (Vallittu, 2012) [370].  This would then correlate with the dissolution of the 

secondary HA phase as a result of the phosphoric acid generated during fibre dissolution 

and the subsequent pH buffering that was recorded during 0.01Vf-0.2VHA sample 

degradation (Figure 8.3.24). Inspection of the accumulative ionic concentrations from both 

samples also revealed that similar concentrations of Mg2+ (≈6 mg l-1) and Na+ ions (≈11 

mg l-1) were released from the fibres into the media after 168 hours (Figure 8.3.27). This 

would then imply that similar fibre volume fractions as well as fibre dissolution rates were 
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present in each composite type despite the inclusion of HA into the hybrid composite 

configuration. This then challenges the notion that a reduced fibre dissolution rate was 

responsible for the previously found increase in biocompatibility of the hybrid composite 

samples (Figure 8.3.12). 

 

However these results could be accounted for when considering the difference in Zn2+ ions 

accumulated after 168 hours between the 0.01Vf (16.3 mg l-1) and 0.01Vf-0.2VHA (8.6 mg 

l-1) samples (Figure 8.4.8). Since it has already been established that excess Zn2+ (↑≈8 mg 

l-1) and a low pH (< 7.4) can be cytotoxic to MG63 cells, the inclusion of HA was 

subsequently expected to limit these factors by buffering the pH and limiting the 

autocatalysis effects. As discussed in section 3.4.6.2, dissolution studies by Khor et al. 

(2011) have highlighted the preferential leaching of Zn2+ ions when PG samples were 

degraded in low pH, acidic conditions. Based on the collected data, it is proposed that an 

elevation in pH at the fibre-matrix interface was generated by the inclusion of a secondary 

HA filler phase that consequently limited the preferential leaching of Zn2+ ions from the 

CorGlaes® Pure 107 fibres compared to the 0.01Vf samples (Figure 8.4.9). This would 

have then have restricted the rate at which the Zn2+ ions could accumulate towards 

cytotoxic levels within the 0.01Vf-0.2VHA sample degradation media [187].   

Figure 8.4.8. Comparison between the accumulative ion release from 0.01Vf and 0.01Vf-

0.2VHA composites over the initial 168 hours of degradation showing a marked decrease in 

the total concentration of Zn2+ and increase in (PO4)
3- and Ca2+ ions release from the 

0.01Vf-0.2VHA hybrid composite. 
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This concept would then correlate with the MTT and direct contact culture results where 

only the 0.01Vf samples appeared to be cytotoxic despite ion release data implying that the 

CorGlaes® Pure 107 fibres in both samples were degrading at similar rates. Consequently 

this difference in Zn2+ release and rates at which this ion could accumulate to cytotoxic 

levels would explain the difference in cell population/morphology between the 0.01Vf and 

0.01Vf-0.2VHA composites as well as when compared to the PLA control (Figure 8.3.20).  

To elaborate, during the in vitro culture of samples it was likely that the rate of Zn2+ 

release from the 0.01Vf samples (via fibre dissolution) exceeded the MG63 cytotoxic limits 

before the media was replaced after 96 hours. This consequently produced the rounded cell 

morphology and declining cell population that was observed in both Coomassie and SEM 

images. In contrast, the reduced rate of Zn2+ ion release from the 0.01Vf-0.2VHA hybrids in 

conjunction with the replacement of the media at 96 hours prevented such a severe 

reduction in cell viability. Based on the SEM and Coomassie staining images, this would 

then account for the reduced cell population and mixed morphology (i.e. round/spread) 

seen in cells after 96 hours of culture (Figure 8.3.18) on the 0.01Vf-0.2VHA samples as the 

Zn2+ ions began to reach cytotoxic levels before the culture media was replaced.  

Furthermore, since earlier results had indicated that the DMEM media had no retarding 

effects on the CorGlaes® Pure 107 fibre dissolution rate when utilised as a composite 

reinforcing agent (section 7.3.4), the evidence for this concept based on the ion release data 

Figure 8.4.9. Comparison of Zn2+ accumulative ionic release and media pH against the 

immersion period for 0.01Vf and 0.01Vf-0.2VHA samples  
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during sample degradation in distilled water was deemed valid. However it should also be 

noted that the biocompatibility testing (i.e. MTT, direct contact culture) was performed at a 

higher SA:V ratio (1.4 cm2 ml-1) than that employed during mechanical degradation (0.21 

cm2 ml-1). As a result, the ionic concentrations shown in Figure 8.3.26 and Figure 8.3.27 

are expected to be lower than those encountered during the in vitro cell culture 

experiments. Yet this does not affect the general principle regarding the selective Zn2+ ion 

release as proposed here. 

Analysis of the FTIR spectra (section 8.3.3.7) obtained from the planar sample surfaces 

after immersion in c-SBF showed variations and shifts in the peak wavenumber/intensities 

of the 0.2VHA composites (Figure 8.3.29) with the band at ≈1030cm-1 (T0) shifting to 

1044cm-1. It was also apparent that the intensity of the peaks at 604cm-1 and 562cm-1 

varied between spectra which, due to the 0.5-5µm penetration depth of the FTIR-ATR 

equipment, was attributed to the exposure of HA particles on the hybrid composite surface 

as discussed by Persson et al. (2014) [371]. As a result, areas with a low concentration of HA 

particles exposed or in reduced proximity to the composite surface had a reduced HA 

signal intensity and a decrease in peak band overlapping. This then made the 1044cm-1 

peak (PLA, C=CH3 vibration) more prominent and would then account for the apparent 

peak shifting (i.e. 1030cm-1 (T0) ↔ 1044cm-1) observed between the spectra obtained from 

the 0.2VHA samples across the immersion period. These results highlighted the variation in 

HA distribution across the sample surfaces with the sample areas chosen at random by the 

user. This would also seem to correlate with the non-uniform distributions and particle 

agglomeration effects that were previously discussed during the mechanical 

characterisation of the hybrid composites. Such variations in HA surface exposure were 

also believed to have accounted for the similar peak transitions observed in the 0.01Vf-

0.2VHA hybrid composite (Figure 8.3.31) spectra. Meanwhile the absence of HA accounted 

for the lack of any similar shifts being observed in the 0.01Vf spectra (Figure 8.3.30) [371].  

It was also observed that peaks at 1264cm-1 and 800cm-1 on the 0.2VHA and 0.01Vf samples 

showed a marked decrease after 24-72 hours (Figure 8.3.29 and Figure 8.3.30). Based on 

the FTIR analysis of polymer degradation by Partini & Pantani (2007), any changes in 

these peak intensities through hydrolytic degradation were ruled out [372]. Consequently this 

observation was believed to be due to the PTFE lubricant applied during composite 

manufacturing or other contaminant (e.g. from the cutting stages of specimen preparation) 

that had not been completely removed prior to c-SBF immersion. This would then account 

for the early decline in the intensity of these peaks shortly after immersion and why such 



338 
 
strong peaks were not detected on all samples. Examining previous results it was also seen 

that the same peak variations were observed during 0.2Vf RCM bioactivity testing (Figure 

7.3.21). However further investigation is required to confirm. 

The FTIR analysis of minute surface deposits removed from the 0.01Vf-0.2VHA sample 

cross-sections (collected after 336 hours of immersion) found these to match the previous 

pyrophosphate salts found during 0.2Vf RCM composite bioactivity testing (Figure 8.4.10). 

Yet the visible formation of these salts was negligible and were only found on a single 

sample from the three analysed by FTIR after 336 hours compared to the rapid formation 

found on all 0.2Vf RCM samples. The small quantity of these compounds was attributed to 

the significantly lower Vf of CorGlaes® Pure 107 fibres in the hybrid composite 

configuration and thus reduced concentrations of ions released into the media as a result. 

The appearance of this precipitate at the sample cross-section was also in line with the 

cross-sectional “halo” regions of bioactive PGF composite materials as discussed by 

Vallittu et al. (2015)[5]. The inconsistent formation of these compounds was believed to be 

due to an unwanted/localised increase in the fibre volume fraction within specific samples. 

This would then account for the absence of any similar pyrophosphate salt precipitates 

found during the FTIR analysis of the 0.01Vf composite cross-sections after immersion.  
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Figure 8.4.10. Comparison of precipitates from 0.01Vf-0.2VHA and 0.2Vf RCM composites 

after immersion in c-SBF over the 4000-400cm-1 wavenumber range. 
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8.5 Conclusions 

Modifications to the previous 0.2Vf RCM CorGlaes® Pure 107 composite configuration 

showed that the use of silane treatments or a secondary filler phase had different influences 

on the composites mechanical behaviour. This was evident by the increase in initial 

flexural strength (+39.7%), elastic modulus (+7.9%) and toughness (+41.2%) observed 

when the CorGlaes® Pure 107 fibres were treated with an APS sizing agent due to the 

improved interfacial bonding at the fibre-matrix interface. However the application of this 

surface treatment provided no improvement to composite durability as a result of the 

severe autocatalysis effects caused by the fibre’s acidic pH dissolution by-products. 

The investigation into different 0.15Vf PGF hybrid composite configurations revealed that 

the inclusion of a hydroxyapatite (HA) particle filler phase was capable of producing 

materials with an increased elastic modulus compared to the previous 0.2Vf RCM samples. 

Furthermore the inclusion of HA caused the failure mode of these composites to change 

from a ductile to brittle fracture mode. The configuration of the hybrid composites was 

also found to influence the initial mechanical properties with the greatest increase in elastic 

modulus (+22%) compared to the 0.2Vf RCM samples found from the inclusion of a non-

homogenously distributed 0.1 volume fraction of HA. However mechanical testing of the 

investigated hybrid composite configurations also revealed that particle agglomeration at 

higher HA volume fractions compromised the mechanical properties of the hybrid samples.  

The subsequent degradation of these samples found that despite the media pH being 

buffered (compared to the 0.2Vf RCM samples) that the apparent rate of fibre dissolution 

remained unchanged. Therefore, it was anticipated that due to the high ion release rates all 

hybrid composite samples would continue to be cytotoxic due to the high concentrations of 

Zn2+ ions that would have been released into the media during in vitro testing. 

Alternatively, the focus on developing biocompatible hybrid composites through the 

incorporation of HA into low Vf samples found that the addition of 0.2VHA into a 0.01Vf 

sample produced biocompatible materials when assessed by MTT assay. Such results were 

subsequently confirmed through the analysis of MG63 cells by Coomassie Brilliant Blue 

staining and SEM after direct contact culturing on composite samples. Although this 

behaviour was initially attributed to a reduced fibre dissolution rate, degradation of the 

corresponding sample configurations and controls indicated that the buffered media pH 

(via the addition of HA) had influenced the selective leaching of the Zn2+. However due to 

the smaller fibre volume fraction, the CorGlaes® Pure 107 fibres had a reduced impact on 

the initial and degenerative mechanical properties during sample degradation in distilled 
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water. The low Vf of the samples did produce sporadic deposits of pyrophosphate salt 

deposition during c-SBF bioactivity testing but the FTIR spectra also revealed the presence 

of HA on the composite surface from the existing secondary filler phase.  

Consequently based on the accumulated hybrid composite data, the specific application of 

the CorGlaes® Pure 107 fibres appears to be confined to possibly providing advantageous 

stimulatory effects in vivo (via ion release) rather than as the primary reinforcing agent of a 

biodegradable composite. The results have also indicated the potential for the development 

of novel hybrid composite designs to be investigated. 
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9 Discussion 

Despite the extensive range of possible phosphate glass compositions, their application in 

biomedical devices is limited by the need to achieve glass artefacts (i.e. monoliths, fibres 

etc.) with suitable dissolution rates, mechanical properties and potential bioactivity whilst 

being composed of metabolically acceptable constituents. Consequently review articles of 

biomedical phosphate glasses (e.g. Knowles, 2003; Abou Neel et al., 2009) have 

demonstrated the balance between achieving mechanically and biologically advantageous 

glass systems whilst maintaining good processability [160, 213]. As observed in section 

3.4.6.1 and 3.4.6.2, the development of these glasses has typically been conducted through 

a cross-compositional analysis where a selected modifier oxide concentration has been 

varied (e.g. 0→10 mol%) in order to assess its effect on a glass’s properties. Consequently 

the characterisation is performed using a comparative analysis across these variations. 

However, given that this project was restricted to the CorGlaes® Pure 107 glass and that 

limited compositional data was available, the characterisation performed here was based on 

a broad examination of the relevant literature. This may have subsequently affected the 

accuracy and depth of the CorGlaes® Pure 107 glass analysis. Yet by following this 

method to characterise its bulk and fibre formats, a broad review (not been previously 

reported) of different biomedical PG properties has been produced.  

Based on the available literature, it is believed that no previous investigations have 

examined a quinternary glass composition similar to CorGlaes® Pure 107. Given the 

relevance of its constituency ions to the physiological roles in bone growth (i.e. (PO4)
3-, 

Ca2+, Mg2+ and Zn2+ - Table 3.4.3) the CorGlaes® Pure 107 composition was believed to be 

a suitable candidate for potential bone tissue regenerative applications. However 

characterisation of the CorGlaes® Pure 107 disks (chapter 5) revealed that its good flexural 

strength, elastic modulus (comparable to that of Bioglass® 45S5) and high thermal stability 

(PW) were offset by its poor biocompatibility. Combined with the previous data reported 

by Abou Neel et al. (2008), the CorGlaes® Pure 107 results highlighted concerns over 

localised acidity as well as the suitability of zinc in biomedical phosphate glass 

compositions. This is despite its advantages as a modifier oxide (i.e. its charge-to-size 

ratio) and potential stimulatory effects in vivo [195]. However, this basis must also be 

considered with regards to the P2O5 concentration which made the CorGlaes® Pure 107 

glass inherently prone to autocatalysis effects that ultimately influenced the ion release 

rates from the samples (i.e. composites). The effect of pH is further emphasised in these 

results when considering the selective leaching of Zn2+ ions from PGs in acidic media as 

reported by Khor et al. (2011). This subsequently supports the development of low P2O5 
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polyphosphate glass compositions (i.e. < 50 mol% P2O5) such as those recently 

investigated by Sharmin et al. (2014) where B2O3 was substituted into the glass 

formulation [187, 211]. The results presented here have also provided further insight into the 

applicability of glass compositions that utilise mixed ion effects to achieve enhanced 

properties outside the expected trends as evident by the PW recorded for the CoreGlaes® 

Pure 107 glass. 

