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Abstract 

Bioactive glasses have the ability to regenerate bone defects as they form a 

rapid bond with bone and their dissolution products can stimulate new bone 

growth. The original Bioglass® 45S5 composition (46.1 mol% SiO2, 26.9 mol% 

CaO, 24.4 mol% Na2O, and 2.6 mol% P2O5) is available as a clinical product in 

a particulate form, but surgeons require scaffolds that can act as temporary 

templates for bone repair. Bioglass 45S5 cannot be made into porous scaffolds 

while maintaining an amorphous glass structure, due to its susceptibility to 

crystallise during sintering. New melt-derived glass compositions have recently 

been developed which avoid crystallisation, enabling bioactive glasses to be 

made into porous constructs.  

The aim of this thesis was to investigate the relationship between glass 

composition and scaffold production techniques. Three glasses compositions 

were used, ICIE16 (49.46 SiO2, 36.27 CaO, 6.6 Na2O, 1.07 P2O5 and 6.6 K2O, in 

mol%), 13-93 (54.6 SiO2, 22.1 CaO, 6.0 Na2O, 1.7 P2O5, 7.9 K2O, 7.7 MgO, in 

mol%) and SBP-3 (44.5 SiO2, 17.8 CaO, 4.0 Na2O, 4.5 P2O5, 4.0 K2O, 7.5 MgO, 

17.8 SrO, in mol%), each with an extended thermal processing window. These 

glasses were made into 3D scaffolds utilising two processing techniques: an 

adapted gel-cast foaming and, for the first time, robocasting. Here we present 

the adaption and optimisation of these techniques. 

The three glass compositions, ICIE16, 13-93 and SBP-3, all have different 

modified network connectivities (mean number of bridging Si-O-Si bonds per 

silicon atom, NC’) of 2.13, 2.84 and 3.01 respectively. In vitro and in vivo 

analysis were completed to understand how the different glass chemistry 

affected their bioactivity and dissolution characteristics. The composition of 

ICIE16 chemistry was the most similar to the original 45S5 composition was 

shown to promote and sustain better bone ingrowth than comparable scaffolds 

produced from SBP-3.  
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1 INTRODUCTION 

In 1969 Larry Hench invented Bioglass®. Bioglass, or 45S5, was the first 

artificial material to form a chemical bond with bone [1]. Not only did the glass 

bond, the strength of the bond formed was greater than that of the bone itself. 

Bioglass has been shown to up-regulate seven families of genes in bone 

forming cells, osteoblasts, a phenomenon termed osteoinduction [2]. Here, the 

term osteoinduction is used to mean stimulation of progenitor cells to 

differentiate into osteogenic cells to produce new bone, even away from an 

implant/bone interface.  

The 45S5 Bioglass composition was 46.1 mol% SiO2, 26.9 mol% CaO, 24.4 

mol% Na2O, and 2.6 mol% P2O5. Since its invention, 45S5 has been used to aid 

bone regeneration in more than a million operations in jaw and orthopaedic 

repairs [3].  

To date, bioactive glasses in particulate form have gained success in various 

commercial products. By being mixed with a viscous media, such as blood, the 

particles allow ease of use by enabling it to be packed into a defect or wound 

site. PerioGlas® was the first particulate Bioglass commercially available and is 

now sold by NovaBone Products LLC (Alachau, FL) in 35 countries. It has a 

particle size between 90-710 μm and is used to regenerate the jaw, beneath 

teeth, to permit anchoring of titanium implants or reinsertion of a tooth. The first 

successful product available from an alternative composition was BonAlive 

(S53P4) 53.8 mol% SiO2, 21.8 mol% CaO, 22.7 mol% Na2O, 1.7 mol% P2O5. It 

has a granule size between 1-4 mm and has been successfully used in various 

clinical trials for bone defects between 1- 30 cm3 [4].  

Surgeons tend to mix bioactive glass particles with blood to form a putty to 

ease use in vivo. Although this creates a malleable format it also allows a high 

variability in samples due to differences in ratio of glass to blood. NovaBone 
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acted on this market need by releasing a NovaBone® putty, which is 69% 

Bioglass held within a glycerine binder. Its performance was compared with 

powder compaction in a 10 mm diameter defect in the spine of a sheep. The 

defect filled with putty yielded 22% more bone ingrowth than the particulate 

equivalent after 6 weeks of implantation [5]. There are two hypotheses as to 

why this occurred. One is that the packing within the putty, being of lower 

density than the particles alone, when pushed into the defect, allowed more 

bone to grow between the particles. Another hypothesis is that the pH 

environment produced by the putty creates a more favourable environment than 

the neat powder itself.  

The variation in results seen between glass in it raw powder form and use as a 

putty have led to investigations regarding the ideal form that the glass should 

be supplied in. The in vivo success of the NovaBone putty has steered 

researchers to investigate the concept of temporary scaffold templates, 

mirroring the gaps created within the putty by forming a construct with open 

porosity to steer cell growth enhancing vascularised bone development.  

Scaffolds can be produced by sintering glass particles. The problem is that the 

original Bioglass composition, 45S5, has a very narrow sintering window 

(Section 2.2.2) of less than 100°C [6], therefore it is difficult to produce 3D 

structures which remain amorphous post-sintering. If the sintering process is 

not tightly controlled, then a glass-ceramic is formed [7]. 

Bioglass’s bioactivity is due to its controlled release of ions into the 

surrounding environment, which stimulate osteoinduction, and also result in the 

precipitation of hydroxycarbonate apatite (HCA) upon the surface of the 

material. This HCA layer is similar to bone mineral and is thought to interact 

with collagen fibrils from the host tissue enabling a bond to form between the 

glass and the bone itself. If the glass crystallises, this reaction is altered and 

consequently the bioactivity is reduced [8]. Filho et al. [9] showed that 

formation of the HCA took 12 h longer when the samples were crystallised, 
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compared with amorphous 45S5. Partial crystallisation could lead to 

inhomogeneity within the material and preferential degradation of certain 

phases or ions altering local pH rises [10-14] .  

Due to the clinical need, and subsequent potential success of a material that 

induces osteoinduction, researchers have investigated various glass 

compositions to gain comparable bioactive performance but with an enhanced 

sintering widow [6, 15-18]. By having a larger thermal processing window, 

sintering, without the formation of a crystalline phase, could be achieved. This 

would enable the formation of solid constructs while maintaining the bioactivity 

of the glass.  

An optimal scaffold should mechanically and structurally replicate the 

extracellular matrix of human bone [4, 19], e.g. a three dimensional scaffold 

that can interact with the body, acting as a template for cells to grow through, 

and biodegrade at the rate of natural repair. Jones et al. [4, 19] suggested that 

the ideal scaffold would meet the following criteria: 

 The surface should promote cell adhesion and absorption of biological 

metabolites; 

 Osteoprogenitor cells should be influenced by the material to enable guided 

cell differentiation and proliferation; 

 The scaffold should be absorbed at the same rate as the host tissue repairs, 

creating mechanical continuity; 

 Degradation products produced by the dissolution/absorption process 

should be non-toxic and easily excreted by the body; 

 The scaffold should be able to be manufactured into complex shapes which 

can be tailored to the defect of the individual.  

 The device must have the potential to be produced commercially in high 

volumes to the required International Standards Organisation (ISO) and the 

Food and Drug Administration (FDA) standards [19]. 
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A variety of methods and materials have been developed to manufacture 

scaffolds suitable for bone ingrowth, but to date none meet all of the above 

requirements. Either they have not had the desired level of bioactivity, or their 

mechanical properties have fallen short of the required target. The aim of this 

work is to investigate new combinations of processing methods and glass 

compositions to see if these problems can be addressed. 

 

Thesis road map 

 

Chapter 2 discusses the wider context of the research field and the surrounding 

literature. The analysis techniques and methodologies used are summarised in 

Chapter 3. Three bioactive glass compositions were studied, linking all three 

results chapters. Chapter 4 focusses on the adapted gel-casting foaming 

process and optimising its protocol for use with each glass composition. 

Chapter 5 aims to evaluate the gel-cast scaffolds bioactivity, to compare and 

contrast the glass compositions, their topography and their resulting ability to 

act as scaffolds for bone repair. Chapter 6 utilises a second manufacturing 

method, robocasting, and aims to optimise the processing parameters for the 

glass compositions chosen. Chapter 7 and 8 conclude the work completed and 

discuss the further work opportunities.  
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2  LITERATURE REVIEW 

2.1 UNDERSTANDING BIOACTIVE GLASSES  

A glass can be described as an amorphous brittle solid without long range 

order. It is formed by supercooling a molten composition so quickly that a 

periodical structure does not have time to form. This process can be described 

schematically by Figure 2.1 [20].   

 

Figure 2.1: The effect of temperature on enthalpy of glass forming melts, adapted from 
reference [20].   

As temperature reduces within the melt, the viscosity of the glass increases. 

When the viscosity becomes too great, atoms are no longer able to rearrange 

themselves, therefore the enthalpy of the system deviates from equilibrium. 

Eventually the viscosity of the liquid becomes so great that it is independent of 

temperature, and the atomic arrangement becomes fixed. The temperature 

range, where the enthalpy is between that of an equilibrium liquid and a frozen 

solid is known as the glass transformation region, and is dependent upon the 

kinetics of the particular system, which are altered by experimental factors, 
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such as cooling rate and composition. Within this region falls the glass 

transition temperature of the glass (Tg), deemed as the start of the glass 

transformation range. On reheating, after cooling, if enough energy is supplied 

to a glass, for example thermal energy for sintering, then the atoms can have 

enough energy to rearrange into a crystalline structure (the temperature for the 

onset of crystallisation) [20, 21].  

2.1.1 Glass theories 

Many attempts have been made to model glasses and their properties. The two 

most common models used are Zachariasen’s random network theory and 

inorganic polymer theory [20].  

Zachariasen’s theory was put forward in the early 1930s. He suggested a theory 

relating glass structure to their properties. He categorised cations into 3 groups 

as to their effects on glass formation and the subsequent structure formed. He 

suggested that glasses are formed by a network former, which forms the 

backbone of the structure. In Bioglass, this is silica, forming Si-O-Si bridging 

bonds. When other components are added to the glass they disrupt the 

continuity of the network. These additives are known as network modifiers [22]. 

The addition of network modifiers result in the formation of non-bridging 

oxygen bonds, which disrupt the continuity of the network. A third category was 

also defined termed intermediate ions. Intermediates are a group which when 

added to a network can act as either network formers or modifiers, however, 

they cannot form a glass network on their own. This can be described 

schematically by Figure 2.2 [23]. 
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Figure 2.2: Schematic of the different roles ions can play within a glass network.  

Holliday’s [24] inorganic polymer theory describes the connectivity of glasses 

by comparing them to polymeric systems. One method of relating polymers to 

their properties is via their crosslink density. Holliday suggests that silicate 

glasses can be thought of as inorganic polymers of oxygen atoms crosslinked 

by silicon, suggesting that glasses can have continuous three dimensional 

networks of finite molar mass instead of discontinuous linear chains. The 

crosslink density of a glass can be defined as the average number of crosslink 

bonds greater than 2 for elements other than oxygen in the glass backbone. In 

bioactive glass this can be silicon or phosphorus. At a crosslink density of 0, 

the network changes between a linear polymer to a three dimensional network. 

A continuous silica network would have a cross link density of 2. The crosslink 

density of a glass can be used to predict various properties such as; surface 

reactivity, solubility, and expansion coefficient [25-27]. 

When a glass is made up of multiple components, the glass structure is 

modified. If a glass is pure silica then it is made up of tetrahedral silica bonded 

by bridging oxygen (BO) ions. When another constituent is added, the structure 

is modified, and some of the oxygen atoms which were previously bonded to 

silicon atoms are no longer bonded and become non-bridging oxygen atoms 

(NBO). The number of non-bridging oxygens is important as it alters the form 
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of the network, and creates heterogeneity. A silicate tetrahedron bonded to 

other tetrahedral by the maximum of four bridging oxygen bonds would be a Q4 

unit. Silicon atoms can be bonded to one (Q3) or up to four (Q0) non-bridging 

oxygens, altering the dissolution rate and mechanical properties of the glass. 

The number of bridging oxygen bonds can be quantified by Qn, via solid state 

magic angle spinning nuclear magnetic resonance (MAS NMR), where n is the 

number of bridging oxygens in a silica tetrahedron [22, 28]. 