The production and characterisation of CorGlaes® Pure 107 fibres (chapter 6) has also 

highlighted the sensitivity of these materials to surface flaw type/size that can be produced 

during the necessary handling stages. Based on this, the comparison of fibre tensile 

properties are subsequently susceptible to variations based on the handling of fibres 

between different studies. Yet this can also be affected by fluctuations in the fibre diameter 

that could occur during PGF manufacturing. Meanwhile the novel study on the influence of 

different media on the CorGlaes® Pure 107 fibres has demonstrated the variability in fibre 

dissolution rates across different interdisciplinary techniques (e.g. cell culture, bioactivity 

and mechanical degradation). Consequently these results raise considerations when relating 

mechanical properties or dissolution rates to in vitro data and is particularly relevant when 

intending to use PGFs as a single implant construct (i.e. implants composed purely of 

fibres) such as the cell delivery vehicles previously studied by Ahmed et al. (2004) and 

Bitar et al. (2005) [178, 194].   

When used as a composite reinforcing agent, the initial results (chapter 7) showed the 

benefits of a random continuous mat (RCM) CorGlaes® Pure 107 fibre architecture which, 

based on the available literature, had not been previously investigated for PGF composite 

biomaterials. These advantages were due to the observed improvements in material 

toughness found in the laminate RCM composites as a result of fibre pull-out mechanisms 

and improved polymer infiltration into the RCM fibre constructs. The RCM architecture 

may then be more favourable in specific composite applications compared to the 

unidirectional (UD), [0/90] cross-plys or random chopped fibre filler phases previously 

investigated (e.g. Ahmed et al., 2009; Ahmed et al., 2011) [218, 219]. Based on the results by 

Han et al. (2013), this RCM architecture may also be more favourable compared to UD 

fibres for composite implant devices where intra-operative screw holes are required prior 

to implantation [223]. This is due to the increased damage that UD composites can incur 

compared to random chopped fibre mats when screw holes are introduced via drilling 

techniques.  
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Mechanical testing of the 0.2Vf RCM composites also found that the flexural strengths and 

elastic moduli of these CorGlaes® Pure 107 composite configurations were within the 

range of those reported for parietal bone. This result implied that degradable PGF-

composites have potential for the proposed cranioplasty applications as discussed in 

chapter 2. Additionally, the elastic moduli of these samples were also seen to correlate with 

those predicted by the rule of mixtures (ROM) for both fibre architectures investigated. 

However these properties could potentially be further increased through modifications to 

the manufacturing method aimed at improving polymer impregnation into the fibres (such 

as vacuum forming techniques). Unfortunately due to autocatalysis effects, the 0.2Vf 

CorGlaes® Pure 107 composites failed to retain at least 80% of their initial mechanical 

properties over the six week degradation period as set out by the initial design criteria in 

section 2.1.  

These autocatalytic effects have been observed in other PGF-composite materials (Ahmed 

et al., 2009, 2011; Han et al., 2013) and highlighted the balance between achieving glass 

fibres with good processability whilst possessing slow dissolution rates. This is particularly 

relevant to the P2O5 content which at high concentrations allows for PGFs to be easily 

produced but is hampered by their resultant susceptibility to autocatalysis effects due to the 

increased amount of phosphate species released into the media. Alternatively low P2O5 

glasses (e.g. polyphosphate glasses) are less prone to autocatalysis but are typically harder 

to manufacture into fibres and are more likely to crystallise. Such features consequently 

reinforce earlier sentiments that the wide range of potential PG compositions is ultimately 

restricted by their practicality. Furthermore, the continued use of PLA as a matrix 

component in the development of PGF composites would seem disadvantageous given its 

acidic degradation by-products and importance of the fibre-matrix interface to maintaining 

adequate composite mechanical properties [218, 219, 223].  

Continuing from the previous CorGlaes® Pure 107 fibre dissolution data in section 6.3.6, 

the translation between mechanical and cell culture environments on composite samples 

was also investigated due to the absence of any ionic influences during composite 

degradation in distilled water. The correlation and discrepancies between composite 

degradation behaviour in each media (i.e. weight loss, media pH) showed how the high 

surface area-to-volume ratios (SA:V) at the fibre-matrix interface can be detrimental to the 

reinforcing fibres dissolution rate. As a result, the relevance of a PGF’s dissolution rate is 

obscured when it is to be applied in a composite system given the increased influence of its 

dissolution by-products. This high rate of fibre dissolution was also responsible for the 
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cytotoxicity found across all fibre volume fractions (Vf) investigated. Such results 

consequently reinforced the importance of considering the pH changes and ion release 

rates (i.e. cytotoxicity limits) but also showed how these factors can interact with each 

other.  

The development of PGF polymer composite materials has typically examined different 

glass compositions in a two phase, matrix-filler design (e.g. Ahmed et al., 2008; Brauer et 

al., 2008; Parsons et al., 2009; Khan et al., 2010; Ahmed et al., 2011) [212, 215, 217, 228]. Yet 

the versatility in available glass compositions can be restricted by the design requirements 

of biomedical glasses as well as the radical, sometimes detrimental, changes to the 

properties of a glass that can be caused from small compositional variations (Hench, 2013) 
[76]. Furthermore given that no single bioactive material is considered by Hench (2013) to 

be optimal for all applications, there is a need to develop a range of different glass 

compositions. Such sentiments are also in line with the need for application specific glass 

dissolution rates as discussed by Hasan et al. (2012) [210]. Consequently the investigation of 

different hybrid PGF composite configurations based on this concept was intended to allow 

for further design versatility in composite properties without relying on compositional 

changes to the reinforcing PGFs.  

Given the limitation to using only the CorGlaes® Pure 107 glass, the hybrid composites 

developed in this study were intended to improve the mechanical integrity of the composite 

material during its degradation by counteracting the fibre’s autocatalytic effects. The 

investigation of different hybrid composite designs was also aimed at establishing an 

optimised hybrid configuration based on the ability of calcium phosphates to buffer an 

acidic pH. Given the absence of design variation as well as a lack of data on the 

mechanical degradation or in vitro cell culture results in previous work it was believed that 

the results collected here could be utilised for future hybrid composite designs [229]. 

The characterisation of different hybrid samples (chapter 8) subsequently showed that 

despite variations in the initial mechanical properties and apparent pH buffering of the 

degradation media, no significant improvements in composite mechanical durability were 

achieved in any of the mechanically optimised hybrid sample configurations. These 

samples are expected to have remained cytotoxic due to the rate of Zn2+ ion release with 

further increases to the HA volume fraction (VHA) restricted by the HA particles effects on 

the polymer melt flow and subsequent polymer infiltration into the fibres. The transition of 

the composites initial (i.e. HA-free) fibrous, ductile failure behaviour to a brittle facture 
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mode would also cast doubt on the suitability of fibre-particle hybrid composite 

configurations for cranioplasty plate applications (Brauer et al. 2008) [217].  

Alternatively the increasing biocompatibility found in low Vf hybrid composites 

(0.01Vf/0.05Vf) with increasing HA volume fraction (VHA) demonstrated the severity of 

the acidic pH and inability of the HA to adequately buffer the degradation media in higher 

Vf composites (i.e. 0.15Vf). However, it was shown that hybrid composite designs could be 

used to render previously cytotoxic low Vf composites as biocompatible. Although due to 

the low Vf required to achieve hybrid biocompatibility, the CorGlaes® Pure 107 fibres were 

ultimately reduced to providing an in vivo stimulus as oppose to their intended function as 

a reinforcing agent.  

With these results the CorGlaes® Pure 107 fibres would appear to be unsuitable for the 

proposed cranioplasty plate material. However the development of PGF-composites with 

suitable mechanical properties (prior to degradation) did prove the initial viability of the 

concept.  

In line with comments by Hasan et al. (2012) and Hench (2013), it would appear that the 

functionality of a PGF-composite cranioplasty plate could not be fulfilled by a single PGF 

composition alone [76, 210]. This is due to the conflicting design requirements in PGF 

composites where high fibre dissolution rates (and associated ion release rates) would be 

advantageous for supressing bacterial infections as well as eliciting early bioactive or 

osteoinductive responses in vivo (section 3.4.5). However this would also likely 

compromise the mechanical durability of the device after implantation (due to the rapid 

dissolution of the mechanically reinforcing fibres). Consequently hybrid composite designs 

may allow for such dual functionality to be achieved through the use of different 

constituent components (i.e. multiple PGF compositions). Based on the data obtained from 

the CorGlaes® Pure 107 hybrid composites, a dual fibre system of fast 

(bioactive/antimicrobial) and slow (mechanically reinforcing) dissolution rate PGFs would 

appear to be the preferable option. This is primarily due to the increased brittleness found 

in fibre-particle hybrid systems that could jeopardise the ability of the implant to 

adequately protect the underlying cerebral tissue. As a result, the inclusion of bioactive 

particles (such as HA or alternate bioactive glass compositions) would be less favourable. 
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10 Conclusions 

• Structural analysis of the CorGlaes® Pure 107 composition confirmed its 

amorphous, ultraphosphate structure whilst its thermal properties (i.e. large PW) 

made it highly suitable for fibre manufacturing. 

• The CorGlaes® Pure 107 glass exhibited a superior flexural strength and similar 

elastic moduli to that reported for Bioglass® 45S5 with the density, hardness and 

fracture toughness within the expected range for PGs. 

• The CorGlaes® Pure 107 annealed disks possessed a dissolution rate of 4×10-3 mg 

cm-2 hr-1.  

• Despite dissolution extracts being biocompatible, the glass composition was 

cytotoxic to MG63 cells during direct contact cell culture. 

• Mechanical testing of Ø≈20µm CorGlaes® Pure 107 fibres showed the tensile 

strength (462 ± 143 MPa) and tensile modulus (65.5 ± 20.8 GPa) to be similar to 

those reported for other PGF systems. 

• As an isolated element, the fibre dissolution rate was affected by the different 

media typically used in biomaterial characterisation. 

• The immersion of fibres in c-SBF resulted in the deposition of different 

pyrophosphate salts relative to the CorGlaes® Pure 107 composition. 

• The incorporation of CorGlaes® Pure 107 fibres into a PLA matrix showed the 

expected increase in elastic moduli that closely matched those predicted by the rule 

of mixtures. 

• 0.2Vf CorGlaes® Pure 107 fibre composite configurations of RCM and [0/90]3S 

fibre architectures possessed mechanical properties within the range of those 

reported for the parietal bones of the skull. 

• RCM fibre mat architectures were found to be advantageous for developing 

cranioplasty plates due to their improved toughness and flexural strength compared 

to [0/90]3S cross-ply composite configurations. 

• 0.2Vf RCM and 0.2Vf [0/90]3S composites failed to retain at least 80% of their 

mechanical properties during six weeks of degradation in distilled water or DMEM 

- where pyrophosphate salt deposition was also observed. 
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• Pyrophosphate salt deposition was also recorded during the immersion of 0.2Vf 

RCM composites in c-SBF. 

• A cytotoxic response from composite degradation extracts was found across 

0.01Vf, 0.05Vf, 0.1Vf and 0.2Vf samples after 24 and 96 hours of degradation with 

MG63 cells when assessed by MTT assay. 

• Silane treatment of CorGlaes® Pure 107 fibres produced composites with increased 

mechanical properties but this failed to sufficiently retard the loss of mechanical 

properties during sample degradation. 

• The distribution and volume fraction of hydroxyapatite (HA) in 0.15Vf RCM 

hybrid composites had a strong influence on composite mechanical properties 

where the maximum increase in elastic modulus was recorded after the introduction 

of 0.1VHA that was non-homogenously distributed throughout the sample. 

• All hybrid composite variations buffered the degradation media pH but failed to 

adequately reduce the fibre dissolution rates and consequently the loss in 

mechanical properties during sample degradation in distilled water at 37°C. 

• The cell viability from composite degradation extracts showed an increasing degree 

of biocompatibility as the HA volume fraction increased (0VHA→0.1VHA→0.2VHA) 

in 0.01Vf and 0.05Vf composite samples when assessed by MTT assay. 

• Despite the statistically significant difference in the MTT assay results, the 

increased solubility of a β-TCP filler phase (compared to HA) was unable to 

produce biocompatible 0.05Vf composites.  

• Only a 0.01Vf-0.2VHA composite configuration was found to be biocompatible, but 

the resulting mechanical properties were considerably reduced compared to the 

0.2Vf RCM samples and below those of the parietal bones.  

• CorGlaes® Pure 107 fibres are unsuitable as a composite reinforcing agent but PGF 

composites show potential as part of a cranioplasty plate material. 