2.1.2 Stimulating bone growth 

Stimulation of bone growth by Bioglass is thought to be a two stage process: 

first hydroxycarbonate apatite (HCA) is formed via dissolution and precipitation, 

then the HCA layer then interacts with the damaged collagen fibrils to form a 

bond with the bone. The dissolution products created from the glass also 

stimulate cells throughout the process. HCA formation is well understood and is 

thought to form in 5 stages, similar to those of conventional glass corrosion 

mechanisms [4]: 

1. Rapid cation exchange, e.g. of Na+ and/or Ca2+ in the glass, with H+ from 

solution, creating silanol bonds (Si–OH) on the glass surface. This creates an 

increase in the local pH and a silica-rich region forms near the glass surface. 

(phosphate is also released within this first stage if it is in the glass 

composition); 

2. High local pH leads to attack of the silica glass network by OH-, breaking Si–

O–Si bonds. Soluble silica is lost in the form of Si(OH)4 to the solution, leaving 

more Si–OH (silanols) at the glass–solution interface; 

3. Condensation of Si–OH groups near the glass surface in the silica-rich layer; 

4. Ca2+
 and PO3-

4 groups migrate from solution and from the bulk glass to the 

surface to the silica-rich layer, forming a film rich in amorphous CaO–P2O5; 

5. Incorporation of hydroxyls and carbonate from solution and crystallisation of 

the CaO–P2O5 film to HCA [4, 28]. 
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One HCA has formed, the formation and interaction of the collagen fibrils is 

less well understood. The biological response of the body, which involves 

protein interaction, cell differentiation through to mineralisation is complex and 

consequently difficult to predict and study. There is also a lack of 

understanding in the roles of osteoclasts within the system, and whether they 

break down the silica network of the glass or just the HCA layer. This leads to 

questions regarding what surface chemistry and topography would create the 

perfect scaffold [4].  

2.1.3 Theoretical predictions of the bioactivity of glasses 

Within Bioglass, silica acts as a network former. Sodium and calcium act as 

modifiers within the glass system. Calcium is critical for the formation of HCA, 

and sodium is used to reduce the melting temperature of the glass and improve 

its viscosity for processing ease. It was initially thought that phosphorus acted 

as a modifier within the glass network.   

One method to compare bioactivity of glasses suggested by Hill et al., which is 

a refinement of Holliday’s previous work [24, 25], is the network connectivity 

model. It can be defined as (where all values are in mol%): 

 
𝑁𝐶 = 2 +  

BO − NBO

𝐺
 2.1 

BO represents the total mol% of oxides that can form bridging oxygen bonds, 

NBO is the total mol% of oxides that form non-bridging oxygen bonds and G is 

the total mol% of glass forming units within the system. This model is similar to 

that of Holliday’s [24] inorganic polymer theory in that it estimates the quantity 

of disconnects within the system. A network connectivity of 2 directly 

corresponds to a crosslink density of 0, which is classed as the point where a 

linear polymer forms a three dimensional network [25]. Network connectivity is 

an average measure of the amount of disruption within the glass network, 

therefore there will always be some error in its calculation [22, 28].  
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Bioglass has a network connectivity of 1.9 according to Equation 2.1. Research 

has shown that glasses with a network connectivity higher than 2.4, have 

limited capability to form apatite upon their surface, and consequently are not 

likely to be bioactive [25, 26]. The higher the connectivity of the network the 

less bioactive a glass becomes, as the network is more condensed reducing 

dissolution of ions which stimulate the bioactive affect.  By disrupting the 

network, by adding network modifying cations such as calcium or sodium, the 

network connectivity is reduced by increasing the number of non-bridging 

oxygens, therefore, increasing its bioactivity [22, 28]. However, these results 

were not based on in vivo data. 

Since the publication of this theory in 1996, 31P NMR has shown that 

phosphorus forms its own orthophosphate phase instead of acting as a network 

modifier as previously assumed [15, 26, 29-31]. The size of this phase 

separation is suggested to be submicron, due to the glasses optical 

transparency proving the lack of light scatter and X-ray diffraction properties of 

the materials. Phosphorus reduces the melting temperature but can also 

decrease the local pH at the implantation site.   

Bioactive glass degradation in vitro controls its ability to form HCA at the 

surface and consequent formation of a chemical bond with bone. When Hench 

et al. [23] presented the initial Bioglass composition, 45S5, no theories were 

presented to quantify the level of bioactivity. Since Hench’s 45S5 Bioglass 

composition, various glass compositions have been formulated and there is a 

need for a quantitative model to compare and predict their bioactivity. 

Therefore, the equation has been modified, as shown in equation 2.2. In the 

modified equation P-O-P bonds are counted as bridging oxygens instead of 

non-bridging oxygens. Bioglass has a network connectivity of 1.9 or a modified 

network connectivity (NC’) of 2.11 [22, 28]. All values are mol% and 𝑀2
1𝑂 and 

𝑀𝐼𝐼𝑂 are mono- and divalent modifier oxides within the glass.  
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𝑁𝐶′ =  

4(𝑆𝑖𝑂2) − 2(𝑀2
1𝑂 +  𝑀𝐼𝐼𝑂) + 6(𝑃2𝑂5)

𝑆𝑖𝑂2
 2.2 

The network connectivity prediction of bioactivity is limited by various factors. It 

assumes that a glass is homogeneous, whereas in reality this is not correct; for 

example submicron phase separation can occur and some cations can have 

bonding preferences to certain species. It assumes that each ion behaves 

either 100% as a network modifier or former, so it does not take into account 

network intermediates. It also assumes that, once a bridging oxygen is broken 

and replaced with a non-bridging oxygen, the bond disappears, in actual fact 

it depends on the replacing ion and its characteristics. Hill et al. [25] reported 

that certain bonds within the glass network change between covalent to a more 

ionic nature depending on their valency of the substitution. However, the model 

does give a suggestion of how the bioactivities of different glasses can be 

compared with one another [25].    

Table 2.1: Examples of commonly used bioactive glasses within literature [10, 15, 29, 
32]. 

all mol. % SiO2 CaO Na2O P2O5 K2O MgO B2O3 SrO NC’ 

45S5 46.13 26.91 24.35 2.6 
    

2.11 

13-93 54.6 22.1 6.0 1.7 7.9 7.7 
  

3.01 

13-93B3  22.1 6.0 1.7 7.9 7.7 54.6  3.01 

BonAlive (S53P4) 53.9 21.8 22.7 1.7     2.54 

6P53B 51.9 19 9.8 2.5 1.8 15 
  

3.31 

ICIE16 49.46 36.27 6.6 1.07 6.6    2.13 

SBP-3 44.5 17.8 4 4.5 4 7.5 
 

17.8 2.84 

 

Table 2.1 summarises commonly used bioactive glass compositions from 

literature, and their modified network connectivity. Some of these glasses, such 

as 45S5, ICIE16, and S53P5 support the network connectivity measure of 

bioactivity [6, 15, 29, 33]. However, there are some that do not, such as 13-93 

and 6P53B. 13-93 [34-37] is a well-documented glass, due to its good 

thermal processing window, which allows it to stay amorphous post-sintering. It 
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has a modified network connectivity of 3.01 which suggests it should not be 

bioactive. Simulated body fluid (SBF) testing, which is a test for HCA formation 

(Section 2.4.1), where a controlled volume of material is left in a solution that 

has similar ionic content to human body plasma [38, 39], showed that 13-93 

formed HCA within 7 days, according to X-ray diffraction (XRD) [40, 41]. It 

also performed well in vivo, with one histology study showing that in scaffolds 

with 50% porosity and orientated pores, gave bone infiltration and remodelling 

of 46 vol% of a bone defect by 24 weeks [37]. This therefore, contradicts the 

presented theory that its modified network connectivity is too high to result in 

bioactivity. This highlights the complexity of the glass system and how difficult 

it is to predict a glasses performance, and therefore design a new bioactive 

glass, based on molar ratios alone.  

2.2 BIOACTIVE COMPOSITIONS 

Hench et al. [10] reports upon glasses made up of SiO2, Na2O, CaO and P2O5. 

SiO2, Na2O, CaO compositions were varied to create a ternary diagram keeping 

P2O5 at 6 wt%, as shown in Figure 2.3. However, published data to support the 

creation of the diagram is limited. 

 

Figure 2.3: Compositional map showing the relationship between CaO, Na2O and SiO2 

where P2O5 was held constant at 6 wt %, after [42]. Region A: bioactive and bond to 
bone, b) glasses which also bond to soft tissue, c) highly reactive glasses, and d) 
glasses which do not dissolve.  
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Compositions in region A are reported to be bioactive and fully bond to bone; 

region labelled B is a sub category formed within A, in which some glasses 

have been shown to form bonds with soft tissue. Glasses with compositions 

within region C are thought to degrade too quickly, e.g. within 10-30 days from 

implantation, due to too low a network connectivity. The boundary between A 

and C is dependent upon the ratio of surface area to solution [10] [42]. 

Glasses in region D do not dissolve and act as inert materials due to their high 

network connectivity and low concentrations of modifiers reducing dissolution. 

This is reported to be when silica concentrations are greater than 60 mol%, 

however there is limited date to support this. Materials which do not dissolve 

can elicit a defensive response within the body leading to encapsulation by 

fibrous tissue. Figure 2.3 suggests that the balance between elements within 

the glass greatly affects their performance, a slight change can alter a glass 

from bonding to bone to being completely inert [4].  

Since the discovery of the original 45S5 composition, researchers have 

investigated the effect of other elements on dissolution behaviour and bone 

formation; these include borate, magnesium, potassium, strontium and silver 

(Section 2.1.3). Small changes in composition have a had a dramatic effect on 

the glass network [4, 26].   

The number of different elements added to the composition needs to be 

carefully considered. The ratios of the elements within the glass control its 

bioactivity by affecting the network connectivity, dissolution characteristics, 

mechanical properties and the sintering window therefore, it has to be tightly 

controlled [10]. The more elements that are added, the more complex the 

system becomes and mixed alkali effects can occur. The mixed alkali affect 

describes the non-linear affect that multiple alkali ion additions can have on a 

glasses thermal and mechanical properties, due to their mobility within the 

network. Tylkowski et al. [43] completed a systematic study of alkali additions 

of sodium, lithium and potassium into the 45S5 network. The ionic additions 
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altered the packing within the network, which created unexpected non-linear 

property changes, such as increased sintering window, increased hardness and 

Young’s modulus.  

2.2.1 Dissolution behaviour 

The dissolution characteristics of a glass and the speed at which it dissolves is 

associated with its chemistry, through ionic additions as its consequent network 

connectivity. In general, the higher the number of network modifiers, the more 

disrupted the forming network becomes therefore, the greater the dissolution 

[44, 45]. However, glass chemistry alone does not define dissolution, it is 

associated with a variety of other bulk material, topographical, and surface 

effects. This can be described schematically by Figure 2.4, adapted from 

Hoppe et al. [46]. 

 

Figure 2.4 An overview of biological responses to ionic dissolution products of 
bioactive glasses, adapted from reference [46] 
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The biological response is dependent on the surface and bulk properties of the 

material and the environment in which it is in [46]. Osteogenesis, angiogenesis 

(blood vessel formation) and antibacterial responses are composition 

dependent and can be tailored by including various ionic additions. Dissolution 

behaviour can be investigated within the laboratory by SBF testing, cell culture 

studies and in vivo testing, discussed in Section 2.4. All of these test methods 

can be used to help predict the behaviour within the human body.  

Over recent years many different elements have been added into silica, 

phosphate and borate based glasses and their effects in vivo and in vitro 

investigated. Doping of glasses with therapeutic ions has gained momentum in 

recent years, pushing the boundaries of applications for bioactive glasses. This 

is due to their low cost, controllability, and availability compared with the 

additions of growth factors [47-49]. The behaviour of ionic additions, their 

effects, and performance are discussed:  

Boron  

Bioactive glass implants can remain present after many years within the body 

due to the silica backbone degrading very slowly [50]. This has led to 

substituting borate for silica as the primary network former to increase 

dissolution rates [51-59]. It is thought that the boron dissolves into boric acid 

B(OH)3 reducing the local pH. Research has reported that boric acid can greatly 

influence ribonucleic acid synthesis and is thought to have subsequent positive 

effects on the angiogenesis pathways, including vascular endothelial growth 

factor [46, 60].  

Rahaman et al. showed that borate substitution resulted in up to 10 times faster 

glass dissolution and HCA conversion when compared with the silicate 

equivalent in vivo in both wound and bone healing studies [61, 62]. These tests 

were completed by substituting boron with silica in 13-93 glass. 13-93 has a 

very high modified network connectivity of 3.01, as previously discussed, 

consequently making it the most slowly degrading glass used in bone 
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regeneration experiments. The comparison of borate doped 13-93 and 45S5 by 

Liu et al. [56] showed that the borate glasses did degrade faster, and form 

amorphous calcium phosphate quicker, but that its conversion to crystalline 

HCA was slower than that of silica 45S5. This suggests that borate glasses may 

be most suitable for applications where fast dissolution is imperative such as 

wound and soft tissue repair [59].  

Cobalt  

An issue associated with bioactive glass scaffolds for bone repair is the need 

for the formation and supply of blood vessels. To be able to achieve regrowth 

of the host tissue throughout the scaffold, the scaffold needs to form an energy 

and waste stream by recruiting blood vessels.  

The first approach to solve this was to look at scaffold design in terms of 

porosity and tortuosity [54]. Secondly, studies looked at the influence and 

effect of preconditioning with growth factors [63]. The most recent approach 

to improve blood vessel formation and propagation is to incorporate ions into 

the glass structure that can stimulate their growth, e.g. cobalt. Cobalt ions can 

mimic a state of ischemia or hypoxia which can stimulate angiogenesis. The 

body responds by increasing blood vessel formation. Cobalt, as Co2+, has been 

shown to act as a chemical inducer of the hypoxia-inducible factor (HIF)-1α 

pathway. In normal oxygen environments (HIF)-1α is continually made and 

degraded. If (HIF)-1α can be stabilised it can be combined with (HIF)-1β 

forming HIF-1 which then up-regulates a number of genes associated with 

hypoxia response, mesenchymal stem cell (MSC) survival, extracellular matrix 

remodelling and angiogenesis [64]. Therefore, cobalt has started to be 

incorporated into glass compositions for bone and wound repair [65-70].  

Cobalt acts as an intermediate, both disrupting and modifying the glass network 

and also taking a forming role [65, 68], [71]. Hoppe et al. [71] completed an 

experimental analysis of cobalt substitution into 13-93, showing that by adding 
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cobalt, the glass transition temperature of the glass reduces due to 

replacement of Si-O bonds with weaker Co-O bonds within the glass backbone.  

One concern regarding the use of cobalt is its toxicity. Current literature has 

mainly focused on low concentrations substitutions, with a maximum of 10 

mol%, with most studies focusing upon compositional series between 0-5 

mol% of CoO [64, 69, 70]. One study used mesoporous sol-gel bioactive 

scaffolds and investigated the effects of mol% cobalt substitution on vascular 

endothelial growth factor (VEGF) levels. It showed that low amounts of cobalt 

(<5 mol%) was not cytotoxic. However, they did not test glasses with greater 

than 5 mol%. Due to the meoporous nature of these glasses, which created 

much higher specific surface area, their local short term dissolution would be 

much higher than their melt derived equivalents. Therefore, transferring these 

results to comparable melt derived compositions may yield different results. The 

glasses containing cobalt substitution for calcium significantly enhanced VEGF 

secretion and HIF-1α stabilisation. Confirming the hypothesis that this could be 

a way to increase blood vessel formation [69].  

Lee et al. [70] manufactured melt derived phosphate-sodium-titanium-cobalt 

glasses, of composition (P2O5)45(Na2O)20(TiO2)5(CaO)30− x(CoO)x where x is = 0, 

5, 10, and 15 mol). They report increased VEGF secretion from osteoblastic 

MG63 cells, when exposed to glass discs at 1, 3 and 7 days. VEGF response 

was greatest for glass 5 mol% CoO, but this study also showed that phosphate 

glasses alone, with no cobalt substitution, also enhanced VEGF compared with 

the control of tissue culture plastic. The results raise questions regarding what 

is the key ion that is enhancing (HIF)-1α stabilisation. In this composition 

multi-ion dissolution may be influencing the change or positive effects could 

be solely due to the cobalt release. These studies are interesting and important 

for bioactive glass understanding. VEGF is key in angiogenesis so up regulating 

and controlling its production would enable greater and better vascularised 

bone formation [72]. 
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Magnesium 

Magnesium’s role within the glass network is currently debated within literature. 

A study by Watts et al. [30] investigated a range of glass compositions (49.5 

SiO2, 1.1 P2O5, (23(1-x))CaO, 26.4 Na2O, xMgO all mol%) substituting calcium 

for magnesium between 0-23 mol%. 29Si magic angle spinning nuclear 

magnetic resonance (MAS-NMR) showed that with increasing magnesium 

addition, a shoulder in the silica peak appeared suggesting magnesium enters 

the network as both a former, as MgO4, and a modifier as Mg2+. Their study 

suggested that within their compositional range 14% of the total magnesium 

within the system acted as a network former, the remaining 86% as a modifier. 

This hypothesis was supported by the decrease in the onset of the glass 

transition (Tg) temperature and Tg itself. The paper continues to hypothesise 

that magnesia will only behave like this when the silica network is highly 

disrupted, and that in general Si-O-Si bonds are energetically favourable to 

form over Mg-O-Si bonds. Due to the mixed reports in literature [30, 73] about 

magnesium behaviour within the network it does suggest that magnesium’s 

behaviour is composition dependent and related to the level of silica disruption. 

Magnesium additions are also beneficial as they create an increased sintering 

window by raising the crystallisation temperature [30].  

In terms of biological influence, Mg2+ has been shown to play a critical role in 

bone remodelling and skeletal development. Studies completed in bioceramics 

show that by adding magnesium to alumina in orthopaedic implants improved 

integration of cells and enhanced gene expression of extracellular matrix 

proteins [74]. However, magnesium inclusion within bioactive glasses retards 

apatite formation during bioactivity (SBF) testing [75-77]. Whether this is due 

to its effects upon the network and consequent release rate rather than the 

magnesium ions itself is unknown.  
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Strontium 

Strontium has been shown to be an effective treatment for osteoporosis, and is 

currently commercially available as the drug Strontium Ranelate [78]. It is 

understood that SrO release into the body affects the replication of pre-

osteoblastic cells, while reducing the function of osteoclasts [79, 80]. A study 

by Autefage et al. on strontium substituted 45S5 showed that strontium had a 

global effect on human MSCs, up regulating the isoprenoid pathway. The work 

also showed BMP-2 was upregulated by the presents of strontium, which may 

result in MSCs progressing towards the osteoblastic lineage in response to 

strontium exposure [81]. Santocildes-Romero et al. also studied strontium 

substituted 45S5 at 0, 50 and 100 mol%. They used real time reverse-

transcription quantitative polymerase chain reaction to study the effect of the 

glasses on specific osteogenic genes on rat mesenchymal stromal cells. The 

glasses upregulated all six genes associated with osteogenic differentiation: 

runt-related transcription factor-2, alkaline phosphatase, collagen type Iα chain, 

osteocalcin, BMP-2, and osteopontin. Their work also showed that  strontium 

doped glasses produced greater enhancement of alkaline phosphatase and 

osteocalcin, compared with the calcium rich 45S5 [82]. 

Strontium is known to act as a network modifier within the glass network. It is 

commonly substituted for calcium within bioactive glass compositions due to 

their similar ionic radius, 1.16 Å verses 0.94 Å [83-86]. If the substitution is 

done on a weight basis then due to strontium’s greater ionic radius, less ions 

are included compared to calcium [33, 79, 84]. This results in a more 

polymerised network and consequently reduces dissolution rates. This can be 

avoided if substitution is done on a mol%. Weight based substitutions have 

shown that strontium’s size difference results in a more condensed network 

with increasing substitution, resulting in changes in mechanical properties, 

glass transition temperature and dissolution rate [87, 88].  
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Work by Fredholm et al. [33, 84] showed that in SBF testing strontium for 

calcium substitution enhanced HCA formation, by substituting into the HCA 

lattice. Their conclusions from XRD, FTIR and MAS-NMR analysis were that the 

glass with complete strontium substitution for calcium gave faster and greater 

HCA formation by 8 h. XRD and FTIR are non-quantitative techniques unless 

precise standards are formulated therefore, so this conclusion may be debated. 

Massera et al. [83, 85] found contradictory results regarding HCA formation in 

strontium substituted glass S53P4 (53.8 SiO2, 21.9 Na2O, 21.8 CaO,1.7 P2O5) 

with between 0 and 100 mol% substitution for calcium. In SBF, the thickness of 

HCA formed within a two week period for strontium containing glass was less 

than a strontium-free control. However, in cell culture media (DMEM with 10% 

fetal bovine serum and 100 U µg-1 penicillin streptomycin) the inverse was seen. 

Their study also showed strontium presence lead to enhanced fibroblast growth 

and proliferation compared to the strontium-free calcium alternative.  

Potassium 

Potassium incorporation into bioactive glasses has primarily been to manipulate 

the thermal processing of the glass rather than for a therapeutic effect. It acts a 

network modifier, breaking up the glass network reducing mechanical properties, 

melting temperature and increasing dissolution characteristics. Work by Salam 

et al. [39] showed that substituting potassium for sodium resulted in more 

thermal energy needed for crystallisation to occur by increasing disorder within 

the system, due to the mixed alkali affect [43]. This substitution came at the 

expense of bioactivity, with an apatite layer forming faster in potassium free 

glasses [89].  

Zinc 

Zinc ion incorporation into bioactive glasses has been shown to have multi-

functional response. Zinc has been shown to have an anti-inflammatory effects, 

by reducing the secretion of tumour necrosis factor (TNF-α) and interleukin-1, 

and can stimulate bone formation by activation of protein synthesis by 
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osteoblasts [46, 73, 90-95]. Studies have shown correlation between 

concentration of zinc and increased alkaline phosphatase (ALP) activity, as well 

as angiogenic stimulation including VEGF [92, 95, 96].  

In most research zinc ions were substituted for calcium as both are thought to 

behave as network modifiers within the glass network. A study by Jaroch et al. 

[97] used molar ratios of calcium and zinc of 1.5, 3.5 and 6.5. Their in vitro 

testing showed retarded HCA formation compared with calcium glasses. They 

hypothesised that zinc substitution slowed the rate of HCA formation and 

inhibited the transformation from an amorphous to crystalline structure. This 

theory has been supported by various other studies with substitutions varying 

up to 10 mol% [98, 99]. This could be due to the lack of calcium available 

within solution to allow transformation at the same rate as comparable calcium 

compositions, or due to zinc also taking a network forming role.  

Silver 

Silver is known to have good antimicrobial properties, therefore silver doped 

bioactive glasses have been investigated for dental, degradable sutures, and 

bone applications [12, 100-104]. The antibacterial properties of silver ions are 

thought to be associated with their high surface to volume ratio due to their 

small ionic radius. This allows the ions to interact with the bacterial membranes 

resulting in cell fluids leaking from the membrane and consequent cell death. 

This effect is not unique to bacteria, in high concentrations silver can also 

cause eukaryotic cell cytotoxicity [105, 106]. Silver incorporation into bioactive 

glass has been approached by many processing techniques including melt and 

sol-gel processing. However, the favoured method is to introduce silver ions 

only at the surface of the material so that the antibacterial release is directly at 

point of need. Silver is monovalent, so when substituted into glasses for other 

elements which are divalent it reduces the number of non-bridging oxygens 

within the system. This results in a more connected silica network giving 

reduced ion release in bioactivity testing [73, 107].  
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One approach by Clupper et al. [12] to manufacture silver doped 45S5 

bioactive glass scaffolds utilised the tape casting process to form 3D 

constructs. Then subjected the scaffolds to a silver nitrate solution in ethanol 

between 0.01-0.1 M for 18 h. The glasses were then heated to 800°C to allow 

the silver ions to infiltrate the network as modifiers. The glasses released non-

toxic concentrations of silver measured via Inductively Coupled Plasma Optical 

Emission Spectrometer (ICP-OES), which was tailorable by varying the molar 

concentration of soaking solution used suggesting this method could be an 

approach for antibacterial use in vivo.  

A study by Newby et al. [102] took this concept further by manufacturing 45S5 

scaffolds by the foam replica method and doping them with silver via molten 

salt ion exchange. Their results showed that with increasing silver concentration 

the less human periodontal ligament stromal cell survived. This highlights how 

challenging it is to tailor the concentration of therapeutic ion release to achieve 

the antimicrobial goal without inducing cytotoxicity. The limitation of these 

studies are that they fail to quantify the concentration of silver that has entered 

the glass network, so precise glass compositions are unknown.    

Copper 

During angiogenesis, copper is found in human endothelial cells. Initial analysis 

showed that copper depletion impedes angiogenesis in a wide variety of cell 

types [108]. It is reported to enhance angiogenesis by stabilising the hypoxia-

inducible factor (HIF-1α) expression, which, as with cobalt, mimics hypoxia, 

resulting in the differentiation and recruitment of cells and blood vessel 

formation through the body’s automated response. The use of copper ions to 

stimulate angiogenesis in wound healing is thought to speed up the body’s 

response by stimulating proangiogenic factors such as transforming growth 

factor-β (TGF-β) and VEGF [47, 109-113].  
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Copper is thought to act a network modifier within the glass system. Stahli et al. 

[114] showed that 45S5 containing copper gave release rates consistent with 

other modifier ions.  