• Hybrid PGF-composites using multiple glass fibre compositions are an attractive 

option for future implant designs that require an immediate in vivo response and 

long term mechanical properties. 
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11 Future Work 

Although the fundamental application of PGF composites as part of a cranioplasty plate 

material has been proven mechanically, the continued development of these materials 

should focus on: 

 

a) The evolution of glass compositions tailored towards cranioplasty composite 

applications with reduced dissolution rates that are able to maintain a neutral 

media pH during their dissolution despite the high surface area-to-volume ratios at 

the fibre-matrix interface. 

b) Manufacturing of fibre pre-pregs using vacuum forming techniques for potentially 

improving composite mechanical properties (due to the improved polymer 

infiltration into the fibres).  

c) The development of continuous fibre spools from PGF manufacturing techniques 

that would allow these materials to be incorporated into fibre pre-impregnation 

equipment. This would eliminate the manual handling stages of composite 

production that can compromise fibre integrity and would allow for composites 

with increased mechanical properties due to the improved packing density of the 

fibres and consequently increased Vf. 

d) The development of woven PGF constructs (as are available with conventional 

glass fibres) that would allow for the development of composite materials with 

more adaptable mechanical properties. 

e) Impact testing of PGF composite configurations prior to and after sample 

degradation to further assesses their suitability as a cranioplasty plate component.  

f) Investigation into the potential of phosphate glass platelets as a reinforcing agent 

in general fracture fixation plates due to their high aspect ratios compared to 

particles. This could potentially allow for the manufacturing of composites with 

improved mechanical properties (compared to particles) whilst the discontinuous 

nature of the reinforcing phase would decrease the rate of fluid wicking throughout 

the interface.  
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However, the concept of hybrid PGF composites should also be developed and includes: 

 

a) Hybrid composites incorporating different PGF compositions that could contain 

low dissolution rate, high modulus fibres (as the main  reinforcing agent) with a 

secondary phase of high dissolution rate fibres intended to generate a rapid 

bioactive/osteoinductive response or a controlled release of ions aimed at 

infectious prevention (e.g. silver, Ag+).  

b) Laminated hybrid composites utilising PGF and degradable magnesium fibres 

where high mechanical properties and long term durability are required alongside a 

physiological stimulus provided by the in vivo dissolution of the PGFs. 
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Appendix A 

 

 

 

Sample Flexural Strength (MPa) Elastic Modulus (GPa) 

NatureWorks® 3001D PLA 98.04 ± 1.06 3.21 ± 0.34 

0.01Vf RCM 82.50 ± 3.77 3.97 ± 0.35 

0.05Vf RCM 57.64 ± 15.55 5.00 ± 0.41 

0.1Vf RCM 27.12 ± 5.62 5.49 ± 0.05 

0.2Vf RCM 82.39 ± 4.46 7.57 ± 1.20 

0.2Vf RCM [0/90]3S 62.35 ± 10.14 8.19 ± 0.64 

 

 

 

Sample Flexural Strength (MPa) Elastic Modulus (GPa) 

0.2Vf RCM-APS 115.15 ± 2.65 8.17 ± 1.90 

0.2VHA  35.49 ± 5.94  5.37 ± 0.83 

0.15Vf-0.1VHA(NHD) 67.00 ± 8.55 10.01 ± 1.33 

0.15Vf-0.2VHA 36.41 ± 3.53 9.34 ± 0.49 

0.15Vf-0.2VHA(NHD) 37.61 ± 1.23 6.74 ± 0.45 

0.01Vf-0.2VHA 25.36 ± 7.00  4.85 ± 0.4 

 

 

 

 

 

 

Table A.1. Mechanical properties of the different composite configurations 

manufactured in chapter 7. 

Table A.2. Mechanical properties of the different modified composite configurations 

manufactured in chapter 8. 



351 
 
References 

1. Giltech. Giltech - Medical Advancement. 2015  05/02/2015]; Available from: 
http://www.giltech.biz/. 

2. Spetzger, U., V. Vougioukas, and J. Schipper, Materials and techniques for osseous 
skull reconstruction. Minimally Invasive Therapy & Allied Technologies, 2010. 
19(2): p. 110-121. 

3. O'Keeffe, A.B., T. Lawrence, and S. Bojanic, Oxford craniotomy infections 
database: A cost analysis of craniotomy infection. British Journal of Neurosurgery, 
2012. 26(2): p. 265-269. 

4. Aitasalo, K.M.J., J.M. Piitulainen, J. Rekola, and P.K. Vallittu, Craniofacial bone 
reconstruction with bioactive fiber-reinforced composite implant. Head & Neck, 
2014. 36(5): p. 722-728. 

5. Vallittu, P.K., T.O. Närhi, and L. Hupa, Fiber glass–bioactive glass composite for 
bone replacing and bone anchoring implants. Dental Materials, 2015. 

6. Nganga, S., D. Zhang, N. Moritz, P.K. Vallittu, and L. Hupa, Multi-layer porous 
fiber-reinforced composites for implants: In vitro calcium phosphate formation in 
the presence of bioactive glass. Dental Materials, 2012. 28(11): p. 1134-1145. 

7. Mustafa, Z. and K.E. Tanner, Composites for Hard Tissue Repair, in Wiley 
Encyclopedia of Composites, L. Nicolais and A. Borzacchiello, Editors. 2011, John 
Wiley & Sons, Inc. 

8. Al-Obaid, Y.F., F.N. Bangash, and T. Bangash, Trauma - An Engineering Analysis: 
With Medical Case Studies Investigation. 2007: Springer. 

9. Pietrzak, W.S. and B.L. Eppley, Resorbable polymer fixation for 
craniomaxillofacial surgery: Development and engineering paradigms. Journal of 
Craniofacial Surgery, 2000. 11(6): p. 575-585. 

10. Poitout, D.G., Biomechanics and Biomaterials in Orthopedics. 2004: Springer. 
11. An, Y.H. and R.A. Draughn, Mechanical Testing of Bone and the Bone-Implant 

Interface. 1999: Taylor & Francis. 
12. Planell, J.A., S.M. Best, D. Lacroix, and A. Merolli, Bone Repair Biomaterials. 

2009: Elsevier Science. 
13. Hamill, J. and K.M. Knutzen, Biomechanical Basis of Human Movement. 2006: 

Lippincott Williams & Wilkins. 
14. Belinha, J., Meshless Methods in Biomechanics: Bone Tissue Remodelling 

Analysis. 2014: Springer. 
15. Neira, M.I.S., An efficient approach to the synthesis of a calcium phosphate bone-

cement and its reinforcement by hydroxyapatite crystals of various particle 
morphologies. 2011: Universidade de Santiago de Compostela, Servizo de 
Publicacións e Intercambio Científico. 

16. Khurana, J.S., E.F. McCarthy, and P.J. Zhang, Essentials in Bone and Soft-Tissue 
Pathology. 2010: Springer. 

17. Hollinger, J.O., T.A. Einhorn, B. Doll, and C. Sfeir, Bone Tissue Engineering. 
2004: Taylor & Francis. 

18. Qin, Q.H., Mechanics of Cellular Bone Remodeling: Coupled Thermal, Electrical, 
and Mechanical Field Effects. 2013: Taylor & Francis. 

19. Cowin, S.C. and S.B. Doty, Tissue Mechanics. 2007: Springer. 
20. Kardamakis, D., V. Vassiliou, and E. Chow, Bone Metastases: A translational and 

clinical approach. 2009: Springer. 
21. Steinhoff, G., Regenerative Medicine: From Protocol to Patient. 2013: Springer 

Netherlands. 
22. Hadjidakis, D.J. and I.I. Androulakis, Bone Remodeling. Annals of the New York 

Academy of Sciences, 2006. 1092(1): p. 385-396. 



352 
 
23. Lanham-New, S.A., I.A. Macdonald, and H.M. Roche, Nutrition and Metabolism. 

2011: Wiley. 
24. Boccaccini, A.R. and J. Gough, Tissue Engineering Using Ceramics and Polymers. 

2007: Elsevier Science. 
25. Brickley, M. and R. Ives, The Bioarchaeology of Metabolic Bone Disease. 2010: 

Elsevier Science. 
26. Currey, J.D., The structure and mechanics of bone. Journal of Materials Science, 

2012. 47(1): p. 41-54. 
27. Weiner, S. and H.D. Wagner, The material bone: Structure mechanical function 

relations. Annual Review of Materials Science, 1998. 28: p. 271-298. 
28. Rho, J.-Y., L. Kuhn-Spearing, and P. Zioupos, Mechanical properties and the 

hierarchical structure of bone. Medical Engineering & Physics, 1998. 20(2): p. 92-
102. 

29. Rogers, K., Bone and Muscle: Structure, Force, and Motion. 2010: Britannica 
Educational Pub. 

30. Narayan, R., Biomedical Materials. 2009: Springer. 
31. Khurana, J.S., Bone Pathology. 2009: Humana Press. 
32. Patton, K.T., Survival Guide for Anatomy & Physiology. 2013: Elsevier Health 

Sciences. 
33. Burr, D.B. and M.R. Allen, Basic and Applied Bone Biology. 2013: Elsevier 

Science. 
34. Giraud-Guille, M.M., Twisted plywood architecture of collagen fibrils in human 

compact bone osteons. Calcified Tissue International, 1988. 42(3): p. 167-180. 
35. Adler, C.P., Bone Diseases: Macroscopic, Histological, and Radiological 

Diagnosis of Structural Changes in the Skeleton. 2000: Springer. 
36. Marotti, G., M.A. Muglia, and C. Palumbo, Collagen texture and osteocyte 

distribution in lamellar bone. Ital J Anat Embryol, 1995. 100(Suppl 1): p. 95-102. 
37. Martin, R.B., D.B. Burr, and N.A. Sharkey, Skeletal Tissue Mechanics. 1998: U.S. 

Government Printing Office. 
38. Currey, J.D., Bones: Structure and Mechanics. 2013: Princeton University Press. 
39. Roesler, J., H. Harders, and M. Baeker, Mechanical Behaviour of Engineering 

Materials: Metals, Ceramics, Polymers, and Composites. 2007: Springer. 
40. Olszta, M.J., X. Cheng, S.S. Jee, R. Kumar, Y.-Y. Kim, M.J. Kaufman, E.P. 

Douglas, and L.B. Gower, Bone structure and formation: A new perspective. 
Materials Science and Engineering: R: Reports, 2007. 58(3–5): p. 77-116. 

41. Hancox, N.M., Biology of Bone. 1972: University Press. 
42. Martini, F., Anatomy and Physiology 2007 Edition. 2007: Rex Bookstore, Inc. 
43. Kulkarni, N.V., Clinical Anatomy: (a Problem Solving Approach). 2011: Jaypee 

Brothers Medical Pub. 
44. Rice, D.P., Craniofacial Sutures: Development, Disease and Treatment. 2008: 

Karger. 
45. Schlossberg, L. and G.D. Zuidema, The Johns Hopkins Atlas of Human Functional 

Anatomy. 1997: Johns Hopkins University Press. 
46. Motherway, J.A., P. Verschueren, G. Van der Perre, J. Vander Sloten, and M.D. 

Gilchrist, The mechanical properties of cranial bone: The effect of loading rate and 
cranial sampling position. Journal of Biomechanics, 2009. 42(13): p. 2129-2135. 

47. Gallucci, M., S. Capoccia, and A. Catalucci, Radiographic Atlas of Skull and Brain 
Anatomy. 2007: Springer Berlin Heidelberg. 

48. Orchard, G. and B. Nation, Cell Structure & Function. 2014: OUP Oxford. 
49. Winkelstein, B.A., Orthopaedic Biomechanics. 2012: Taylor & Francis. 



353 
 
50. Peterson, J. and P.C. Dechow, Material properties of the human cranial vault and 

zygoma. The Anatomical Record Part A: Discoveries in Molecular, Cellular, and 
Evolutionary Biology, 2003. 274A(1): p. 785-797. 

51. Deeks, A.J. and H. Hao, Developments in Mechanics of Structures & Materials: 
Proceedings of the 18th Australasian Conference on the Mechanics of Structures 
and Materials, Perth, Australia, 1-3 December 2004, Two Volume Set. 2004: 
Taylor & Francis. 

52. Wang, X., J.S. Nyman, and M. Reyes, Fundamental Biomechanics in Bone Tissue 
Engineering. 2009: Morgan & Claypool Publishers. 

53. Kokubo, T., H.-M. Kim, and M. Kawashita, Novel bioactive materials with 
different mechanical properties. Biomaterials, 2003. 24(13): p. 2161-2175. 

54. Noailly, J., L. Ambrosio, K. Elizabeth Tanner, J. Planell, and D. Lacroix, In silico 
evaluation of a new composite disc substitute with a L3–L5 lumbar spine finite 
element model. European Spine Journal, 2012. 21(5): p. 675-687. 

55. Black, J. and G. Hastings, Handbook of Biomaterial Properties. 1998: Springer US. 
56. Nahum, A.M. and J. Melvin, Accidental Injury: Biomechanics and Prevention. 

2002: Springer. 
57. Bronner, F., M.C. Farach-Carson, and H.I. Roach, Bone and Development. 2010: 

Springer-Verlag. 
58. Davis, M.T., A.M. Loyd, H.-y.H. Shen, M.H. Mulroy, R.W. Nightingale, B.S. 

Myers, and C.D. Bass, The mechanical and morphological properties of 6 year-old 
cranial bone. Journal of Biomechanics, 2012. 45(15): p. 2493-2498. 

59. Demetriades, D. and E. Newton, Color Atlas of Emergency Trauma. 2011: 
Cambridge University Press. 

60. Oestern, H.J., O. Trentz, and S. Uranues, Head, Thoracic, Abdominal, and 
Vascular Injuries: Trauma Surgery I. 2011: Springer. 

61. Behari, J., Biophysical Bone Behavior: Principles and Applications. 2009: Wiley. 
62. Kingsnorth, A. and D. Bowley, Fundamentals of Surgical Practice: A Preparation 

Guide for the Intercollegiate MRCS Examination. 2011: Cambridge University 
Press. 