Applications of copper containing bioactive glasses have been focussed upon 

wound healing applications and have therefore used fast degrading glasses like 

45S5 or borate glasses in high surface area formats. One study by Zhao et al. 

[112] used a borate equivalent of 13-93 containing 0-3 wt% copper, formed 

into microfibers via a melt spinning technique. Their study showed that their 

glasses promoted VEGF and simulated angiogenic genes of the fibroblasts in in 

vitro testing of human umbilical vein endothelial cells and fibroblasts. They 

continued to test the materials in vivo in a 2 cm full thickness wound in 2 year 

old male Sprague–Dawley rats. The glasses with the highest copper doping, 3 

wt%, had a significant angiogenesis response when compared with undoped 

fibres.  

A study by Hu et al. [111] suggested that human fibroblasts were not 

influenced by copper ions alone, suggesting that a more complex mechanism 

is taking place due to the overall ion dissolution, not just the copper, which 

supports fibroblast proliferation.   

Dosage questions raised by the effects of high quantities of boron and copper 

in rat kidneys have been assessed by Lin et al. [115]. Their data showed minor 

kidney degradation in all animals tested after four weeks, but no chronic 

histopathological changes were seen. The paper debated whether the kidney 

changes seen were within the normal range for the animal type at the 

euthanasia age. This paper is limited as no reference is made to a control 

within the study. Copper cytotoxicity has also been addressed by various 

studies and it is thought in the wider context that high levels of copper results 

in free radical species generation which can result in neurodegenerative 

diseases [114, 116, 117]. Studies doping bioactive glasses with up to 10 mol% 

of copper have shown conflicting results in literature regarding their cytotoxicity, 
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however, most studies have not fully quantified their glass compositions post 

manufacture so the actual copper concentrations may be different from their 

estimates [111, 114, 117-120]. 

Conclusions on glass compositional effects on bioactivity 

Comparing and understanding ionic additions within bioactive glasses is 

complicated. The range of elements that can be chosen, and the possibility of 

unexpected property and dissolution affects created is difficult to predict. It is 

also difficult to determine the specific effects of an individual ions dissolution 

on a system or cells even in a series of glasses as changing one element 

cannot be done discretely without altering the concentration of another within 

the system. Due to the mixed alkali affect and composition depend variables 

especially where elements act as intermediates can make translating literature 

conclusions about ionic behaviours to other systems problematic.  

Another issue with comparing literature data from in vitro and in vivo testing is 

the lack of continuity within testing methods. Different approaches to testing, 

and the varying formats that glass products can form result in a huge spectrum 

of concentrations of material being tested. As bioactive glasses dissolution is 

dependent upon the surface area of material available, drawing conclusions or 

comparing available literature is challenging.  

2.2.2 Driving forces for sintering 

The thermal behaviour of glasses can be studied via Differential scanning 

calorimetry (DSC), which can yield information of Tg, glass crystallisation onset 

(Tc onset) and melting temperature (Tm), Figure 2.5. Tg can be described as the 

temperature at which the glass has enough energy to flow like a viscous fluid. 

Tc onset is the temperature at above which the glass has enough energy to start 

forming crystal phases within its structure [20].  

To be able to form a mechanically strong glass scaffold, the glass particles 

need to be sintered (fusion of particles), which required heating above Tg. As 
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the glass particles are heated a liquid phase forms at the points of contact, the 

two liquids mix and on cooling form one continuous glass network. For this to 

occur there must be a mechanism for material transport and a supply of energy 

that is great enough to activate and sustain the transportation mechanism.  

Sintering needs to be optimised for the particle size and composition used so 

that strong constructs are formed which remain amorphous. Glass is in a 

metastable state, so once heated above its Tg the atoms begin to rearrange. If 

a glass is held at an elevated temperature for long enough, the atoms will 

rearrange into a crystalline form to reduce the overall energy of the system. The 

limitation of 45S5 Bioglass is that its sintering window (Figure 2.5), the 

temperature difference between Tg and TC onset, is approximately 100°C, which 

this makes it very difficult to manufacture 3D scaffolds without crystallisation 

taking place, which can reduce the glasses bioactivity. This has resulted in new 

ionic additions and compositions being designed which allow enhanced 

sintering capability while remaining bioactive, such as 13-93 [10-14]. 

 

Figure 2.5: Schematic of a differential scanning calorimetry plot for a glass material 
showing the concept of a thermal processing sintering window. 

There are many methods of sintering which all use different sources to create 

the energy needed for mass transport to take place: Conventional sintering [6, 
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41, 55, 121], spark plasma sintering [100, 122, 123] and laser sintering [40, 

124-127] have all been used with bioactive glasses.  

Conventional sintering is the most commonly used sintering method due to its 

ease, wide availability and control. Conventional sintering uses an electric 

resistance furnace to heat samples to the required temperature, this method 

heats samples from the outside in and can create non-uniform distribution 

depending on the heating elements and size of the furnace used.  

2.3 SCAFFOLD MANUFACTURING METHODS 

Since the concept of manufacturing bioactive glasses into 3D scaffolds has 

evolved, many groups using many different glass composition and numerous 

processing methods have taken on the challenge. The diversity of the 

processing methods used results in a wide variety of macro and micro 

topographies, porosities, and consequent strengths.  

In recent years 3D printing has grown rapidly. 3D printing encompasses a whole 

genre of automated manufacturing techniques, including ink jet printing, 

selective laser sintering, freeze extrusion fabrication, robocasting, laser melting, 

and stereolithography. Many of these processes have been adapted for use 

with bioactive glasses. Due to the breadth of this field only the two most 

common 3D printing methods that used for bioactive glasses (robocasting and 

selective laser sintering) will be discussed.  

2.3.1 Foam replica process 

The foam replica process employs a polymeric foam to act as a template for a 

glass slurry. The foam is infiltrated with a stable suspension, and then dried. A 

heating programme is then used to remove the polymer foam and sinter the 

particles to form a sintered interconnected porous material. The mechanical 

properties of the material produced via this technique depends on the particle 

packing within the foam prior to burnout, which is controlled by the stability and 

concentration of the suspension used.  
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The first to achieve this was Fu et al. [34] who used the foam replication 

process with the 13-93 glass composition (54.6 mol% SiO2, 22.1 mol% CaO, 

6.0 mol% Na2O, 7.7 mol% MgO, 7.9 mol% K2O,1.7 mol% P2O5) with a particle 

size of 2 µm in an aqueous suspension. The scaffolds met many of the 

requirements for bone regeneration, previously discussed in section 1, with 

reported porosity of 85 ± 2%, interconnected pores between 100-500 µm, and 

compressive strengths of 11 ± 1 MPa. These values are similar to those of 

human trabecular bone and outperform other glass-ceramic foams reported in 

literature at the time [34]. This was due to their optimisation of glass loading 

within the slurry. Their particle size distribution allowed for good particle 

packing within the system enhancing sintering. Combining this with the 

sintering window provided by the 13-93 composition that allowed viscous flow 

without crystallisation during sintering, led to the formation of dense struts with 

limited distortion of the foam morphology. 

A limitation of the foam replica process is that excess slurry can become 

trapped inside the sacrificial polymer foam after infiltration, which can be 

difficult to remove prior to burnout and sintering. It has to be squeezed out and 

if excess slurry remains, the structure will be heterogeneous with a porosity 

gradient being formed. Even with optimum processing, the foam replica method 

can leave struts with hollow centres which reduce the mechanical properties 

and performance of the scaffolds, as highlighted by the arrow in Figure 2.6. 
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Figure 2.6: example of a hollow strut formed, highlighted by the arrow, during the foam 
replica processing, reproduced with permission from Hoppe et al.[71] 

Gu et al. [128] completed in vivo and in vitro studies using 13-93B1 glass (6% 

Na2O, 8% K2O, 8% MgO, 22% CaO, 18% B2O3, 36% SiO2, 2% P2O5 all in mol%) 

with the foam replica process. Their scaffolds had a porosity of 78%, with an 

average pore size of 500 µm, and compressive strength of 5.1 ± 1.7 MPa, half 

of that of their silicate equivalents. They were shown to nucleate HCA within 30 

days in SBF, however concerns due to the dissolution of boron in vivo and the 

possibility of cytotoxic effects in high concentrations remain. Two osseous 

defect models were used in this study to assess the performance of the 13-

93B1, a non-critical sized defect in a rabbit femoral head and a critical sized 

defect in the radius bone. The scaffolds were inserted without pre-treatment, 

but were loaded with and without platelet rich plasma (PRP) at the time of 

insertion. The scaffolds which were loaded with PRP were more successful than 

those without, however, they did not quantified the differences.  

The use of PRP in pre-treatment is much debated in literature. Some studies 

suggest it advantageous (even though not quantified) to use PRP due to the 

inherent growth factors such as β1, and VEGF enhance the scaffold’s 

osteoinductive properties [128]. However, PRP has a limited shelf-life, and 

stability, therefore its success in this area is dependent upon finding a suitable 

source. 
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2.3.2 Gel-cast foaming 

Sepulveda et al. [129] first used gel-cast foaming to create porous ceramics. 

Rather than using a foam template, as used within the foam replica process, 

the ceramic slurry was foamed under vigorous agitation with the aid of a 

surfactant. The process used in situ polymerisation of an organic monomer, 

such as methacrylamide, to form a gel and stabilise the foam. The polymer was 

then burnt out during the sintering cycle.  

Wu et al. [6] adapted this gel-casting process to manufacture scaffolds using 

the composition ICIE16 (49.46% SiO2, 36.27% CaO, 6.6% Na2O, 1.07% P2O5 

and 6.6% K2O, in mol%). This process was based upon in situ polymerisation of 

acrylamide by using a cross-linker (N,N’-methylene bisacrylamide), surfactant 

(Triton X-100), initiator (ammonium persulfate solution), and a catalyst 

(tetramethylethylene diamine).  

The purpose of this study was to create a manufacturing process tailored to 

bioactive glasses that could produce scaffolds with a foam morphology and 

improved mechanical strength compared to the foam replica method by 

avoiding creation of hollow struts. ICIE16 was used as it was thought it would 

have improved bioactivity over 13-93, due to its similar network connectivity to 

Bioglass (45S5), while having an extended sintering window of approximately 

200 °C; 100°C greater than that of Bioglass.    

ICIE16 has not been widely used, it was first presented by Elgayar et al. in 2004 

[15]. The majority of studies focus on the original Bioglass composition, or 13-

93. SBF testing of ICIE16 showed that amorphous calcium phosphate formed 

within 8 h and it crystallised HCA formed within 3 days, which was much faster 

than the 13-93 results previously reported by Fu et al. of 7 days [34]. This 

could be a result of ICIE16 lower network connectivity (previously discussed) 

suggesting that is it more susceptible to ion exchange and dissolution which 

are the first stages of HCA formation.  
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The scaffolds produced by Wu et al. [6] had porosities of 79%, with modal 

pore diameters of 379 µm and compressive strength of 1.9 MPa. These values 

were a factor of 10 lower than those reported by Fu et al. [34] of foam replica 

scaffolds manufactured from 13-93. These could be due to a variety of 

different reasons, the difference in sinterability between the two glasses used, 

the difference in the manufacturing methods resulting in similar porosity but 

differences in pore formation and interconnect size.  

If gel-cast scaffolds were to become commercial products the processing 

method must be scaled up for mass manufacture. Wu et al. [6] process relies 

on the foam being loaded into a mould seconds prior to gelation, approximately 

a 2 second window. When trying to upscale to mass manufacture the point 

between forming a stable foam and cross linking may not be great enough to 

reliably create high volumes of samples.  

Another issue with the gel-casting process suggested was the formation of 

potassium sodium sulphate due to the reagents used. Although it is stated by 

Wu et al. [6] that sulphur is non-toxic and the quantity is unlikely to provoke a 

response, its removal from the processing method would still be beneficial.  

These issues led to Tang [130] developing a gelatin-based adaptation of the 

gel-casting processing method which avoided these issues stated previously. 

The process moved from a polymerisation based gelation process to a 

thermally controlled process. His work reported the ability to manufacture 

scaffolds of another glass compositions, SBP-3 (see Table 2.1), with porosities 

and strengths within the range of cancellous bone. One aim of this thesis was 

to investigate the parameters in this new process and optimise it for ICIE16 and 

13-93 compositions. 

2.3.3 Selective laser sintering 

Selective laser sintering is a layer-by-layer ‘3D printing’ technique to 

manufacture green bodies. Particles are commonly mixed with a thermoplastic 
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binder after which, a laser locally heats the binder, forming mechanically stable 

green bodies. The powder bed drops and another layer of particulate is 

selectively bound. Unbound particles are removed and the green body is 

sintered. As with any 3D printing technique, its advantages are that complex or 

challenging geometries can be manufactured. However, it is limited by the 

accuracy of the laser, the size of construct, the detail of the features that can 

be formed, and the ability to completely burn out the binder without leaving 

residual porosity [127].  

One study by Velez et al. [127] manufactured scaffolds of 13-93 glass, with 

particles of sizes up to 75 µm, using stearic acid as a binding agent. The 

scaffold with 50% porosity had strengths of 40 ± 10 MPa post-sintering. Work 

by Kolan et al. [40] reported mechanical properties within the same range as 

Velez et al. [127] of 41 MPa for 50% porosity. Their work looked at optimising 

the process by reducing the binder concentration and particle size, and 

increasing the laser power to increase processing speed. However, the time to 

produce scaffolds compared with competing 3D printing techniques, such as 

robocasting was still much longer.  

2.3.4 Robocasting 

Robocasting is another ‘3D printing’ method being used to manufacture porous 

scaffolds from bioactive glasses. Originally developed in 1998 by Cesarano et 

al. [131], it can be described as a solution based extrusion process controlled 

by a computer aided design programme. A schematic of the set-up is shown in 

Figure 2.7 [132].  
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Figure 2.7: Schematic of robocasting set-up adapted from Dellinger et al. [132] 

An example of a robocast scaffold is shown in Figure 2.8. Robocasting is the 

most commonly used 3D printing technique for bioactive glasses. This is for a 

number of reasons: the speed of fabrication; the ease at which inks can be 

produced; and the capability of machines. This enables the printing of inks with 

high glass loading, which produce scaffolds with low strut porosity, enhancing 

their mechanical properties. Robocasting also has the potential to create 

bespoke implants for patients with tailored geometries and pore distributions 

[34, 37, 133-138].  
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Figure 2.8: Example of robocast 13-93 scaffolds reproduced with permission from 
reference [135] 

The robocasting technique relies on the formulation of glass loaded inks which 

can be extruded through fine diameter nozzles. The first development of this 

technique relied on manipulating the interparticle forces within particle loaded 

suspensions to create inks with the correct rheological properties for printing 

[139]. Now binder ‘inks’ are formulated with the correct rheological properties 

to act as a carrier of the particles which bind them together prior to sintering. 

An ideal ink would exhibit the following properties: 

 Be easily mixed, forming a homogeneous ink without air bubbles or 

agglomerated particles; 

 Incorporate high percentage volumes of glass powders to obtain dense 

struts for complete sintering, while maintaining a printable viscosity; 

 Binder burn-out temperature needs to be below the glass transition 

temperature of the glass composition being printed; 

 Rheological properties must be pseudoplastic, to be able to flow under 

the stresses implemented during the extrusion process, but once it has 

been extruded and the stress removed remain in its printed structure; 

 The yield strength and storage modulus need to be great enough to 

withstand the compressive stress of multiple layers being laid down;  

 Be of non-aqueous based chemistry to limit premature ion dissolution 

and reactions. 
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The first robocasting paper published for bone applications was by Franco et al. 

[140] using calcium phosphate and Pluronic F-127 surfactant as a carrier ink. 

Pluronic F-127 is a block co-polymer surfactant with thermally reversing 

rheological behaviour, made up of poly(ethylene oxide)-poly(propylene oxide)-

poly(ethyleneoxide) tri-blocks (PEO-PPO-PEO) (HO(C2H4O)a(C3H6O)b(C2H4O)c).  

Pluronic F-127 can form a stable suspension when dissolved in water via steric 

repulsions of –OH groups by forming Van der Waals and hydrogen bonds with 

particles. At low temperatures it forms a low viscosity solution due to the 

absorption of water, allowing the polymer chains to slide across each other. 

Above its gelation temperature, the polymer chains can rearrange themselves to 

form micelle aggregates due to the absorption of water within the system 

becoming energetically unfavourable. The release of water molecules and the 

reduction of hydrogen bonding between the water and the –OH groups of the 

hydrophobic PPO segment results in the formation of a viscous gel, which is 

strong enough to be able to support multiple layers printed upon one another. 

At all temperatures it behaves pseudoplastically, reducing viscosity when 

subject to increasing force, enabling it to meet many of the requirements for a 

ink for robocasting [135, 140-143].  

Using hydrogels, like F-127, as polymeric binders moves away from traditional 

surface chemistry, interparticle viscosity relationships and allows printing to be 

utilised for a much wider selection of materials. Since Franco’s [140] work and 

the increased availability of robocasting technology other groups have looked at 

utilising this processing method with different ink chemistries and glass 

compositions, as summarised in Table 2.2 [37, 52, 137, 144]. Table 2.2 shows 

the range of inks that are currently used with various glass compositions. When 

manufacturing via robocasting, the ink chemistry in tandem with the particle 

size distribution and packing has a huge effect on the quality of the green body 

produced. The particle size and distribution of the glass needs to be tightly 

controlled to achieve a printable ink. The average particle size used in literature 
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is between 1-5 µm, enabling extrusion through nozzles as fine as 30 µm [140]. 

Due to bioactive glasses degradability in water, a particle size of this 

distribution is usually achieved by attrition milling in ethanol. A wide particle 

distribution allows the formulation of higher glass loaded inks by allowing 

rearrangement and slippage of particles during printing [140, 145].  

Table 2.2: summary of different groups robocasting glass and ink combinations  

*not amorphous post sintering **values not reported therefore, measured using imageJ 
from the published SEM images available 

 

Fu et al. [135] and Liu et al. [37] both robocast 13-93 particles between 1-2 

µm using F-127 as their ink binder. Table 2.3 shows the versatility of the 

scaffold pore sizes, porosities, and strengths that can be achieved via this 

technique. As expected with increasing porosity given by increasing pore size 

compressive strength decreases.  

The homogeneity of the ink, particle packing, sintering process, strut size and 

spacing all contribute to the scaffolds overall mechanical properties. As shown 

by Table 2.2 and Table 2.3 the strengths that can be achieved via robocasting 

were much higher compared with other discussed manufacturing techniques. 

This is due to the periodically arranged structure with layered struts, compared 

Glass used 
Max glass 

loading 

Ink chemistry and 

(dispersant) 

Strut 

Size 

Pore 

Size 
Porosity 

Compressive 

strengths 

 /Volume %  /µm /µm /% /MPa 

6P53B [133] 30 F-127 (water) 100 500 60 136 ± 22 

13-93B3 

13-93 [52] 
45 

Ethyl cellulose/ 

PEG (ethanol) 

300 ± 

20 

420 ± 

30 
48 ± 3 

65 ± 11 

142 ± 20 

13-93 [37] 40 F-127 (water) 330 300 47 86.9 ± 9 

45S5 [137, 

144]* 
45 

Carboxymethyl 

cellulose (water) 

250- 

300** 

Not 

available 
63 ± 3 13 ± 1 
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with the random porosity created by foaming processing. Strength values are in 

the range of cortical instead of cancellous bone [146, 147]. 

Table 2.3: Comparison between the compressive strength of Fu et al. [135] and Liu et 
al. [37] using 13-93. 

Authors 
Compressive Strength 

/MPa 

Pore Size 

/μm 

Porosity 

/% 

Fu et al.[135] 

136 ± 22 500 60 

74 ± 13 750 70 

40 ± 7 1000 80 

Liu et al.[37] 86 ± 9 300 47 

 

2.3.5 Mechanical properties: can bone be matched? 

Human bone is a complex composite made up of different layers. This can be 

described schematically by Figure 2.9. Cancellous bone is the inner spongy 

layer which initial scaffolds were modelled upon, cortical bone is the much 

denser outer layer which has much greater mechanical properties [148].  
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Figure 2.9: A schematic of the structure of human bone adapted from Rho et al. [148] 

Table 2.4 summaries the mechanical properties of bone reported [146, 147, 

149-152]. One of the complexities of designing scaffolds for bone repair from 

bioactive glasses is trying to match and maintain these properties during 

dissolution.  

Table 2.4: Summary of the mechanical properties of human cortical and cancellous 
bone  

 
Compressive 

strength 

Flexural 

strength 

Tensile 

strength 

Fracture 

toughness 

Modulus 

g 

Porosity  

g 

 /MPa /MPa /MPa /MPa m1/2 /GPa /% 

Cortical Bone 

[146, 147, 149-

151] 

100-150 135-193 50-151 2-12 10-20 5-10 

Cancellous bone 

[147, 151, 152] 
2-12 10-20 1-5 0.1-5 0.1-0.8 50-90 
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A review paper published by Fu et al. [151] reflected upon the current 

processing methods of various bioactive glass compositions and their 

mechanical properties. The issues associated with comparing mechanical 

property data published in literature is the variation in samples dimensions used 

and their mechanical testing protocols. As glasses are brittle materials and their 

mechanical performances are based upon critical flaws, sample dimension is 

key in their performance. Some sample test specimens have been tested at a 

third of their in vivo test size, which may give them an exaggerated mechanical 

strength value [21].  

13-93 is one of the most commonly used glasses, and scaffolds have been 

made using the majority of commonly used processing methods; therefore, it 

acts as a useful benchmark for comparison. Figure 2.10 summarises the 

compressive strength values from current literature for scaffolds manufactured 

from 13-93 [34, 36, 40, 41, 121, 153-156], with reference to the values of 

cortical and cancellous bone stated in Table 2.4.  
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Figure 2.10: Summary of current literature of scaffolds manufactured of 13-93 via 
various processing methods * grey areas denotes reported strengths of cortical bone 
and cancellous bone reported in Table 2.4 

Figure 2.10 summarises the compressive strength values reported for scaffolds 

manufactured from 13-93. The majority of scaffolds have porosities around 

50% which is at the lower range of cancellous bone. Scaffolds manufactured 

via robocasting had the highest compressive strength values due to the 

controlled formulation of ordered struts available from this processing method 

which can sustain much greater load than randomly orientated porosity [52, 

135].  

As shown by Figure 2.10, only one set of scaffolds manufactured by Fu et al. 

[34] via the foam replica method met the required values for either bone type. 

The problem with compression testing is that the bone is actually subject to 

cyclic loading within the body, not a single compressive force that this test 

simulates. Also the nature of bioactive glass scaffolds is that they degrade over 
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time inducing their bioactive response, therefore, it is preferable to have a 

higher initial strength which reduces to the range of cancellous bone with 

dissolution, rather than meeting it initially and reducing to below it during 

dissolution.  

2.4 TESTING BIOACTIVE PERFORMANCE 

Testing of bioactive materials is a multistage process, to gain entry into the 

commercial market FDA and ISO approval is required. To gain this various 

testing methods need to be completed to prove material safety, as described 

schematically by Figure 2.11.  

 

Figure 2.11: Schematic of the testing procedures options and variables to 
understanding bioactivity of bioactive materials 

Figure 2.11 aims to convey the breadth and variety of studies and their 

variables that can be completed when studying a bioactive materials 

performance. Ionic release testing and cell studies can be completed to reduce 

the number of unnecessary and inappropriate animal tests on potentially toxic 

materials. However, due to the limitations of these tests methods only looking 

at individual systems in isolation, it is difficult to gain an understanding of how 

a material will perform in vivo.  

In Vitro 
 

Ionic release testing 

•  solution choice  

•  material form (solid/powder) 

•  surface area/volume ratio of solution 

•  ionic concentrations measured 
 

In Vitro 

Cell studies to 
measure 

cytotoxicity, cell 
proliferation and 

differentiation 

•  cell choice 

•  testing methodology (dissolution products vs direct seeding) 

In Vivo 
 

Animal testing 

•  animal model choice 

•  test method 

•  defect type  

•  scaffold geometries 
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2.4.1 In vitro testing 

Dissolution testing  

Bioactive glasses degrade over time in solutions releasing ions into their local 

environment. Within literature there is a huge variety of approaches to test this 

experimentally with studies varying; testing solution, sample to solution ratio, 

incubation environment and analysis method [32-34, 38, 48, 72, 98, 99, 112, 

157-161]. Understanding the ionic release rate and quantities, and how ions 

can affect each other can give an indication as to how they may release and 

precipitate in vivo. The most commonly used solution for bioactive glass testing 

is SBF.  

Table 2.5: Ionic Concentration of Simulated Body Fluid and Human Body Plasma all in 
mM [162] 

 

Ion 

 

Human Body Plasma 

/mM 

 

Simulated Body Fluid 

/mM 

Na + 142.0 142.0 

k + 5.0 5.0 

Mg 2+ 1.5 1.5 

Ca 2+ 2.5 2.5 

Cl - 103.0 103.0 

HCO -3 27.0 4.2 

HPO2-
4 1.0 0.5 

SO2-
4 1.0 0.5 

 

SBF solution is intended to simulate the ionic environment of human body 

plasma, its composition is summarised in Table 2.5. When completing SBF 

testing the protocol is to keep samples in a dynamic environment at 37°C with a 

pH of 7.4; then at various time points remove and replace solution for ionic 

testing conducted via ICP-OES.  
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A positive result from an SBF test would be the precipitation of HCA upon the 

surface of the test material. Due to the highly saturated ionic concentrations in 

SBF the additions of ionic degradation products from bioactive glasses can 

create precipitation of a phosphate-calcium rich phase. This can be measured 

post testing via SEM or XRD or by measuring a simultaneous drop in calcium 

and phosphorus via ICP-OES.  