63. Thaller, S. and W.S. McDonald, Facial Trauma. 2004: Taylor & Francis. 
64. Porth, C., Essentials of Pathophysiology: Concepts of Altered Health States. 2011: 

Wolters Kluwer/Lippincott Williams & Wilkins. 
65. Heber-Katz, E. and D.L. Stocum, New Perspectives in Regeneration. 2013: 

Springer. 
66. Atala, A. and J. Allickson, Translational Regenerative Medicine. 2014: Elsevier 

Science. 
67. Victoria, G., B. Petrisor, B. Drew, and D. Dick, Bone stimulation for fracture 

healing: Whats all the fuss. Indian Journal of Orthopaedics, 2009. 43(2): p. 117-
120. 

68. Albrektsson, T. and C. Johansson, Osteoinduction, osteoconduction and 
osseointegration. European Spine Journal, 2001. 10: p. S96-S101. 

69. Kolk, A., J. Handschel, W. Drescher, D. Rothamel, F. Kloss, M. Blessmann, M. 
Heiland, K.-D. Wolff, and R. Smeets, Current trends and future perspectives of 
bone substitute materials – From space holders to innovative biomaterials. Journal 
of Cranio-Maxillofacial Surgery, 2012. 40(8): p. 706-718. 

70. Ricciardi, B.F. and M.P. Bostrom, Bone graft substitutes: Claims and credibility. 
Seminars in Arthroplasty, 2013. 24(2): p. 119-123. 

71. Damien, C.J. and J.R. Parsons, Bone graft and bone graft substitutes: A review of 
current technology and applications. Journal of Applied Biomaterials, 1991. 2(3): 
p. 187-208. 



354 
 
72. Calori, G.M., E. Mazza, M. Colombo, and C. Ripamonti, The use of bone-graft 

substitutes in large bone defects: Any specific needs? Injury, 2011. 42, Supplement 
2: p. S56-S63. 

73. Blokhuis, T.J. and J.J.C. Arts, Bioactive and osteoinductive bone graft substitutes: 
Definitions, facts and myths. Injury, 2011. 42, Supplement 2: p. S26-S29. 

74. Giannoudis, P.V., H. Dinopoulos, and E. Tsiridis, Bone substitutes: An update. 
Injury, 2005. 36, Supplement 3: p. S20-S27. 

75. Boutrand, J.P., Biocompatibility and Performance of Medical Devices. 2012: 
Elsevier Science. 

76. Hench, L.L., An Introduction to Bioceramics Second Edition. 2013: World 
Scientific. 

77. Polak, J.M., L.L. Hench, and P. Kemp, Future Strategies for Tissue and Organ 
Replacement. 2002: Imperial College Press. 

78. Hench, L. and J. Jones, Biomaterials, Artificial Organs and Tissue Engineering. 
2005: Elsevier Science. 

79. Yaszemski, M.J., Biomaterials in Orthopedics. 2003: Taylor & Francis. 
80. Mow, V.C. and R. Huiskes, Basic Orthopaedic Biomechanics & Mechano-biology. 

2005: Lippincott Williams & Wilkins. 
81. Rodríguez-González, F.Á., Biomaterials In Orthopaedic Surgery. 2009: ASM 

International. 
82. Hollinger, J.O., An Introduction to Biomaterials, Second Edition. 2011: Taylor & 

Francis. 
83. Wuisman, P.I.J.M. and T.M. Smit, Degradable Polymers for Skeletal Implants. 

2009: Nova Science Publishers. 
84. Atala, A. and D.J. Mooney, Synthetic Biodegradable Polymer Scaffolds. 1997: 

Birkhäuser Boston. 
85. Eglin, D. and M. Alini, Degradable Polymeric Materials for Osteosynthesis: 

Tutorial. European Cells & Materials, 2008. 16: p. 80-91. 
86. Chen, Q., C. Zhu, and G. Thouas, Progress and challenges in biomaterials used for 

bone tissue engineering: bioactive glasses and elastomeric composites. Progress in 
Biomaterials, 2012. 1(1): p. 2. 

87. Sultana, N., Biodegradable Polymer-Based Scaffolds for Bone Tissue Engineering. 
2012: Springer. 

88. Dumitriu, S., Polymeric Biomaterials, Revised and Expanded. 2001: CRC Press. 
89. Dawes, E.A., Polyhydroxybutyrate - An Intriguing Bio-polymer. Bioscience 

Reports, 1988. 8(6): p. 537-547. 
90. Knowles, J.C., Development of a Natural Degradable Polymer for Orthopedic Use. 

Journal of Medical Engineering & Technology, 1993. 17(4): p. 129-137. 
91. Yaszemski, M.J., D.J. Trantolo, K.U. Lewandrowski, V. Hasirci, D.E. Altobelli, 

and D.L. Wise, Tissue Engineering And Novel Delivery Systems. 2003: Taylor & 
Francis. 

92. Sultana, N. and T.H. Khan, In Vitro Degradation of PHBV Scaffolds and 
nHA/PHBV Composite Scaffolds Containing Hydroxyapatite Nanoparticles for 
Bone Tissue Engineering. Journal of Nanomaterials, 2012. 

93. Köse, G.T., F. Korkusuz, P. Korkusuz, N. Purali, A. Özkul, and V. Hasırcı, Bone 
generation on PHBV matrices: an in vitro study. Biomaterials, 2003. 24(27): p. 
4999-5007. 

94. Van de Velde, K. and P. Kiekens, Biopolymers: overview of several properties and 
consequences on their applications. Polymer Testing, 2002. 21(4): p. 433-442. 

95. Domb, A.J. and N. Kumar, Biodegradable Polymers in Clinical Use and Clinical 
Development. 2011: Wiley. 



355 
 
96. Ratner, B.D., A.S. Hoffman, F.J. Schoen, and J.E. Lemons, Biomaterials Science: 

An Introduction to Materials in Medicine. 2012: Elsevier Science. 
97. Santin, M. and G.J. Phillips, Biomimetic, Bioresponsive, and Bioactive Materials: 

An Introduction to Integrating Materials with Tissues. 2012: Wiley. 
98. Putlyaev, V.I. and T.V. Safronova, A new generation of calcium phosphate 

biomaterials: The role of phase and chemical compositions. Glass and Ceramics, 
2006. 63(3-4): p. 99-102. 

99. Sakka, S., F.B. Ayed, and J. Bouaziz, Mechanical Properties of Biomaterials Based 
on Calcium Phosphates and Bioinert Oxides for Applications in Biomedicine. 2013: 
INTECH Open Access Publisher. 

100. Ben-Nissan, B., Advances in Calcium Phosphate Biomaterials. 2014: Springer. 
101. Bohner, M., Resorbable biomaterials as bone graft substitutes. Materials Today, 

2010. 13(1–2): p. 24-30. 
102. Kokubo, T., Bioceramics and their Clinical Applications. 2008: Elsevier Science. 
103. Boccaccini, A.R. and P.X. Ma, Tissue Engineering Using Ceramics and Polymers. 

2014: Elsevier Science. 
104. Deb, S., Orthopaedic Bone Cements. 2008: Elsevier Science. 
105. Ambrosio, L., Biomedical Composites. 2009: Elsevier Science. 
106. Vaishya, R., M. Chauhan, and A. Vaish, Bone cement. Journal of Clinical 

Orthopaedics & Trauma. 4(4): p. 157-163. 
107. Chirila, T. and D. Harkin, Biomaterials and Regenerative Medicine in 

Ophthalmology. 2009: Elsevier Science. 
108. Tanner, K.E. and M.J. Dalby, Guest Editorial. Proceedings of the Institution of 

Mechanical Engineers, Part H: Journal of Engineering in Medicine, 2010. 224(12): 
p. i-iv. 

109. Jones, J. and A. Clare, Bio-Glasses: An Introduction. 2012: Wiley. 
110. Rahaman, M.N., D.E. Day, B. Sonny Bal, Q. Fu, S.B. Jung, L.F. Bonewald, and 

A.P. Tomsia, Bioactive glass in tissue engineering. Acta Biomaterialia, 2011. 7(6): 
p. 2355-2373. 

111. Jones, J.R., Review of bioactive glass: From Hench to hybrids. Acta Biomaterialia, 
2013. 9(1): p. 4457-4486. 

112. Jones, J.R., S. Lin, S. Yue, P.D. Lee, J.V. Hanna, M.E. Smith, and R.J. Newport, 
Bioactive glass scaffolds for bone regeneration and their hierarchical 
characterisation. Proceedings of the Institution of Mechanical Engineers, Part H: 
Journal of Engineering in Medicine, 2010. 224(12): p. 1373-1387. 

113. Hench, L.L., New Materials and Technologies for Healthcare. 2012: Imperial 
College Press. 

114. Tylkowski, M. and D.S. Brauer, Mixed alkali effects in Bioglass® 45S5. Journal of 
Non-Crystalline Solids, 2013. 376: p. 175-181. 

115. Nicholson, J.W., The Chemistry of Medical and Dental Materials. 2002: Royal 
Society of Chemistry. 

116. Carter, C.B. and G. Norton, Ceramic Materials: Science and Engineering. 2013: 
Springer. 

117. Holand, W. and G.H. Beall, Glass Ceramic Technology. 2012: Wiley. 
118. Thomas, S., K. Joseph, S.K. Malhotra, K. Goda, and S. Sreekala, Polymer 

Composites, Macro- and Microcomposites. 2012: Wiley. 
119. Balasubramanian, M., Composite Materials and Processing. Illustrated ed. 2013: 

CRC Press. 
120. Hull, D. and T.W. Clyne, An Introduction to Composite Materials. 1996: 

Cambridge University Press. 
121. Chawla, K.K., Composite Materials: Science and Engineering. 2012: Springer. 
122. Mallick, P.K., Composites Engineering Handbook. 1997: Taylor & Francis. 



356 
 
123. Gürdal, Z., R.T. Haftka, and P. Hajela, Design and Optimization of Laminated 

Composite Materials. 1999: Wiley. 
124. Gibson, R.F., Principles of Composite Material Mechanics, Second Edition. 2007: 

CRC Press. 
125. Hollaway, L., Polymers and Polymer Composites in Construction. 1990: T. 

Telford. 
126. Campbell, F.C., Structural Composite Materials. 2010: ASM International. 
127. Kim, J.K. and Y.W. Mai, Engineered Interfaces in Fiber Reinforced Composites. 

1998: Elsevier Science. 
128. Fu, S.Y., B. Lauke, and Y.W. Mai, Science and Engineering of Short Fibre 

Reinforced Polymers Composites. 2009: Woodhead Publishing. 
129. Ramakrishna, S., J. Mayer, E. Wintermantel, and K.W. Leong, Biomedical 

applications of polymer-composite materials: a review. Composites Science and 
Technology, 2001. 61(9): p. 1189-1224. 

130. Rezwan, K., Q.Z. Chen, J.J. Blaker, and A.R. Boccaccini, Biodegradable and 
bioactive porous polymer/inorganic composite scaffolds for bone tissue 
engineering. Biomaterials, 2006. 27(18): p. 3413-3431. 

131. Tanner, K.E., Bioactive composites for bone tissue engineering. Proceedings of the 
Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine, 
2010. 224(12): p. 1359-1372. 

132. Dalby, M.J., M.V. Kayser, W. Bonfield, and L. Di Silvio, Initial attachment of 
osteoblasts to an optimised HAPEX™ topography. Biomaterials, 2002. 23(3): p. 
681-690. 

133. Tjong, S.C., Advances in Biomedical Sciences and Engineering. 2009: Bentham 
Science Publishers. 

134. Rezwan, K., Q. Chen, J. Blaker, and A. Boccaccini, Biodegradable and bioactive 
porous polymer/inorganic composite scaffolds for bone tissue engineering. 
Biomaterials, 2006. 27: p. 3413 - 3431. 

135. Russias, J., E. Saiz, R.K. Nalla, K. Gryn, R.O. Ritchie, and A.P. Tomsia, 
Fabrication and mechanical properties of PLA/HA composites: A study of in vitro 
degradation. Materials Science and Engineering: C, 2006. 26(8): p. 1289-1295. 

136. Zhou, Z., Q. Yi, X. Liu, L. Liu, and Q. Liu, In vitro degradation behaviors of Poly-
l-lactide/bioactive glass composite materials in phosphate-buffered solution. 
Polymer Bulletin, 2009. 63(4): p. 575-586. 

137. Felfel, R.M., I. Ahmed, A.J. Parsons, and C.D. Rudd, Bioresorbable composite 
screws manufactured via forging process: Pull-out, shear, flexural and degradation 
characteristics. Journal of the Mechanical Behavior of Biomedical Materials, 2013. 
18: p. 108-122. 

138. Charles, L.F., E.R. Kramer, M.T. Shaw, J.R. Olson, and M. Wei, Self-reinforced 
composites of hydroxyapatite-coated PLLA fibers: Fabrication and mechanical 
characterization. Journal of the Mechanical Behavior of Biomedical Materials, 
2013. 17: p. 269-277. 

139. Suzuki, S. and Y. Ikada, Biomaterials for Surgical Operation. 2011: Humana Press. 
140. Redfern, R.M., Pulhorn, H., Cranioplasty. Advances in Clinical Nueroscience and 

Rehabilitation, 2007. 7(5): p. 32-34. 
141. Mukherjee, S., B. Thakur, I. Haq, S. Hettige, and A.J. Martin, Complications of 

titanium cranioplasty-a retrospective analysis of 174 patients. Acta 
Neurochirurgica, 2014. 156(5): p. 989-998. 

142. Thavarajah, D., P.D. Lacy, A. Hussien, and A. Sugar, The minimum time for 
cranioplasty insertion from craniectomy is six months to reduce risk of infection- a 
case series of 82 patients. British Journal of Neurosurgery, 2012. 26(1): p. 78-80. 



357 
 
143. Harris, D.A., A.J. Fong, E.P. Buchanan, L. Monson, D. Khechoyan, and S. Lam, 

History of synthetic materials in alloplastic cranioplasty. Neurosurgical Focus, 
2014. 36(4). 