Work by Deliormanli et al. [52] is summarised in Figure 2.12. Here they 

investigated both the mass and mechanical degradation rate of robocast 

scaffolds manufactured from 13-93 and 13-93B3 in SBF over 80 days. Instead 

of doing ionic release, via ICP-OES, they only studied pH change. 13-93 is a 

well characterised glass however, studying ionic dissolution gives a greater 

understanding of precipitation rates, and is characteristic of their particular 

scaffolds tested as relative surface area has a huge effect. There results show 

a drop in compressive strength with dissolution in scaffolds made of both 

compositions. The higher stability of 13-93 compared with 13-93B is evident 

by the greater weight loss seen in the 13-93B samples tested. Interestingly, the 

drop in compressive strength is similar, even though 13-93B lost nearly 50% 

more weight throughout the study. The SEM image of 13-93 shown in Figure 

2.12 is an example of HCA precipitation upon a bioactive glass surface [52]. 

The borate substituted equivalent precipitate had a noticeably different 

morphology, but they did not specify or quantify the change.   
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Figure 2.12: Summary of SBF testing results from Deliormanlı et al. [52] a) weight loss, 
b) pH change, and c) compressive strength variation with time and d) SEM image of 
precipitation after 60 days in SBF. 

This highlights one of the opportunities presented by the capability of 3D 

printing. Due to their highly reproducible and repeatable structures, enabling the 

production of very similar scaffolds from various compositions, a greater insight 

can be gained from studying printed scaffolds in vivo and in vitro when 

compared with other manufacturing techniques which exhibit more 

topographical variation [37, 52, 133].  

Literature has mixed reviews regarding the reliability of SBF testing for 

predicting in vivo results and the optimum solution and testing procedure. Many 

reviews [38, 157, 162-165] question what the correct approach is. Solution 

stability is a common issue raised, as the ionic concentrations within the 

solution are high, slight changes can tip the balance and initiate precipitation 

regardless of a materials bioactivity. A round robin study conducted by various 

institutions is summarised by Macon et al. [38]. They compare the current ISO 
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standard, which fixes surface area to volume of solution, with a fixed mass 

approach. Their paper puts forward a protocol which aims to reduce the 

variability currently seen within literature. This protocol was adopted herein.  

2.4.2 In vivo studies 

To be able to introduce bioactive glasses into the commercial market, in vivo 

tests must be completed to gain FDA approval and meet ISO standards. As with 

in vitro testing, the variety of approaches seen within literature is vast. To date, 

in vivo studies of bioactive glass scaffolds have been completed in a range of 

animals, including goats [166], sheep [130], rabbits [161, 167, 168] and 

predominately rats [34, 41, 49, 54, 55, 121, 156, 169].  

A review by Pearce et al. [170] discusses the various complications when 

choosing an animal model for bone repair. They highlight that the key 

considerations are: 

 Difference in bone morphology; 

 Animal specific bone regrowth rate, and how it relates to human bone; 

 Size of defect (critical or not); 

 How defect is inflicted—the associated physiological effects of blunt or 

induced trauma; 

 Fixation method; 

 Location of defect; 

 Loading of defect during healing; 

 Number of defects per animal; 

 Number of subjects; 

 Cost of study. 

Added to this list is the complication of scaffold design, with variability in 

porosity, pore interconnects, x, y, and z geometries as well as surface area all 

contribute to the different results that have been reported. Due to the 

complexity and variation of human bone and defect type compared to animal 
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models it makes it difficult to draw conclusions and extrapolate potential bone 

healing performances in vivo to the human context [170-172].  

Three of the most relevant, and interesting, in vivo studies to this work are 

discussed below, all of the tests use Sprague–Dawley rats with different defect 

sizes, and all defects were induced via sharp incisions.  

Liu et al. [49] studied the effect of pre-conditioning 13-93 robocast scaffolds. 

Their hypothesis was that preconditioning with bone morphogenetic protein-2 

(BMP-2) would speed up the conversion to HCA and improve the performance.  

All the scaffolds tested had 50% porosity, and were either preconditioned with 

phosphate solution or BMP-2 for 1, 3 or 6 days and placed in a 4.6 mm 

calvarial diameter defect. Liu et al. [49] evaluated the effects on bone ingrowth 

by histomophometric analysis. Their results showed scaffolds without pre-

conditioning had a bone ingrowth of 32%, pre-conditioning in phosphate 

solution between 1- 6 days enhanced bone formation to between 46-57%. The 

same preconditioning protocol but with added BMP-2 increased bone 

infiltration to 61-65%. Their study concluded pre-conditioning had a positive 

effect on bone ingrowth—but the length of time of preconditioning did not have 

a significant effect between the time points tested. However, all BMP-2 

conditioned samples gave a positive significant difference compared to the 

non-preconditioned control.  

Other work by Liu et al. [37] investigated robocast 13-93 scaffolds with 47% 

porosity and how their mechanical properties varied with in vitro and in vivo 

testing. The compressive strengths of the scaffolds reduced from 86 ± 9 MPa, 

to 58 ± 5 MPa after 2 weeks in SBF and to 35 ± 4 MPa after the same time in 

vivo. At the 12 week point, the in vivo strength reduced to 16 ± 4 MPa, while 

within SBF it has relatively stable, reducing to 52 ± 10 MPa. Similar reductions 

were seen in the elastic modulus measurements. A reduction in strength is to 

be expected due to the glass dissolution over time. As dissolution starts it 
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increases the porosity of the scaffolds therefore, reducing its mechanical 

properties. It is suggested that the in vivo reduction in mechanical properties 

was greater than in vitro due to greater glass dissolution and faster conversion 

of the glass into HCA, although this statement has not been quantified 

experimentally within the study.  

What was most interesting about their work was their conclusion regarding the 

type of mechanical responses seen by the scaffolds. Their study concluded 

that throughout SBF testing, the scaffolds showed a brittle mechanical 

response when tested, whereas in vivo the response changed from brittle to 

elasto-plastic within 2-4 weeks of implantation. This again highlights the 

difference and limitations of in vitro studies at predicting in vivo performance. 

The change in failure mechanism would be due to the attachment of proteins 

and cells through the dissolution in vivo, forming more of a glass-biological 

composite, than a brittle glass, which would not occur in SBF testing alone.  

Deliormanli et al. [54] robocast scaffolds of 13-93B3, varying x, y pore widths 

to 300, 600, 900 µm, while holding the z spacing constant at 300 µm. This 

varied the porosity between 45, 53, and 60 % respectively. They compared 

histology and SEM to evaluate tissue growth and blood vessel infiltration with a 

robocast 13-93 scaffold with a 300 µm pore width and 45% porosity. Each rat 

had 4 subcutaneous sites in the dorsum, two above the shoulders, two in the 

back legs. Their study showed that pore size had little effect on tissue 

infiltration or angiogenesis by their final 4 week time point. However, with pore 

size change also comes porosity and surface area alterations so it is difficult to 

understand the results independently of each other. This paper also raises 

questions about the effects of porosity, and the orientation of pores at the 

defect sites if x, y and z are not equal. If the scaffolds had been orientated 

differently within the defect site, alternative conclusions may have been drawn.  

The complexity of predicting bioactivity and potential performance in vivo or 

within a human model is complex. However, key studies are pulling out valid 



 
67 

conclusions, which enhance our knowledge of the subject area and bioactive 

glass performance. 

2.5 AIMS AND OBJECTIVES 

The aim of this study was to understand the relationship between glass 

composition and morphology of bioactive glass scaffolds and their effect on 

bioactivity. To do this, three glasses, ICIE16, SBP-3 and 13-93, were 

processed into porous scaffolds via two manufacturing processes. The 

objectives were to:  

1. Investigate the process variables for the adapted gel-cast foaming 

process for ICIE16, SBP-3 and 13-93 and optimise the process for bone 

scaffolds; 

2. Investigate the process variables for robocating of ICIE16, SBP-3 and 

13-93 and optimise the process for bone scaffolds; 

3. Produce foam and 3D printed scaffolds with straight pore channels, with 

pores of the same interconnect diameter/width, to enable investigation of 

the effect of tortuosity on bone ingrowth in vivo.  
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3 METHODOLOGY  

3.1 GLASS MAKING 

All glasses used throughout this project were made via melt quenching using 

high purity silica (SiO2) (High Purity, Prince Minerals, Stoke-on-Trent), 

phosphate (P2O5) and the carbonate equivalent of the modifying oxides 

required, all reagents were purchased from Sigma Aldrich UK at < 96% purity 

unless otherwise stated. The three glasses used within this project chemistry is 

stated in mol% in Table 3.1. For simplicity the following procedure describes 

manufacture of ICIE16, the same protocol was applied to manufacture SBP-3 

and 13-93.  

Table 3.1: Summary of the glasses used within this project and their chemistry’s in 
mol%. 

Oxide ICIE16 13-93 SBP-3 

SiO2 49.46 54.60 44.50 

CaO 36.60 22.40 17.80 

Na2O 6.60 6.00 4.00 

P2O5 1.07 1.70 4.50 

K2O 6.60 7.90 4.00 

MgO  7.70 7.50 

SrO   17.80 

 

ICIE16 (49.46% SiO2, 36.27% CaO, 6.6% Na2O, 1.07% P2O5 and 6.6% K2O, in 

mol%) was batched up according to Table 3.2. When the glass is molten the 

following reactions occur: 

CaCO3 → CaO + CO2  

Na2CO3 → Na2O + CO2  
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K2CO3 → K2O + CO2  

These reactions reduce the final weight of the glass produced. Table 3.2 shows 

the calculation used to batch up 150 g of glass.  
 

Table 3.2: calculations used to batch up 150 g of ICIE16 

Oxides 
mol. 

/% 
RMM 

Reagent 

used 

RMM of 

reagent 

Bulk 

Factor 

Mass of precursor 

/g 

SiO2 49.46 60.08 SiO2 60.08 1.00 72.03 

CaO 36.27 56.08 CaCO3 100.09 1.78 87.99 

Na2O 6.6 61.98 Na2CO3 105.99 1.71 16.96 

P2O5 1.07 141.94 P2O5 141.94 1.00 3.68 

K2O 6.6 94.2 K2CO3 138.21 1.47 22.11 

      202.77 

 

The powders were mixed for 2 h using a Wheaton Small Roller until 

homogenous. The powder was then transferred into a 95 wt% platinum 5 wt% 

gold crucible and placed into a furnace at 1400°C for 2 h. The melt was then 

quenched into deionised water, forming coarse frit. The frit was collected and 

dried at 100°C. A summary of the melting parameters for SBP-3, ICIE16 and 

13-93 are summarised in Table 3.3.  

Table 3.3: Summary of the melting profile used for ICIE16, SBP-3 and 13-93 

Glass Composition Temperature 

/°C 

ICIE16 1400 

SBP-3 1350 

13-93 1400 
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3.2 GLASS GRINDING 

Three grinding methods were used throughout this project, ball, planetary, and 

jet milling.  

Ball mill 

The powder was then ground for 6 minutes at 500 rpm using Fritsch Premium 

Line 7 ball mill, using 80 ml grinding bowls with nine 15 mm tempered steel 

balls.  

Planetary ball mill 

Retsch PM 100 Planetary Ball Mill, with 500 ml zirconia cup, was used. Powders 

were ground both wet and dry. Dry grinding used 10 mm zirconia balls for 1 

hour at 420 RPM reversing direction every 5 minutes. Wet grinding used 0.5 kg 

of 2 mm zirconia balls with a ratio of 20 g of glass to 60 ml of anhydrous 

ethanol. 

Jet mill 

A Picojet 40AFG Hosokawa Alpine jet mill with a gas pressure of 5 PSI, with a 

classifier speed between 5000- 8000, was used. All internal parts were ceramic 

lined to limit contamination and abrasion during use.  

Sieving 

The ground powder was then sieved to <32 µm using a Russell Finex compact 

sieve shaker with ultrasonic deblinder. Any oversized particles were then 

collected, reground and sieved using the same procedure. 