144. Massera, J., I. Ahmed, L. Petit, V. Aallos, and L. Hupa, Phosphate-based glass 
fiber vs. bulk glass: Change in fiber optical response to probe in vitro glass 
reactivity. Materials Science and Engineering: C, 2014. 37: p. 251-257. 

145. Lee, I.-H., H.-s. Yu, N.J. Lakhkar, H.-W. Kim, M.-S. Gong, J.C. Knowles, and I.B. 
Wall, Development, characterisation and biocompatibility testing of a cobalt-
containing titanium phosphate-based glass for engineering of vascularized hard 
tissues. Materials Science and Engineering: C, 2013. 33(4): p. 2104-2112. 

146. Haynes, W.M., CRC Handbook of Chemistry and Physics, 93rd Edition. 2012: 
Taylor & Francis. 

147. Liu, J.K., O.N. Gottfried, C.D. Cole, W.R. Dougherty, and W.T. Couldwell, Porous 
polyethylene implant for cranioplasty and skull base reconstruction. Neurosurgical 
focus, 2004. 16(3): p. ECP1. 

148. Bronzino, J.D. and D.R. Peterson, Tissue Engineering and Artificial Organs. 2006: 
Taylor & Francis. 

149. Stefini, R., G. Esposito, B. Zanotti, C. Iaccarino, M.M. Fontanella, and F. Servadei, 
Use of "custom made" porous hydroxyapatite implants for cranioplasty: 
postoperative analysis of complications in 1549 patients. Surgical Neurology 
International, 2013. 4: p. 12. 

150. Matic, D.B. and P.N. Manson, Biomechanical analysis of hydroxyapatite cement 
cranioplasty. Journal of Craniofacial Surgery, 2004. 15(3): p. 415-422. 

151. Elshahat, A., M.A. Shermak, N. Inoue, E.Y.S. Chao, and P. Manson, The use of 
Novabone and Norian in cranioplasty: a comparative study. Vol. 15. 2004. 483-9. 

152. Saringer, W., I. Nöbauer-Huhmann, and E. Knosp, Cranioplasty with Individual 
Carbon Fibre Reinforced Polymere (CFRP) Medical Grade Implants Based on 
CAD/CAM Technique. Acta Neurochirurgica, 2002. 144(11): p. 1193-1203. 

153. Tuusa, S.M.R., M.J. Peltola, T. Tirri, M.A. Puska, M. Röyttä, H. Aho, J. Sandholm, 
L.V.J. Lassila, and P.K. Vallittu, Reconstruction of critical size calvarial bone 
defects in rabbits with glass–fiber-reinforced composite with bioactive glass 
granule coating. Journal of Biomedical Materials Research Part B: Applied 
Biomaterials, 2008. 84B(2): p. 510-519. 

154. Piitulainen, J., J. Posti, K.J. Aitasalo, V. Vuorinen, P. Vallittu, and W. Serlo, 
Paediatric cranial defect reconstruction using bioactive fibre-reinforced composite 
implant: early outcomes. Acta Neurochirurgica, 2015: p. 1-7. 

155. Zhang, Y. and K.E. Tanner, Impact behavior of hydroxyapatite reinforced 
polyethylene composites. Journal of Materials Science: Materials in Medicine, 
2003. 14(1): p. 63-68. 

156. Hill, C.S., A.M.V. Luoma, S.R. Wilson, and N. Kitchen, Titanium cranioplasty and 
the prediction of complications. British Journal of Neurosurgery, 2012. 26(6): p. 
832-837. 

157. Shelby, J.E., Introduction to Glass Science and Technology. 2005: Royal Society of 
Chemistry. 

158. Brow, R.K., Review: the structure of simple phosphate glasses. Journal of Non-
Crystalline Solids, 2000. 263(1-4): p. 1-28. 

159. Ciceo Lucacel, R., A.O. Hulpus, V. Simon, and I. Ardelean, Structural 
characterization of phosphate glasses doped with silver. Journal of Non-Crystalline 
Solids, 2009. 355(7): p. 425-429. 

160. Abou Neel, E.A., D.M. Pickup, S.P. Valappil, R.J. Newport, and J.C. Knowles, 
Bioactive functional materials: a perspective on phosphate-based glasses. Journal 
of Materials Chemistry, 2009. 19(6): p. 690-701. 



358 
 
161. Shannon, R.D., Revised effective ionic radii and systematic studies of interatomic 

distances in halides and chalcogenides. Acta Crystallographica Section A, 1976. 
32(5): p. 751-767. 

162. Bunker, B.C., G.W. Arnold, and J.A. Wilder, Phosphate glass dissolution in 
aqueous solutions. Journal of Non-Crystalline Solids, 1984. 64(3): p. 291-316. 

163. Gao, H., T. Tan, and D. Wang, Dissolution mechanism and release kinetics of 
phosphate controlled release glasses in aqueous medium. Journal of Controlled 
Release, 2004. 96(1): p. 29-36. 

164. Delahaye, F., L. Montagne, G. Palavit, J. Claude Touray, and P. Baillif, Acid 
dissolution of sodium–calcium metaphosphate glasses. Journal of Non-Crystalline 
Solids, 1998. 242(1): p. 25-32. 

165. Abou Neel, E.A., T. Mizoguchi, M. Ito, M. Bitar, V. Salih, and J.C. Knowles, In 
vitro bioactivity and gene expression by cells cultured on titanium dioxide doped 
phosphate-based glasses. Biomaterials, 2007. 28(19): p. 2967-2977. 

166. Hench, L.L., Bioactive materials: The potential for tissue regeneration. Journal of 
Biomedical Materials Research, 1998. 41(4): p. 511-518. 

167. Kaur, G., O.P. Pandey, K. Singh, D. Homa, B. Scott, and G. Pickrell, A review of 
bioactive glasses: Their structure, properties, fabrication and apatite formation. 
Journal of Biomedical Materials Research Part A, 2014. 102(1): p. 254-274. 

168. Kasuga, T., Bioactive calcium pyrophosphate glasses and glass-ceramics. Acta 
Biomaterialia, 2005. 1(1): p. 55-64. 

169. Mohammadi, M.S., I. Ahmed, N. Muja, S. Almeida, C.D. Rudd, M.N. Bureau, and 
S.N. Nazhat, Effect of Si and Fe doping on calcium phosphate glass fibre 
reinforced polycaprolactone bone analogous composites. Acta Biomaterialia, 2012. 
8(4): p. 1616-1626. 

170. Gayathri Devi, A.V., V. Rajendran, and N. Rajendran, Structure, solubility and 
bioactivity in TiO2-doped phosphate-based bioglasses and glass–ceramics. 
Materials Chemistry and Physics, 2010. 124(1): p. 312-318. 

171. Karsenty, G., Role of Cbfa1 in osteoblast differentiation and function. Seminars in 
Cell & Developmental Biology, 2000. 11(5): p. 343-346. 

172. Weiss, D.S.L., R.D. Torres, S. Buchner, S. Blunk, and P. Soares, Effect of Ti and 
Mg dopants on the mechanical properties, solubility, and bioactivity in vitro of a 
Sr-containing phosphate based glass. Journal of Non-Crystalline Solids, 2014. 386: 
p. 34-38. 

173. Ahmed, I., M. Lewis, I. Olsen, and J.C. Knowles, Phosphate glasses for tissue 
engineering: Part 1. Processing and characterisation of a ternary-based P2O5–
CaO–Na2O glass system. Biomaterials, 2004. 25(3): p. 491-499. 

174. Franks, K., I. Abrahams, and J.C. Knowles, Development of soluble glasses for 
biomedical use Part I: In vitro solubility measurement. Journal of Materials 
Science-Materials in Medicine, 2000. 11(10): p. 609-614. 

175. Skelton, K.L., J.V. Glenn, S.A. Clarke, G. Georgiou, S.P. Valappil, J.C. Knowles, 
S.N. Nazhat, and G.R. Jordan, Effect of ternary phosphate-based glass 
compositions on osteoblast and osteoblast-like proliferation, differentiation and 
death in vitro. Acta Biomaterialia, 2007. 3(4): p. 563-572. 

176. Uo, M., M. Mizuno, Y. Kuboki, A. Makishima, and F. Watari, Properties and 
cytotoxicity of water soluble Na2O–CaO–P2O5 glasses. Biomaterials, 1998. 19(24): 
p. 2277-2284. 

177. Salih, V., K. Franks, M. James, G.W. Hastings, J.C. Knowles, and I. Olsen, 
Development of soluble glasses for biomedical use Part II: The biological response 
of human osteoblast cell lines to phosphate-based soluble glasses. Journal of 
Materials Science-Materials in Medicine, 2000. 11(10): p. 615-620. 



359 
 
178. Bitar, M., V. Salih, V. Mudera, J.C. Knowles, and M.P. Lewis, Soluble phosphate 

glasses: in vitro studies using human cells of hard and soft tissue origin. 
Biomaterials, 2004. 25(12): p. 2283-2292. 

179. Ahmed, I., M.P. Lewis, S.N. Nazhat, and J.C. Knowles, Quantification of Anion 
and Cation Release from a Range of Ternary Phosphate-based Glasses with Fixed 
45 mol% P2O5. Journal of Biomaterials Applications, 2005. 20(1): p. 65-80. 

180. Abou Neel, E.A., I. Ahmed, J.J. Blaker, A. Bismarck, A.R. Boccaccini, M.P. 
Lewis, S.N. Nazhat, and J.C. Knowles, Effect of iron on the surface, degradation 
and ion release properties of phosphate-based glass fibres. Acta Biomaterialia, 
2005. 1(5): p. 553-563. 

181. Knowles, J.C., K. Franks, and I. Abrahams, Investigation of the solubility and ion 
release in the glass system K2O-Na2O-CaO-P2O5. Biomaterials, 2001. 22(23): p. 
3091-3096. 

182. Lucacel, R.C., O. Ponta, and V. Simon, Short-range structure and in vitro behavior 
of ZnO-CaO-P2O5 bioglasses. Journal of Non-Crystalline Solids, 2012. 358(20): p. 
2803-2809. 

183. Lee, I.-H., S.-H. Shin, F. Foroutan, N.J. Lakhkar, M.-S. Gong, and J.C. Knowles, 
Effects of magnesium content on the physical, chemical and degradation properties 
in a MgO−CaO−Na2O−P2O5 glass system. Journal of Non-Crystalline Solids, 
2013. 363: p. 57-63. 

184. Sharmin, N., M.S. Hasan, A.J. Parsons, D. Furniss, C.A. Scotchford, I. Ahmed, and 
C.D. Rudd, Effect of Boron Addition on the Thermal, Degradation, and 
Cytocompatibility Properties of Phosphate-Based Glasses. Biomed Research 
International, 2013. 

185. Lakhkar, N.J., I.-H. Lee, H.-W. Kim, V. Salih, I.B. Wall, and J.C. Knowles, Bone 
formation controlled by biologically relevant inorganic ions: Role and controlled 
delivery from phosphate-based glasses. Advanced Drug Delivery Reviews, 2013. 
65(4): p. 405-420. 

186. Hoppe, A., N.S. Güldal, and A.R. Boccaccini, A review of the biological response 
to ionic dissolution products from bioactive glasses and glass-ceramics. 
Biomaterials, 2011. 32(11): p. 2757-2774. 

187. Khor, S.F., Z.A. Talib, W.M. Daud, and H.A.A. Sidek, Degradation study on 
ternary zinc magnesium phosphate glasses. Journal of Materials Science, 2011. 
46(24): p. 7895-7900. 

188. Franks, K., V. Salih, J.C. Knowles, and I. Olsen, The effect of MgO on the 
solubility behavior and cell proliferation in a quaternary soluble phosphate based 
glass system. Journal of Materials Science-Materials in Medicine, 2002. 13(6): p. 
549-556. 

189. Salih, V., A. Patel, and J.C. Knowles, Zinc-containing phosphate-based glasses for 
tissue engineering. Biomedical Materials, 2007. 2(1): p. 11-20. 

190. Abou Neel, E.A., W. Chrzanowski, S.P. Valappil, L.A. O’Dell, D.M. Pickup, M.E. 
Smith, R.J. Newport, and J.C. Knowles, Doping of a high calcium oxide 
metaphosphate glass with titanium dioxide. Journal of Non-Crystalline Solids, 
2009. 355(16–17): p. 991-1000. 

191. Abou Neel, E.A., W. Chrzanowski, D.M. Pickup, L.A. O'Dell, N.J. Mordan, R.J. 
Newport, M.E. Smith, and J.C. Knowles, Structure and properties of strontium-
doped phosphate-based glasses. Journal of the Royal Society Interface, 2009. 
6(34): p. 435-446. 

192. Morikawa, H., S. Lee, T. Kasuga, and D.S. Brauer, Effects of magnesium for 
calcium substitution in P2O5–CaO–TiO2 glasses. Journal of Non-Crystalline Solids, 
2013. 380: p. 53-59. 



360 
 
193. Parsons, A.J., M. Evans, C.D. Rudd, and C.A. Scotchford, Synthesis and 

degradation of sodium iron phosphate glasses and their in vitro cell response. 
Journal of Biomedical Materials Research Part A, 2004. 71A(2): p. 283-291. 

194. Ahmed, I., C.A. Collins, M.P. Lewis, I. Olsen, and J.C. Knowles, Processing, 
characterisation and biocompatibility of iron-phosphate glass fibres for tissue 
engineering. Biomaterials, 2004. 25(16): p. 3223-3232. 

195. Abou Neel, E., L. O’Dell, M. Smith, and J. Knowles, Processing, characterisation, 
and biocompatibility of zinc modified metaphosphate based glasses for biomedical 
applications. Journal of Materials Science: Materials in Medicine, 2008. 19(4): p. 
1669-1679. 