3.3 CHARACTERISATION TECHNIQUES 

3.3.1 Glass composition characterisation 

Glass compositional accuracy was analysed via X-ray fluorescence (XRF) and 

acid digestion using ICP-OES; all glasses were within 0.5 mol%.  
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Acid digestion 

ICP-OES is a method of measuring the elemental concentration within a 

solution. Small volumes of solution are sprayed into an argon plasma where the 

atoms within the solution are ionised. This process leads to a release of light 

specific to the ionised element. Quantitative data is collected by formulating 

calibration curves of light intensity versus concentration of the element of 

interest. Multiple elements can be analysed simultaneously, as long as the 

wavelengths of light do not overlap.  

Within this project ICP-OES was used to measure the dissolution profile of ions 

released into solution during bioactive testing, and used to measure the 

chemical composition of glass formulations via acid digestion. 

For acid digestion, 100 mg of glass to 400 mg lithium metaborate were mixed 

and added to a platinum crucible, the mixture was then heated to 1200°C for 30 

minutes. The glass was then dissolved under sonication in a known 

concentration of nitric acid and then analysed via ICP-OES. 

 X-ray fluorescence 

When a sample is irradiated with X-rays, a variety of interactions can take place. 

In XRF the sample is irradiated and the X-ray fluorescence radiation emitted is 

collected and analysed. These energies are characteristic discrete wavelengths 

dependent upon the elements present within the sample. Qualitative analysis 

can be completed by studying the energy of the wavelengths emitted, which 

can be made quantitative by measuring their intensities and comparing it within 

known standards. The limitations of this technique is that light elements are 

difficult to analyse due to the low intensities of the fluorescence emitted. Low 

intensity energies can easily be absorbed by surrounding matter and 

consequently fail to reach the detector for analysis.  

XRF was completed using a PANalytical Epsilon3XLE 30 kV 0.250 mA samples 

were analysed in powder form, all ball milled and sieved under the same 
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conditions to less than 32 µm. Samples were analysed in both air and helium, 

as helium improves the measurements of lighter atoms.  

 

3.3.2  Particle size analysis 

Particle size analysis was completed using the Malvern Mastersizer 2000. This 

technique uses laser diffraction to measure the variation in the intensity of 

scattered light created by different particle sizes. The particles are dispersed 

into a liquid medium which is then passed through a pump to a glass analysis 

cell. As the particles travel through the cell they scatter the light of the laser; 

smaller particles scattering light at a greater angle than the larger ones. The 

intensity of the light scattered, and the scattering pattern formed is then 

analysed using Mie theory to calculate the size of the particles. Mie theory relies 

on the optical properties of the solution used and the particles tested. The size 

of the particles are then reported as the diameter of a volume equivalent sphere 

[173].  

To form stable suspensions suitable for measurement, glass powders were 

dispersed in water using a sonicator, and ethylene glycol was added to aid 

dispersion. Refractive index values used were glass: 1.54 water: 1.33 ethylene 

glycol: 1.44. Due to the grinding method used, and the brittle nature of the 

glass, the particles measured were not spherical. Therefore, the scattering 

pattern produced was dependent upon which face passed through the laser, 

and aspect ratio was not taken into account. To make the data consistent 20 

repeats were completed and the data averaged to reduce the level of error 

created [173].  

3.3.3 Zeta potential 

Glass powders were made into stable suspensions in water dispersed with 

ethylene glycol. 1 ml of suspension was inserted into a Malvern Zen 3600 

Zetasizer (Zetasizer Nano): disposable folded capillary cell. Each sample was 
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subjected to 14 scans and repeated 3 times, and the results averaged. 

Refractive index values used were the same as stated in 3.3.2. 

3.3.4  X-ray diffraction 

XRD uses monochromatic X-rays to determine crystalline phases within a 

material. Diffraction occurs when a wave interacts with a regularly spaced 

lattice, if the spacing of the lattice is of similar magnitude to the wavelength of 

the X-rays. X-rays are used when investigating crystallographic structures due 

to the wavelength of an X-ray being similar to the atomic spacing of many 

materials; this allows diffraction to occur forming constructive and 

deconstructive interference of the X-rays. This can be described schematically 

by Figure 3.1.  

 

Figure 3.1: Schematic of X-ray diffraction 

The distribution of constructive and deconstructive interference is specific to 

the lattice parameter of a material and gives rise to a characteristic diffraction 

pattern. By using Figure 3.1, equation 3.1, Braggs law can be derived [174, 

175]. For diffraction to occur, Bragg’s law (equation 3.2) must be satisfied 

when ‘n’ is any integer, 𝜆 is the wavlength, d is the interatomic spacing, and 𝜃 

is the diffraction angle.  

 𝑛𝜆 =  𝑆𝑄̅̅̅̅ +  𝑄𝑇̅̅ ̅̅  

𝑛𝜆 = 2𝑑 sin 𝜃 

3.1 
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Braggs law is only satisfied when the diffracted waves are in phase, allowing ‘n’ 

to be an integer. Bragg’s law can be used for calculating the atomic spacing 

‘d’ by equation 3.3 . Where ‘D’ is related to the miller indicies ‘h’ ‘k’ and ‘l’ (for 

strucutres with cubic symmetry) where ‘a’ is the lattice parameter [174, 175]. 

 dhkl = 
𝑎

√(ℎ2+ 𝑘2+ 𝑙2)
 3.3  

   

Glasses were ground into a fine powder prior to analysis, the powders were 

then mounted onto a single crystal silica substrate with a zero background, and 

whose diffraction peak is above the range of interest. The spectra were 

collected using a Bruker D2 PHASER desktop X-ray diffractometer with a step 

size of 0.0345°, 10 seconds per step, measuring between 5 and 80 degrees 

2θ. The radiation source was Ni filtered CuKα. 

3.3.5  Thermal analysis 

Thermogravimetric analysis (TGA) was used to understand the thermal 

degradation of the organic content of both the gel-cast and 3D printed 

scaffolds. DSC (Differential Scanning Calolimetry) was used to analyse Tg and 

Tc onset of the glasses used at their specific particle size. Simultaneous TGA-

DSC consists of a sample head containing two platinum crucibles, one 

containing the sample and one containing a reference. The sample is heated 

through a set temperature profile and the change in mass is measured as a 

function of temperature; while simultaneously measuring the difference in 

temperature between the sample and the reference material. The reference 

material must exhibit no change in thermal properties during the experiment or 

react with the chosen testing gas. If a difference in temperature between the 

sample and the reference occurs, then it is due to a change in the physical 

properties of the sample. For example an exothermic reaction is indicative of 

crystallisation and an endotherm is associated with melting.  
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50 mg of sample (either glass, binder or a combination) was placed in a 

platinum crucible. Analysis was completed in continuously flowing air up to 

1200°C at a heating rate of 10 °C min-1 using a NETZSCH STA 449C Dual 

Thermogravimetric Analysis-Differential Scanning Calorimeter. The reference 

sample used was alumina. Calibration scans were run of both empty crucibles 

and just the reference sample to reduce error.  

3.3.6  Scanning electron microscopy 

SEM uses a high energy beam of electrons within a vacuum to collect data 

about a conductive sample. The sample surface is bombarded with electrons 

and the electrons that are emitted are detected and used to determine 

information about its topography and composition [176].  

There are two types of electrons that can be collected: secondary and 

backscattered. Secondary electrons are electrons which are close to the 

surface and are loosely bound to their nucleus, which become excited by the 

electron beam. They are low energy electrons that undergo elastic and inelastic 

collisions as they reach the surface of the material. Due to the low energy of 

these electrons they are sensitive to the distance travelled from initial excitation 

to release from the materials surface making them highly sensitive to the 

sample topography. This enables them to be used to provide detailed images 

about the samples surface. The contrast created is dependent upon the 

distance travelled to the detector therefore, surfaces closer to the detector will 

appear brighter than those further away [176].  

Backscattered electrons are high energy electrons and are produced by elastic 

collisions from the incident beam. The number of backscattered electrons 

produced is dependent upon the atomic number of the material in question. 

Backscattered electrons can be collected to provide compositional data of the 

sample, and atomic number contrast [176].  
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Low magnification images of the scaffolds topography were collected using the 

JEOL JSM 5610 LV with a working distance of 10-12 mm. Samples were 

mounted onto conductive stubs using carbon tape sputter coated in gold using 

an Emitech K550 for two minutes at 25 mA. Due to the porous nature of the 

scaffolds one side was painted with silver to increase the conductivity of the 

samples. Images were taken using a voltage of 5 kV to reduce charging of the 

samples.  

High magnification images were collected using the LEO Gemini 1525 FEGSEM, 

samples were sputter coated in chromium (Emitech K550) for two minutes at 20 

mA. A voltage of 5 kV was used with a working distance of 5-10 mm.  

Energy dispersive spectroscopy 

Energy dispersive spectroscopy (EDS) uses X-rays to complete compositional 

analysis of a materials surface, and can be conducted within the SEM. When 

the electrons hit the target sample, approximately 99% of the electrons are 

scattered, and 1% hit an electron in one of the outer shells of an atom of  the 

target materials [174, 175]. If the fired electron makes contact with an electron 

in the ‘K’ shell of the target material and the electron is knocked out of the orbit. 

An electron from the atoms ‘L’ shell moves to take its place. When an electron 

moves from ‘L’ to ‘K’ it loses energy, (due the electron shells surrounding an 

atom having different energy levels) this energy is given off as an X-ray photon 

(Kα radiation). An electron could also be replaced by an electron from the ‘M’ 

shell, when an electron moves from ‘M’ to ‘K’ there is a higher energy change 

therefore a shorter wavelength of radiation is produced called Kβ.  
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Figure 3.2: a schematic of an atom, where the shells from outside inwards are M, L, K, 
and the filled circle is the nucleus. The orange arrow represents the Lα transition, 
green the Kα and blue arrow is the Kβ transition. 

These X-rays can be collected and give a characteristic spectrum of the 

elements present within the material. The atomic number of the atoms of the 

target materials affects the level of Kα and Kβ radiation produced; it is usually 

in the ratio 5:1 respectively. Due to this ratio and the low percentage of 

interactions where X-rays are produced, this method of analysis for chemical 

investigation is very inefficient, and can take a long time to collect an accurate 

set of data [174, 175]. To complete EDS the following parameters were used 

on the LEO Gemini 1525 FEGSEM, samples were sputter coated in chromium 

for two minutes at 30 mA, a voltage of 20 kV was used with a working distance 

of 5-10 mm. Analysis was completed using Inca software (Oxford Instruments, 

UK).  

3.3.7 Mercury porosimetry 

Mercury porosimetry (MIP) uses pressure to infiltrate porous materials to gain 

information about its pores such as modal pore interconnect diameter and its 

distribution. Macropores with diameters of ~14 –250 μm can be analysed via 

low pressure MIP, and mesopores and nanopores of 3 nm – 14 μm can be 

investigated by high pressure MIP [177]. 

A sample is placed within a glass cell under vacuum. The sample is then 

infiltrated with mercury under pressure. Mercury is a non-wetting liquid 

therefore, the pressure to overcome the liquid surface tension and consequent 

pore size can be calculated by balancing the opposing forces. This is done by 

using the Washburn equation as stated in equation 3.4, where r1 and r2 are 
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curved interface in which is measures the pressure difference, rpore is the 

corresponding pore size, 𝛾 is the surface tension of mercury (taken as 480 

nM/m) and 𝜃 is the contact angle between the material studied and mercury 

(approximated at 140°).  

 
∆𝑃 =  𝛾 ( 

1

𝑟1
+

1

𝑟2
 ) =  

2𝛾 cos 𝜃

𝑟𝑝𝑜𝑟𝑒
  3.4 

  

The raw data is plotted as an intrusion-extrusion curve of cumulative volume vs 

pressure. From this pore size distribution can be calculated by the pore volume 

per unit interval of pore diameter using equation 3.5. 

 
𝐷𝑣(𝑟) =  

𝑃

𝑟

𝑑𝑉

𝑑𝑃
 3.5 

This can be plotted as –dV/d(logd) as a function of pore diameter, which allows 

median, mode, and mean pore diameters to be determined about the sample 

tested. The limitations of this method are that it measures the largest entrance 

into the pore (i.e the interconnect diameter), not actual pore size; as the 

interconnect size dictates the pressure needed to infiltrate the pore. It also 

assumes that all the pores are cylindrical. These factors therefore need to be 

taken into account when studying the data collected [177].  