196. Marikani, A., A. Maheswaran, M. Premanathan, and L. Amalraj, Synthesis and 
characterization of calcium phosphate based bioactive quaternary P2O5-CaO-
Na2O-K2O glasses. Journal of Non-Crystalline Solids, 2008. 354(33): p. 3929-
3934. 

197. Novajra, G., C. Vitale-Brovarone, J.C. Knowles, G. Maina, V. Aina, D. Ghigo, and 
L. Bergandi, Effects of TiO2-containing phosphate glasses on solubility and in vitro 
biocompatibility. Journal of Biomedical Materials Research Part A, 2011. 99A(2): 
p. 295-306. 

198. Valappil, S.P., J.C. Knowles, and M. Wilson, Effect of silver-doped phosphate-
based glasses on bacterial biofilm growth. Applied and Environmental 
Microbiology, 2008. 74(16): p. 5228-5230. 

199. Ahmed, I., D. Ready, M. Wilson, and J.C. Knowles, Antimicrobial effect of silver-
doped phosphate-based glasses. Journal of Biomedical Materials Research Part A, 
2006. 79A(3): p. 618-626. 

200. Stockhorst, H. and R. Brückner, Structure sensitive measurements on phosphate 
glass fibers. Journal of Non-Crystalline Solids, 1986. 85(1–2): p. 105-126. 

201. Cozien-Cazuc, S., A.J. Parsons, G.S. Walker, I.A. Jones, and C.D. Rudd, Real-time 
dissolution of P40Na20Ca16Mg24 phosphate glass fibers. Journal of Non-Crystalline 
Solids, 2009. 355(50–51): p. 2514-2521. 

202. Wallenberger, F., Commercial and Experimental Glass Fibers, in Fiberglass and 
Glass Technology, F.T. Wallenberger and P.A. Bingham, Editors. 2010, Springer 
US. p. 3-90. 

203. Kostikov, V.I. and V.I. Kostikov, Fibre Science and Technology. 1995: Springer. 
204. Alekseeva, T., E.A. Abou Neel, J.C. Knowles, and R.A. Brown, Development of 

Conical Soluble Phosphate Glass Fibers for Directional Tissue Growth. Journal of 
Biomaterials Applications, 2012. 26(6): p. 733-744. 

205. Ahmed, I., M. Lewis, I. Olsen, and J.C. Knowles, Phosphate glasses for tissue 
engineering: Part 2. Processing and characterisation of a ternary-based P2O5–
CaO–Na2O glass fibre system. Biomaterials, 2004. 25(3): p. 501-507. 

206. Patel, A. and J.C. Knowles, Investigation of silica-iron-phosphate glasses for tissue 
engineering. Journal of Materials Science: Materials in Medicine, 2006. 17(10): p. 
937-944. 

207. Cozien-Cazuc, S., A.J. Parsons, G.S. Walker, I.A. Jones, and C.D. Rudd, Effects of 
aqueous aging on the mechanical properties of P40Na20Ca16Mg24 phosphate glass 
fibres. Journal of Materials Science, 2008. 43(14): p. 4834-4839. 

208. Liu, X.L., D.M. Grant, A.J. Parsons, L.T. Harper, C.D. Rudd, and I. Ahmed, 
Magnesium Coated Bioresorbable Phosphate Glass Fibres: Investigation of the 
Interface between Fibre and Polyester Matrices. Biomed Research International, 
2013. 

209. Haque, P., I. Ahmed, A. Parsons, R. Felfel, G. Walker, and C. Rudd, Degradation 
properties and microstructural analysis of 40P2O5–24MgO–16CaO–16Na2O–



361 
 

4Fe2O3 phosphate glass fibres. Journal of Non-Crystalline Solids, 2013. 375: p. 99-
109. 

210. Hasan, M.S., I. Ahmed, A.J. Parsons, G.S. Walker, and C.A. Scotchford, Material 
characterisation and cytocompatibility assessment of quinternary phosphate 
glasses. Journal of Materials Science: Materials in Medicine, 2012. 23(10): p. 
2531-2541. 

211. Sharmin, N., A.J. Parsons, C.D. Rudd, and I. Ahmed, Effect of boron oxide 
addition on fibre drawing, mechanical properties and dissolution behaviour of 
phosphate-based glass fibres with fixed 40, 45 and 50 mol% P2O5. Journal of 
Biomaterials Applications, 2014. 

212. Parsons, A.J., I. Ahmed, P. Haque, B. Fitzpatrick, M.I.K. Niazi, G.S. Walker, and 
C.D. Rudd, Phosphate Glass Fibre Composites for Bone Repair. Journal of Bionic 
Engineering, 2009. 6(4): p. 318-323. 

213. Knowles, J.C., Phosphate based glasses for biomedical applications. Journal of 
Materials Chemistry, 2003. 13(10): p. 2395-2401. 

214. Felfel, R.M., I. Ahmed, A.J. Parsons, G. Palmer, V. Sottile, and C.D. Rudd, 
Cytocompatibility, degradation, mechanical property retention and ion release 
profiles for phosphate glass fibre reinforced composite rods. Materials Science and 
Engineering: C, 2013. 33(4): p. 1914-1924. 

215. Ahmed, I., A.J. Parsons, G. Palmer, J.C. Knowles, G.S. Walker, and C.D. Rudd, 
Weight loss, ion release and initial mechanical properties of a binary calcium 
phosphate glass fibre/PCL composite. Acta Biomaterialia, 2008. 4(5): p. 1307-
1314. 

216. Mohammadi, M.S., I. Ahmed, N. Muja, C.D. Rudd, M.N. Bureau, and S.N. Nazhat, 
Effect of phosphate-based glass fibre surface properties on thermally produced 
poly(lactic acid) matrix composites. Journal of Materials Science-Materials in 
Medicine, 2011. 22(12): p. 2659-2672. 

217. Brauer, D., C. Rüssel, S. Vogt, J. Weisser, and M. Schnabelrauch, Degradable 
phosphate glass fiber reinforced polymer matrices: mechanical properties and cell 
response. Journal of Materials Science: Materials in Medicine, 2008. 19(1): p. 121-
127. 

218. Ahmed, I., P.S. Cronin, E.A. Abou Neel, A.J. Parsons, J.C. Knowles, and C.D. 
Rudd, Retention of Mechanical Properties and Cytocompatibility of a Phosphate-
Based Glass Fiber/Polylactic Acid Composite. Journal of Biomedical Materials 
Research Part B-Applied Biomaterials, 2009. 89B(1): p. 18-27. 

219. Ahmed, I., I.A. Jones, A.J. Parsons, J. Bernard, J. Farmer, C.A. Scotchford, G.S. 
Walker, and C.D. Rudd, Composites for bone repair: phosphate glass fibre 
reinforced PLA with varying fibre architecture. Journal of Materials Science: 
Materials in Medicine, 2011. 22(8): p. 1825-1834. 

220. Haque, P., A.J. Parsons, I.A. Barker, I. Ahmed, D.J. Irvine, G.S. Walker, and C.D. 
Rudd, Interfacial properties of phosphate glass fibres/PLA composites: Effect of 
the end functionalities of oligomeric PLA coupling agents. Composites Science and 
Technology, 2010. 70(13): p. 1854-1860. 

221. Hasan, M.S., I. Ahmed, A. Parsons, G. Walker, and C. Scotchford, 
Cytocompatibility and Mechanical Properties of Short Phosphate Glass Fibre 
Reinforced Polylactic Acid (PLA) Composites: Effect of Coupling Agent Mediated 
Interface. Journal of Functional Biomaterials, 2012. 3(4). 

222. Felfel, R.M., I. Ahmed, A.J. Parsons, P. Haque, G.S. Walker, and C.D. Rudd, 
Investigation of Crystallinity, Molecular Weight Change, and Mechanical 
Properties of PLA/PBG Bioresorbable Composites as Bone Fracture Fixation 
Plates. Journal of Biomaterials Applications, 2012. 26(7): p. 765-789. 



362 
 
223. Han, N., I. Ahmed, A.J. Parsons, L. Harper, C.A. Scotchford, B.E. Scammell, and 

C.D. Rudd, Influence of screw holes and gamma sterilization on properties of 
phosphate glass fiber-reinforced composite bone plates. Journal of Biomaterials 
Applications, 2013. 27(8): p. 990-1002. 

224. Hasan, M.S., I. Ahmed, A.J. Parsons, G.S. Walker, and C.A. Scotchford, The 
influence of coupling agents on mechanical property retention and long-term 
cytocompatibility of phosphate glass fibre reinforced PLA composites. Journal of 
the Mechanical Behavior of Biomedical Materials, 2013. 28: p. 1-14. 

225. Liu, X., M.S. Hasan, D.M. Grant, L.T. Harper, A.J. Parsons, G. Palmer, C.D. Rudd, 
and I. Ahmed, Mechanical, degradation and cytocompatibility properties of 
magnesium coated phosphate glass fibre reinforced polycaprolactone composites. 
Journal of Biomaterials Applications, 2014. 29(5): p. 675-687. 

226. Hasan, M.S., I. Ahmed, A.J. Parsons, C.D. Rudd, G.S. Walker, and C.A. 
Scotchford, Investigating the use of coupling agents to improve the interfacial 
properties between a resorbable phosphate glass and polylactic acid matrix. 
Journal of Biomaterials Applications, 2013. 28(3): p. 354-366. 

227. Hasan, M.S., I. Ahmed, A.J. Parsons, G.S. Walker, and C.A. Scotchford, 
Cytocompatibility assessment of chemical surface treatments for phosphate glass to 
improve adhesion between glass and polyester. Journal of Biomedical Materials 
Research Part A, 2013. 101(11): p. 3301-3310. 

228. Khan, R.A., A.J. Parsons, I.A. Jones, G.S. Walker, and C.D. Rudd, Effectiveness of 
3-Aminopropyl-Triethoxy-Silane as a Coupling Agent for Phosphate Glass Fiber-
Reinforced Poly(caprolactone)-based Composites for Fracture Fixation Devices. 
Journal of Thermoplastic Composite Materials, 2011. 24(4): p. 517-534. 

229. Kobayashi, H.Y.L.S., D.S. Brauer, and C. Rüssel, Mechanical properties of a 
degradable phosphate glass fibre reinforced polymer composite for internal 
fracture fixation. Materials Science and Engineering: C, 2010. 30(7): p. 1003-1007. 

230. Mittemeijer, E.J., Fundamentals of Materials Science: The Microstructure–
Property Relationship Using Metals as Model Systems. 2010: Springer. 

231. Smith, F., Industrial Applications of X-Ray Diffraction. 1999: Taylor & Francis. 
232. Suryanarayana, C. and G. Norton, X-Ray Diffraction: A Practical Approach. 1998: 

Springer. 
233. Guo, Z. and L. Tan, Fundamentals and Applications of Nanomaterials. 2009: 

Artech House, Incorporated. 
234. Stuart, B.H., Infrared Spectroscopy: Fundamentals and Applications. 2004: Wiley. 
235. Anderson, R.J., D.J. Bendell, P.W. Groundwater, and R.S.o. Chemistry, Organic 

Spectroscopic Analysis. 2004: Royal Society of Chemistry. 
236. Colorado, U.o. The Electromagnetic Spectrum 15 Infrared Spectroscopy: Theory. 

2002  [cited 2013 30.12.13]; Available from: 
http://orgchem.colorado.edu/Spectroscopy/irtutor/IRtheory.pdf. 

237. Larkin, P., Infrared and Raman Spectroscopy; Principles and Spectral 
Interpretation. 2011: Elsevier Science. 

238. Smith, B.C., Fundamentals of Fourier Transform Infrared Spectroscopy, Second 
Edition. 2011: Taylor & Francis. 

239. Lewis, I.R. and H. Edwards, Handbook of Raman Spectroscopy: From the 
Research Laboratory to the Process Line. 2001: Taylor & Francis. 

240. Chalmers, J.M., H.G.M. Edwards, and M.D. Hargreaves, Infrared and Raman 
Spectroscopy in Forensic Science. 2012: Wiley. 

241. Ferraro, J.R., Introductory Raman Spectroscopy. 2003: Elsevier Science. 
242. McCreery, R.L., Raman Spectroscopy for Chemical Analysis. 2005: Wiley. 



363 
 
243. Reading, M. and D.J. Hourston, Modulated Temperature Differential Scanning 

Calorimetry: Theoretical and Practical Applications in Polymer Characterisation. 
2006: Springer. 

244. Höhne, G., W. Hemminger, and H.J. Flammersheim, Differential Scanning 
Calorimetry. 2003: Springer. 

245. Brown, E., Introduction to Thermal Analysis: Techniques and Applications. 2001: 
Springer. 

246. Brown, M.E. and P.K. Gallagher, Handbook of Thermal Analysis and Calorimetry: 
Recent Advances, Techniques and Applications. 2011: Elsevier Science. 

247. Haines, P.J., Principles of Thermal Analysis and Calorimetry. 2002: Royal Society 
of Chemistry. 

248. Wunderlich, B., Thermal Analysis of Polymeric Materials. 2005: Springer. 
249. Ferreira, E.B., M.L. Lima, and E.D. Zanotto, DSC Method for Determining the 

Liquidus Temperature of Glass-Forming Systems. Journal of the American Ceramic 
Society, 2010. 93(11): p. 3757-3763. 

250. Chandler, H., Hardness Testing. 1999: ASM International. 
251. Zhou, Y., L. Yang, and Y. Huang, Micro- and Macromechanical Properties of 

Materials. 2013: Taylor & Francis. 
252. Cocchi, M., C. Durante, G. Lusvardi, G. Malavasi, and L. Menabue, Evaluation of 

the behaviour of fluorine-containing bioactive glasses: reactivity in a simulated 
body fluid solution assisted by multivariate data analysis. Journal of Materials 
Science: Materials in Medicine, 2012. 23(3): p. 639-648. 

253. Abou Neel, E.A., W. Chrzanowski, and J.C. Knowles, Effect of increasing titanium 
dioxide content on bulk and surface properties of phosphate-based glasses. Acta 
Biomaterialia, 2008. 4(3): p. 523-534. 

254. Ahmed, I., A. Parsons, A. Jones, G. Walker, C. Scotchford, and C. Rudd, 
Cytocompatibility and Effect of Increasing MgO Content in a Range of Quaternary 
Invert Phosphate-based Glasses. Journal of Biomaterials Applications, 2010. 24(6): 
p. 555-575. 

255. ElBatal, H.A., E.M.A. Khalil, and Y.M. Hamdy, In vitro behavior of bioactive 
phosphate glass–ceramics from the system P2O5–Na2O–CaO containing titania. 
Ceramics International, 2009. 35(3): p. 1195-1204. 

256. ElBatal, F. and G. El-Bassyouni, Bioactivity of Hench Bioglass and Corresponding 
Glass-Ceramic and the Effect of Transition Metal Oxides. Silicon, 2011. 3(4): p. 
185-197. 

257. Walter, G., J. Vogel, U. Hoppe, and P. Hartmann, Structural study of magnesium 
polyphosphate glasses. Journal of Non-Crystalline Solids, 2003. 320(1–3): p. 210-
222. 

258. Karakassides, M.A., A. Saranti, and I. Koutselas, Preparation and structural study 
of binary phosphate glasses with high calcium and/or magnesium content. Journal 
of Non-Crystalline Solids, 2004. 347(1–3): p. 69-79. 

259. Dias, A.G., M.A. Lopes, A.T. Trigo Cabral, J.D. Santos, and M.H. Fernandes, In 
vitro studies of calcium phosphate glass ceramics with different solubility with the 
use of human bone marrow cells. Journal of Biomedical Materials Research Part A, 
2005. 74A(3): p. 347-355. 

260. Valerio, P., M.H.R. Guimaráes, M.M. Pereira, M.F. Leite, and A.M. Goes, Primary 
osteoblast cell response to sol-gel derived bioactive glass foams. Journal of 
Materials Science: Materials in Medicine, 2005. 16(9): p. 851-856. 

261. Valerio, P., M.M. Pereira, A.M. Goes, and M.F. Leite, The effect of ionic products 
from bioactive glass dissolution on osteoblast proliferation and collagen 
production. Biomaterials, 2004. 25(15): p. 2941-2948. 



364 
 
262. O’Donnell, M.D., S.J. Watts, R.V. Law, and R.G. Hill, Effect of P2O5 content in 

two series of soda lime phosphosilicate glasses on structure and properties – Part 
II: Physical properties. Journal of Non-Crystalline Solids, 2008. 354(30): p. 3561-
3566. 

263. Juhasz, J., Kapadia, A., 21432/6/3/11:Feasibility Study to Investigate the Failure 
Strength of Bulk Glasses for the Medical Industry. 2011, The Welding Institute 
(TWI): Cambridge. p. 1-9. 

264. ASTM, C158-02 Standard Test Methods for Strength of Glass by Flexure 
(Determination of Modulus of Rupture). 2012, ASTM: ASTM International. 

265. Clement, J., P. Torres, F.J. Gil, J.A. Planell, R. Terradas, and S. Martinez, 
Evaluation by Vickers indentation of fracture toughness of a phosphate 
biodegradable glass. Journal of Materials Science-Materials in Medicine, 1999. 
10(7): p. 437-441. 

266. Nychka, J.A., D. Li, and B. Alexander, In vitro bioactivity of 45S5 bioactive glass 
as a function of indentation load. Journal of the Mechanical Behavior of 
Biomedical Materials, 2008. 1(3): p. 243-251. 

267. Hosmani, S.S., Introduction to Surface Alloying of Metals. 2014: Springer (India) 
Private Limited. 

268. Bhushan, B., Handbook of Micro/Nano Tribology, Second Edition. 1998: Taylor & 
Francis. 

269. Bourhis, E.L., Glass: Mechanics and Technology. 2008: Wiley. 
270. Rinehart, J.D., T.D. Taylor, Y. Tian, and R.A. Latour, Real-time dissolution 

measurement of sized and unsized calcium phosphate glass fibers. Journal of 
Biomedical Materials Research, 1999. 48(6): p. 833-840. 

271. Kokubo, T. and H. Takadama, How useful is SBF in predicting in vivo bone 
bioactivity? Biomaterials, 2006. 27(15): p. 2907-2915. 

272. Chavan, P.N., M.M. Bahir, R.U. Mene, M.P. Mahabole, and R.S. Khairnar, Study 
of nanobiomaterial hydroxyapatite in simulated body fluid: Formation and growth 
of apatite. Materials Science and Engineering: B, 2010. 168(1–3): p. 224-230. 

273. Clement, J., J.M. Manero, J.A. Planell, G. Avila, and S. Martinez, Analysis of the 
structural changes of a phosphate glass during its dissolution in simulated body 
fluid. Journal of Materials Science-Materials in Medicine, 1999. 10(12): p. 729-
732. 

274. Adams, R.L.P., Cell Culture for Biochemists. 1990: Elsevier Science. 
275. Harrison, M.A. and I.F. Rae, General Techniques of Cell Culture. 1997: Cambridge 

University Press. 
276. Hughes, D. and H. Mehmet, Cell Proliferation and Apoptosis. 2003: Taylor & 

Francis. 
277. Blumenthal, R.D., Chemosensitivity: Volume I: In Vitro Assays. 2005: Humana 

Press. 
278. Hayes, A.W., Principles and Methods of Toxicology, Fifth Edition. 2007: Taylor & 

Francis. 
279. Hannun, Y.A. and R.M. Boustany, Apoptosis in Neurobiology. 1998: Taylor & 

Francis. 
280. BSI BS EN ISO 10993-5:2009 Biological evalulation of medical devices, Part 5: 

Tests for in vitro cytotoxicity 2009. 
281. Sen, K. and N.J. Ashbolt, Environmental Microbiology: Current Technology and 

Water Applications. 2011: Caister Academic Press. 
282. Kimura, D., Cell Growth Processes: New Research. 2008: Nova Biomedical 

Books. 



365 
 
283. Oswal, V., S. Jovanvic, S.M. Zeitels, J.P. Krespi, and C. Hopper, Principles and 

Practice of Lasers in Otorhinolaryngology and Head and Neck Surgery. 2014: 
Kugler Publications. 

284. Sahu, S.C. and D.A. Casciano, Nanotoxicity: From In Vivo and In Vitro Models to 
Health Risks. 2009: Wiley. 

285. Das, S.S., P.K. Srivastava, and N.B. Singh, Fast ion conducting phosphate glasses 
and glass ceramic composites: Promising materials for solid state batteries. 
Journal of Non-Crystalline Solids, 2012. 358(21): p. 2841-2846. 

286. Schwarz, J., H. Ticha, L. Tichy, and R. Mertens, Physical properties of PbO-ZnO-
P2O5 glasses - I. Infrared and Raman spectra. Journal of Optoelectronics and 
Advanced Materials, 2004. 6(3): p. 737-746. 

287. Elisa, M., B.A. Sava, R. Iordanescu, I. Feraru, C. Vasiliu, M. Calin, A. Diaconu, 
L.D. Ursu, L. Boroica, Z. Plaiasu, F. Nastase, C. Nastase, and A. Dumitru, 
Obtaining and characterization of calcium/magnesium/iron lithium phosphate 
glasses. Optoelectronics and Advanced Materials-Rapid Communications, 2010. 
4(9): p. 1301-1303. 

288. Moustafa, Y.M. and K. El-Egili, Infrared spectra of sodium phosphate glasses. 
Journal of Non-Crystalline Solids, 1998. 240(1-3): p. 144-153. 

289. Kiani, A., J.V. Hanna, S.P. King, G.J. Rees, M.E. Smith, N. Roohpour, V. Salih, 
and J.C. Knowles, Structural characterization and physical properties of P2O5–
CaO–Na2O–TiO2 glasses by Fourier transform infrared, Raman and solid-state 
magic angle spinning nuclear magnetic resonance spectroscopies. Acta 
Biomaterialia, 2012. 8(1): p. 333-340. 

290. Tricot, G., B. Revel, and S. Wegner, Thermal stability of a low Tg phosphate glass 
investigated by DSC, XRD and solid state NMR. Journal of Non-Crystalline Solids, 
2011. 357(14): p. 2708-2712. 

291. Karabulut, M., B. Yuce, O. Bozdogan, H. Ertap, and G.M. Mammadov, Effect of 
boron addition on the structure and properties of iron phosphate glasses. Journal 
of Non-Crystalline Solids, 2011. 357(5): p. 1455-1462. 

292. Srivastava, A.K., Pyare, R., Characterization of CuO subsituted 45S5 Bioactive 
Glasses and Glass-ceramics. International Journal of Scientific & Technology 
Research, 2012. 1(2): p. 28-41. 

293. Abou Neel, E.A., W. Chrzanowski, G. Georgiou, M.J. Dalby, and J.C. Knowles, In 
vitro biocompatibility and mechanical performance of titanium doped high calcium 
oxide metaphosphate-based glasses. Journal of tissue engineering, 2010. 2010: p. 
390127-390127. 

294. Thompson, I.D. and L.L. Hench, Mechanical properties of bioactive glasses, glass-
ceramics and composites. Proceedings of the Institution of Mechanical Engineers, 
Part H: Journal of Engineering in Medicine, 1998. 212(2): p. 127-136. 

295. Baikova, L.G., V.P. Pukh, Y.K. Fedorov, A.B. Sinani, L.V. Tikhonova, and M.F. 
Kireenko, Mechanical properties of phosphate glasses as a function of the total 
bonding energy per unit volume of glass. Glass Physics and Chemistry, 2008. 
34(2): p. 126-131. 

296. Rouxel, T., Elastic Properties and Short-to Medium-Range Order in Glasses. 
Journal of the American Ceramic Society, 2007. 90(10): p. 3019-3039. 

297. Inaba, S., S. Fujino, and K. Morinaga, Young's Modulus and Compositional 
Parameters of Oxide Glasses. Journal of the American Ceramic Society, 1999. 
82(12): p. 3501-3507. 

298. Crobu, M., A. Rossi, and N. Spencer, Effect of Chain-Length and Countersurface 
on the Tribochemistry of Bulk Zinc Polyphosphate Glasses. Tribology Letters, 
2012. 48(3): p. 393-406. 



366 
 
299. Kurkjian, C.R., Mechanical properties of phosphate glasses. Journal of Non-

Crystalline Solids, 2000. 263–264: p. 207-212. 
300. Bourhis, E.L., Glass: Mechanics and Technology. 2014: Wiley. 
301. Pukh, V.P., L.G. Baikova, M.F. Kireenko, L.V. Tikhonova, T.P. Kazannikova, and 

A.B. Sinani, Atomic structure and strength of inorganic glasses. Physics of the 
Solid State, 2005. 47(5): p. 876-881. 

302. Cle´ment, J., P. Torres, F.J. Gil, J.A. Planell, R. Terradas, and S. Martinez, 
Evaluation by Vickers indentation of fracture toughness of a phosphate 
biodegradable glass. Journal of Materials Science: Materials in Medicine, 1999. 
10(7): p. 437-441. 

303. Ashizuka, M. and R.C. Bradt, Fracture Toughness of Metaphosphate Glasses. 
Journal of the American Ceramic Society, 1982. 65(5): p. c70-c70. 

304. Park, J. and R.S. Lakes, Biomaterials: An Introduction. 2007: Springer. 
305. Chu, P.K. and X. Liu, Biomaterials Fabrication and Processing Handbook. 2008: 

Taylor & Francis. 
306. Lee, K.Y.S., K.M.C. Chin, S. Ramesh, J. Purbolaksono, M.A. Hassan, M. Hamdi, 

and W.D. Teng, Characterization of forsterite ceramics. Journal of Ceramic 
Processing Research, 2013. 14(1): p. 131-133. 

307. Salama, S.N. and H.A. El-Batal, Microhardness of phosphate glasses. Journal of 
Non-Crystalline Solids, 1994. 168(1–2): p. 179-185. 

308. Limbach, R., B.P. Rodrigues, and L. Wondraczek, Strain-rate sensitivity of glasses. 
Journal of Non-Crystalline Solids, 2014. 404(0): p. 124-134. 

309. Smedskjaer, M.M., M. Jensen, and Y. Yue, Effect of thermal history and chemical 
composition on hardness of silicate glasses. Journal of Non-Crystalline Solids, 
2010. 356(18–19): p. 893-897. 

310. Richerson, D., D.W. Richerson, and W.E. Lee, Modern Ceramic Engineering: 
Properties, Processing, and Use in Design, Third Edition. 2005: Taylor & Francis. 

311. Pattanayak, D., B.T. Rao, and T.R.R. Mohan, Calcium phosphate bioceramics and 
bioceramic composites. Journal of Sol-Gel Science and Technology, 2011. 59(3): p. 
432-447. 

312. Venkateswara Rao, G. and H.D. Shashikala, Structural, optical and mechanical 
properties of ternary CaO-CaF2-P2O5 glasses. Journal of Advanced Ceramics, 
2014. 3(2): p. 109-116. 

313. Hayden, J.S., A.J. Marker Iii, T.I. Suratwala, and J.H. Campbell, Surface tensile 
layer generation during thermal annealing of phosphate glass. Journal of Non-
Crystalline Solids, 2000. 263–264: p. 228-239. 

314. Jacobson, M.Z., Air Pollution and Global Warming: History, Science, and 
Solutions. 2012: Cambridge University Press. 

315. Gao, H., T. Tan, and D. Wang, Effect of composition on the release kinetics of 
phosphate controlled release glasses in aqueous medium. Journal of Controlled 
Release, 2004. 96(1): p. 21-28. 

316. Navarro, M., M.-P. Ginebra, J. Clément, M. Salvador, A. Gloria, and J.A. Planell, 
Physicochemical Degradation of Titania-Stabilized Soluble Phosphate Glasses for 
Medical Applications. Journal of the American Ceramic Society, 2003. 86(8): p. 
1345-1352. 

317. Feih, S., A. Thraner, and H. Lilholt, Tensile strength and fracture surface 
characterisation of sized and unsized glass fibers. Journal of Materials Science, 
2005. 40(7): p. 1615-1623. 

318. BSI, BS ISO 11567:1995 Carbon fibre - Determination of filament diameter and 
cross-sectional area. 1995, BSI. 

319. BSI, BS ISO 11566:1996 Carbon fibre - Determination of the tensile properties of 
single-filament specimens. 1996, BSI. 



367 
 
320. Derby, B., D.A. Hills, and C. Ruiz, Materials for engineering: a fundamental 

design approach. 1992: Longman Scientific & Technical. 
321. Reynoso, V.C.S., K. Yukimitu, T. Nagami, C.L. Carvalho, J.C.S. Moraes, and E.B. 

Araujo, Crystallization kinetics in phosphate sodium-based glass studied by DSC 
technique. Journal of Physics and Chemistry of Solids, 2003. 64(1): p. 27-30. 

322. De, S. and J.R. White, Short Fibre-Polymer Composites. 1996: Taylor & Francis. 
323. Gibson, R.F., Principles of Composite Material Mechanics, Third Edition. 2011: 

Taylor & Francis. 
324. Rosato, D.V. and D.V. Rosato, Reinforced Plastics Handbook. 2004: Elsevier 

Advanced Technology. 
325. Onal, L., S. Cozien-Cazuc, I.A. Jones, and C.D. Rudd, Water absorption properties 

of phosphate glass fiber-reinforced poly-ϵ-caprolactone composites for 
craniofacial bone repair. Journal of Applied Polymer Science, 2008. 107(6): p. 
3750-3755. 

326. De Diego, M.A., N.J. Coleman, and L.L. Hench, Tensile properties of bioactive 
fibers for tissue engineering applications. Journal of Biomedical Materials 
Research, 2000. 53(3): p. 199-203. 

327. Lehtonen, T.J., J.U. Tuominen, and E. Hiekkanen, Dissolution behavior of high 
strength bioresorbable glass fibers manufactured by continuous fiber drawing. 
Journal of the Mechanical Behavior of Biomedical Materials, 2013. 20: p. 376-386. 

328. Lutisanova, G., M.T. Palou, and J. Kozankova, Comparison of Bioactivity In Vitro 
of Glass and Glass Ceramic Materials During Soaking in SBF and DMEM 
Medium. Ceramics-Silikaty, 2011. 55(3): p. 199-207. 

329. Rehman, I. and W. Bonfield, Characterization of hydroxyapatite and carbonated 
apatite by photo acoustic FTIR spectroscopy. Journal of Materials Science-
Materials in Medicine, 1997. 8(1): p. 1-4. 

330. Combes, C. and C. Rey, Amorphous calcium phosphates: Synthesis, properties and 
uses in biomaterials. Acta Biomaterialia, 2010. 6(9): p. 3362-3378. 

331. Clupper, D.C., J.E. Gough, P.M. Embanga, I. Notingher, L.L. Hench, and M.M. 
Hall, Bioactive evaluation of 45S5 bioactive glass fibres and preliminary study of 
human osteoblast attachment. Journal of Materials Science-Materials in Medicine, 
2004. 15(7): p. 803-808. 

332. Franks, K., I. Abrahams, G. Georgiou, and J.C. Knowles, Investigation of thermal 
parameters and crytallisation in a ternary CaO–Na2O–P2O5-based glass system. 
Biomaterials, 2001. 22(5): p. 497-501. 

333. Grover, L.M., A.J. Wright, U. Gbureck, A. Bolarinwa, J. Song, Y. Liu, D.F. Farrar, 
G. Howling, J. Rose, and J.E. Barralet, The effect of amorphous pyrophosphate on 
calcium phosphate cement resorption and bone generation. Biomaterials, 2013. 
34(28): p. 6631-6637. 

334. Uskoković, V. and T.A. Desai, Phase composition control of calcium phosphate 
nanoparticles for tunable drug delivery kinetics and treatment of osteomyelitis. I. 
Preparation and drug release. Journal of Biomedical Materials Research Part A, 
2013. 101A(5): p. 1416-1426. 

335. Leeuwen, Y.M.v., K.P. Velikov, and W.K. Kegel, Morphology of colloidal metal 
pyrophosphate salts. RSC Advances, 2012. 2(6): p. 2534-2540. 

336. BSI, BS EN ISO 14125:1998+A1:2011 Fibre-reinforced plastic composites - 
Determination of flexural properties. 1998, BSI. 

337. Harris, B., Fatigue in Composites: Science and Technology of the Fatigue 
Response of Fibre-reinforced Plastics. 2003: CRC Press. 

338. Karbhari, V.M. and H. Strassler, Effect of fiber architecture on flexural 
characteristics and fracture of fiber-reinforced dental composites. Dental 
Materials, 2007. 23(8): p. 960-968. 



368 
 
339. Motherway, J., P. Verschueren, G. Van der Perre, J. Vander Sloten, and M. 

Gilchrist, The Mechanical Properties of Cranial Bone, in 6th World Congress of 
Biomechanics (WCB 2010). August 1-6, 2010 Singapore, C.T. Lim and J.C.H. Goh, 
Editors. 2010, Springer Berlin Heidelberg. p. 776-779. 

340. Tjong, S.C., Polymer Composites with Carbonaceous Nanofillers: Properties and 
Applications. 2012: Wiley. 

341. Khan, R.A., A.J. Parsons, I.A. Jones, G.S. Walker, and C.D. Rudd, Preparation 
and Characterization of Phosphate Glass Fibers and Fabrication of 
Poly(caprolactone) Matrix Resorbable Composites. Journal of Reinforced Plastics 
and Composites, 2010. 29(12): p. 1838-1850. 

342. Pan, J., Modelling Degradation of Bioresorbable Polymeric Medical Devices. 
2014: Elsevier Science. 

343. Hannink, G. and J.J.C. Arts, Bioresorbability, porosity and mechanical strength of 
bone substitutes: What is optimal for bone regeneration? Injury, 2011. 42, 
Supplement 2: p. S22-S25. 

344. Peña, J., T. Corrales, I. Izquierdo-Barba, A.L. Doadrio, and M. Vallet-Regí, Long 
term degradation of poly(ɛ-caprolactone) films in biologically related fluids. 
Polymer Degradation and Stability, 2006. 91(7): p. 1424-1432. 

345. Kelter, P.B., M.D. Mosher, and A. Scott, Chemistry: The Practical Science. 2008: 
Houghton Mifflin. 

346. Han, F.X. and A. Singer, Biogeochemistry of Trace Elements in Arid Environments. 
2007: Springer. 

347. Shen, L., H. Yang, J. Ying, F. Qiao, and M. Peng, Preparation and mechanical 
properties of carbon fiber reinforced hydroxyapatite/polylactide biocomposites. 
Journal of Materials Science-Materials in Medicine, 2009. 20(11): p. 2259-2265. 

348. Kolarik, L. and A. Priestley, Modern Techniques in Water and Wastewater 
Treatment. 1996: CSIRO PUBLISHING. 

349. Agrawal, C.M. and K.A. Athanasiou, Technique to control pH in vicinity of 
biodegrading PLA-PGA implants. Journal of Biomedical Materials Research, 1997. 
38(2): p. 105-114. 

350. Schiller, C. and M. Epple, Carbonated calcium phosphates are suitable pH-
stabilising fillers for biodegradable polyesters. Biomaterials, 2003. 24(12): p. 
2037-2043. 

351. Lc, C., Next generation calcium phosphate-based biomaterials. Dental materials 
journal, 2009. 28(1): p. 1-10. 

352. McKetta, J.J., Encyclopedia of Chemical Processing and Design: Volume 6 - 
Calcination Equipment to Catalysis. 1978: Taylor & Francis. 

353. Andreasen, J.O., F.M. Andreasen, and L. Andersson, Textbook and Color Atlas of 
Traumatic Injuries to the Teeth. 2013: Wiley. 

354. Santos, M.H., M.d. Oliveira, L.P.d.F. Souza, H.S. Mansur, and W.L. Vasconcelos, 
Synthesis control and characterization of hydroxyapatite prepared by wet 
precipitation process. Materials Research, 2004. 7: p. 625-630. 

355. Mei, H.Y. and A.W. Czarnik, Integrated Drug Discovery Technologies. 2002: 
Taylor & Francis. 

356. Glencross, H., N. Ahmed, C. Smith, and Q. Wang, Biomedical Science Practice: 
Experimental and Professional Skills. 2010: OUP Oxford. 

357. Danoux, C.B., D. Barbieri, H. Yuan, J.D. de Bruijn, C.A. van Blitterswijk, and P. 
Habibovic, In vitro and in vivo bioactivity assessment of a polylactic 
acid/hydroxyapatite composite for bone regeneration. Biomatter, 2014. 4(1): p. 
e27664. 



369 
 
358. Zinck, P., E. Mäder, and J.F. Gerard, Role of silane coupling agent and polymeric 

film former for tailoring glass fiber sizings from tensile strength measurements. 
Journal of Materials Science, 2001. 36(21): p. 5245-5252. 

359. Friedrich, K., S. Fakirov, and Z. Zhang, Polymer Composites: From Nano- to 
Macro-Scale. 2005: Springer. 

360. Bregg, R.K., Frontal Polymer Research. 2006: Nova Science Publishers. 
361. Liang, J.-Z., Toughening and reinforcing in rigid inorganic particulate filled 

poly(propylene): A review. Journal of Applied Polymer Science, 2002. 83(7): p. 
1547-1555. 

362. Kane, R.J., G.L. Converse, and R.K. Roeder, Effects of the Reinforcement 
Morphology on the Fatigue Properties of Hydroxyapatite Reinforced Polymers. 
Journal of the mechanical behavior of biomedical materials, 2008. 1(3): p. 261-268. 

363. Cech, V., E. Palesch, and J. Lukes, The glass fiber–polymer matrix 
interface/interphase characterized by nanoscale imaging techniques. Composites 
Science and Technology, 2013. 83: p. 22-26. 

364. Wang, T., L.C. Chow, S.A. Frukhtbeyn, A.H. Ting, Q. Dong, M. Yang, and J.W. 
Mitchell, Improve the Strength of PLA/HA Composite Through the Use of Surface 
Initiated Polymerization and Phosphonic Acid Coupling Agent. Journal of research 
of the National Institute of Standards and Technology, 2011. 116(5): p. 785-796. 

365. Joseph, R., W.J. McGregor, M.T. Martyn, K.E. Tanner, and P.D. Coates, Effect of 
hydroxyapatite morphology/surface area on the rheology and processability of 
hydroxyapatite filled polyethylene composites. Biomaterials, 2002. 23(21): p. 4295-
4302. 

366. Zhang, Y. and K.E. Tanner, Effect of filler surface morphology on the impact 
behaviour of hydroxyapatite reinforced high density polyethylene composites. 
Journal of Materials Science: Materials in Medicine, 2008. 19(2): p. 761-766. 

367. Fu, S.-Y., X.-Q. Feng, B. Lauke, and Y.-W. Mai, Effects of particle size, 
particle/matrix interface adhesion and particle loading on mechanical properties of 
particulate–polymer composites. Composites Part B: Engineering, 2008. 39(6): p. 
933-961. 

368. Tham, W.L., W.S. Chow, and Z.A.M. Ishak, Simulated body fluid and water 
absorption effects on poly(methyl methacrylate)/hydroxyapatite denture base 
composites. Express Polymer Letters, 2010. 4(9): p. 517-528. 

369. Speidel, M.O. and P.J. Uggowitzer, Materials in Medicine. 1998: vdf, 
Hochschulverlag AG an der ETH Zürich. 

370. Vallittu, P., Non-Metallic Biomaterials for Tooth Repair and Replacement. 2012: 
Elsevier Science. 

371. Persson, M., G.S. Lorite, H.E. Kokkonen, S.-W. Cho, P.P. Lehenkari, M. Skrifvars, 
and J. Tuukkanen, Effect of bioactive extruded PLA/HA composite films on focal 
adhesion formation of preosteoblastic cells. Colloids and Surfaces B: Biointerfaces, 
2014. 121: p. 409-416. 

372. Partini, M. and R. Pantani, FTIR analysis of hydrolysis in aliphatic polyesters. 
Polymer Degradation and Stability, 2007. 92(8): p. 1491-1497. 

 

 

 

 



370 
 
Publications 

 

Abstracts 

- R.C. Colquhoun, K.E. Tanner, Development of a bioresorbable phosphate glass 

fibre composite and its potential as an alternative to metallic medical devices for 

the repair of cranial defects, accepted for presentation, Niigata Research Forum, 

Niigata, Japan, January, 2013.  

 

- R.C. Colquhoun, K.E. Tanner, Evaluation of Polyhydroxybutyrate-co-valerate as a 

Degradable Matrix Material, 25th European Conference on Biomaterials, Madrid, 

Spain, September, 2013. 

 

- R.C. Colquhoun, K.E. Tanner, The Degradation Relationship Between Mechanical 

and In Vitro Testing of a Phosphate Glass Fibre Composite, 26th Annual 

Conference of the European Society for Biomaterials, Liverpool, UK, September, 

2014. 

 

 

 

 

 

 

 

 

 

 

 

 



371 
 

 

 

 

 

 



372 
 

 