MIP was carried out using a Quantachrome Poremaster 33 machine equipped 

with both high and low pressure functionality and fitted to a Thermo 

Renaissance 2005 ARL-LS vacuum pump. Due to the size of the interconnects 

within these scaffolds, only low pressure analysis was used. Sample volumes 

were recorded and their masses inputted into the software, cylinders of 

approximately 1 cm3 were used and five repeats were done of each sample set 

tested. The samples were left to vacuum for 30 minutes prior to infiltration, the 

cells were then filled with mercury under nitrogen gas (pressure 340 kPa) and 

the pressure was recorded. The raw data were analysed using PoreMaster for 

windows 8.1 software.  
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3.3.8 Fourier transform infrared spectroscopy  

Fourier transform infrared spectroscopy (FTIR) allows the formulation of a 

spectrum, which is characteristic of the covalent bonds present within a 

material. A beam of light of various frequencies interacts with the sample, 

which excites and vibrates the covalent bonds containing dipole moments, and 

the detector measures the intensity of light post-interaction. A Fourier 

transform is carried out upon the interferogram collected, to measure the 

amount of light absorbed at each wavelength. This data set can be collected in 

reflected, absorbed, or transmitted mode. The amount of energy absorbed by 

the bonds is dependent upon the bond present and therefore creates a 

characteristic spectrum. FTIR has been used to analyse the glasses within this 

project pre and post bioactivity testing, to see if any changes have occurred. 

All samples were ground into a fine powder prior to testing and spectra was 

measured between 450-4000 cm-1 at a resolution of 2 cm-1 and averaged over 

64 scans. Data was collected using a Scientific Nicolet iS10 Spectrometer 

operating in attenuated reflectance (ATR) mode. 

3.3.9  Compression testing 

Ten samples of each scaffold were compression tested to obtain the 

compressive strength and compression moduli. The results were averaged and 

standard deviations calculated. Gel cast samples were cut into cubes prior to 

sintering, and ground post sinter to cubes with dimensions of 6 mm. 3D printed 

scaffolds were printed into the required dimension, allowing for shrinkage post 

sintering, so that the final volume was 6 x 6 x 6 mm3. Samples were carefully 

prepared to ensure that all sides were flat and parallel. The samples were 

compressed using a Zwick/Roell z2.5 at a strain rate of 1 mm.min-1. Force 

exerted was recorded as a function of distance moved by the compression 

plates, and test time. From these values, stress and strain were calculated and 

plotted using equations 3.6 . Where ∆𝐿 is the distance moved by the 

compression heads during testing, and 𝐿0 is the original length.  
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𝑆𝑡𝑟𝑎𝑖𝑛: 휀 =  

∆𝐿

𝐿0
                   𝑆𝑡𝑟𝑒𝑠𝑠: 𝜎 =  

𝑓𝑜𝑟𝑐𝑒

𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎
 3.6  

   

3.3.10  Helium pyconometry and percentage porosity 

To be able to understand the effects of processing on scaffold formation and 

to compare mechanical properties between samples the porosity needs to be 

calculated. Percentage porosity can be measured using the following equation: 

 % 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = (1 −
𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑠𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
) x 100 3.7 

   

Bulk density calculations of scaffolds were determined by mass and 

dimensional measurements. True density was measured using a Quantachrome 

Ultrapycnometer 1000 Helium pycometry. 

Helium pycnometry can be used to accurately measure the true (skeletal) 

density of solids and powders. It calculates a more accurate volume measure 

by filling a cell containing a sample with helium gas the helium will infiltrate any 

pore greater than a single helium atom (≈1 Å). It compares this with the known 

measure of the cells volume without the sample calculated by the ideal gas law 

(PV = nRT). The skeletal density can then be measured using equation 3.8.  

 𝑠𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑚𝑎𝑠𝑠 𝑠𝑎𝑚𝑝𝑙𝑒

𝑠𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
 3.8 

   

Cell volumes were calibrated using a steel ball of known volume, calibration 

was completed between each sample. The samples were weighed and inserted 

into the cell and 20 runs were taken to obtain an average value of skeletal 

volume. Experiments were kept at a static temperature of 25 °C. Three samples 

of each composition were tested to determine a mean skeletal density and 

standard deviation. 
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3.3.11  Rheology 

Rheological studies were completed using a TA Instruments Discovery HR-1 

rheometer fitted with a 40 mm parallel plate geometry, a solvent trap to prevent 

drying and a Peltier plate for temperature control. Solutions were prepared and 

pipetted between the two plates, the geometer was then closed to a 1 mm gap 

and the excess material extruded was removed. Care was taken to ensure the 

solutions were free from air bubbles, and that homogenous fill was achieved 

between the two plates prior to testing.  

Three tests were completed: 

 Oscillation temperature sweep: 0-35°C ramp rate 5 °C/minute at constant 

0.5 % strain; 

 Flow tests: all tests were conducted at 25 °C, 30 second pre-test 

temperature soak, shear rate logarithmic sweep between 5-500 s-1; 

 Oscillation amplitude sweeps: logarithmic stress sweep between 0.02-

200 Hz, at a frequency of 1 Hz [178] at 25°C with 30 s pre-test 

temperature soak. 

For oscillation amplitude sweeps, the phase lag, δ, between peak applied shear 

stress and peak shear strain was determined automatically by the equipment’s 

software over 10 oscillations. The storage and loss moduli, G’ and G’’, were 

also calculated by the software using equations 3.9. Where τ is the shear 

stress, and 𝛾 is shear rate.  

 
𝐺′ =

𝜏𝑚𝑎𝑥

𝛾𝑚𝑎𝑥
cos 𝛿                𝐺′′ =

𝜏𝑚𝑎𝑥

𝛾𝑚𝑎𝑥
sin 𝛿  3.9 

   

3.3.12  X-ray microtomography  

X-ray tomography (XMT) is a powerful non-destructive 3D imagining 

techniques that utilises x-rays to form radiographs which can be reconstructed 

to produce a 3D generations of the sample. The resolution of the images 
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formed is dependent upon the sample size and the strength of the X-ray Beam 

used.  

The scanning was completed in collaboration with Professor Peter Lee’s group 

at the Diamond Manchester collaboration at Harwell, Oxfordshire. The Analysis 

was completed by Hua Geng, using a Pheonix Nanotom (GE Measurement & 

Control, Wunstorf, Germany) under the following processing conditions: 

accelerating voltage of 70 kV, current 140 uA, pixel size 9.5 m, number of 

pixels  1989x1989, Number of projections 1000, Exposure time 2000 ms. 3D 

image analysis methods developed in-house were applied to quantify the pore 

and interconnect diameter size distributions [63, 179]. 
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Chapter 4: 
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4 GEL-CASTING: 

4.1 INTRODUCTION 

The starting point of this work was to determine if the adapted gel-casting 

process, developed by Tang [130], could be optimised to produce suitable 

scaffolds for bone repair from alternative bioactive glass compositions.  

4.2 MATERIALS AND METHODS 

Three glass compositions, ICIE16, 13-93 and SBP-3, were pilot-tested for use 

in the adapted gel-casting process. All three glasses were manufactured via 

melt quenching, then ball milled and sieved to a particle size of less than 32 µm 

as described in Section 3.2. 

4.2.1 Protocol 

The first gel-casting process developed for bioactive glass scaffolds was 

developed by Wu et al. [6] and has been further adapted by Tang [130]. The 

main changes in processing method between their work, is the change from an 

in situ polymerisation gelation process to a thermally controlled one using 

gelatin. The gelatin procedure was adapted by Tang [130] for the glass 

composition SBP-3 (44.5 SiO2, 4.5 P2O5, 17.8 CaO, 17.8 SrO, 7.5 MgO, 4 Na2O, 

4 K2O, mol%) bioactive glass.   

The adapted gel-casting protocol was to dissolve 1 g of gelatin into 20 ml of 

water at 30 °C. 25 g of pre-ground glass powder was then added to form a 

slurry. An optimised quantity of Triton X-100 surfactant was added and the 

solution is vigorously agitated (Kenwood Chef hand mixer, UK) [130].  

Once a stable foam was achieved, after approximately 2 minutes, the beaker 

was transferred to an ice bath where it is left for 8 minutes. The scaffolds were 

then frozen for twenty minutes in a -20°C freezer. By running hot water over the 

outside of the beaker, the scaffolds were removed and transferred to a -80°C 
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freezer. After two hours, they were placed in a CoolSafe 100-4 freeze-drier 

fitted to a Vacuubrand RZ6 vacuum pump, operating at −110°C with an ultimate 

total vacuum of 1 × 10−2 mbar for 2 days until dry. This process is described 

schematically by Figure 4.1. 

 

Figure 4.1: Schematic of the adapted gel casting process 

This thesis reports on studies that aimed to optimise and adapt the process to 

make comparable amorphous bioactive glass scaffolds of other glass 

compositions. Scaffolds were characterised by pre and post sinter porosity, 

mercury porosimetry, compression testing, XRD and SEM (methods described 

in Section 3.3) 

4.3 OPTIMISATION OF GEL-CAST FOAMING OF ICIE16  

4.3.1 Varying surfactant concentration 

Surfactant was used to stabilise the bubbles formed by the mechanical 

agitation during the foaming process. Surfactants have hydrophobic and a 

hydrophilic parts, which enable them to absorb onto liquid-gas interfaces. 

Triton X-100 (C14H22O(C2H4O)n) was used, which is a common non-ionic 

surfactant, formed of an aromatic hydrocarbon lipophilic and a hydrophilic 

polyethylene oxide chain, and is soluble in water at 25 °C. The hydrophilic end 

of the surfactant molecule has affinity to the water in the slurry and the 
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hydrophobic end remains in the air. This enables the surfactant to reduce the 

surface tension of the air/water interface, enabling the formation of a stable 

foam for a limited time [129]. However, the stability of the foam also depends 

on the viscosity of the slurry.  During foaming, the agitation allows air to be 

drawn into the suspension. For a liquid to foam, the surfactant and slurry must 

form a membrane around the air bubble. The membrane that is formed must be 

able to create an elastic force, which counterbalances the applied stresses 

from mixing, which act locally thinning and stretching the membrane [180]. If 

these forces become too high the bubbles will burst. Their tendency to do 

either is dependent upon a variety of factors such as the elastic behaviour of 

the membrane, electrostatic repulsion, van der Waals forces, surfactant 

efficiency and the viscosity of the suspension [129].  

The experimental parameter that affects the ability of the bubbles to stay within 

the suspension is the surfactant efficiency within the slurry. An effective 

surfactant will efficiently reduce the surface tension, creating temporarily stable 

bubbles by forming new surfaces and establishing the required stabilisation 

forces. Once enough surfactant molecules are acting at the gas liquid 

interfaces, the foam becomes stable, resulting in no further volume increase of 

the suspension. The relationship between the formation of new bubbles via 

agitation is equalled by the disintegration of previously formed bubbles [129].  

To make the foam architecture permanent, samples are frozen and freeze dried 

to produce mechanically stable green bodies prior to sintering. During gelation, 

or in this case freezing, if the surface tension becomes too great the 

membranes rupture creating interconnects between the previously discreet 

pores. If the surfactant concentration is appropriate and well distributed the 

bubbles, and consequent pores, should be homogenous throughout the 

structure and on gelling rupture should occur forming uniform interconnects 

between them. For scaffolds suitable for bone ingrowth, open cell foams are 

required and it is these interconnects which are vital as they allow blood 
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vessels and cells to propagate throughout the scaffold forming an energy 

supply and waste stream. 

To optimise this processing method for use with ICIE16, Triton X-100 additions 

to the slurry were investigated between 0.1-0.6 ml. When using less than 0.1 ml 

of surfactant, the slurry did not foam. At 0.1 ml surfactant, very few bubbles 

were formed within the solution and the scaffolds produced had the lowest 

porosity, of 16 %.  At 0.2 ml of surfactant, the foam volume after freeze drying, 

increased by 60% and a foamed construct was formed. As the surfactant 

concentration increased, the foam volume also increased until a critical value of 

surfactant was reached at 0.3 ml. It is know that above a critical concentration 

of surfactant within a system surfactant efficiency reduces and micelles start to 

form [129]. A micelle is where the surfactant clusters together with the 

hydrophilic heads forming an outer ring with the hydrophobic tails inside, as 

shown schematically in Figure 4.2. Micelle formation uses up the excess 

surfactant within the system making them counterproductive creating a 

competing mechanism with bubble formation.   

 

Figure 4.2: Schematic of surfactants forming micelles within an aqueous system 

As surfactant concentration was increased, the green body foam volume 

produced (Figure 4.3) increased up until 0.4 ml of surfactant was added. This 

suggests that above 0.3 ml the efficiency of the surfactant within the system 

reduced and micelles were forming in addition to pores.  
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Figure 4.3: Variation in scaffold volume with increasing surfactant concentration, 
measured after freeze drying.  

All scaffolds were sintered under the same conditions (discussed in 4.3.3), and 

analysed via SEM as shown in Figure 4.4. As suggested by the volume changes 

seen during processing, the scaffold with 0.1 ml of surfactant did not form 

pores or interconnects suggesting that there was not enough surfactant to 

maintain a foamed structure during agitation (Figure 4.4a). This was confirmed 

by mercury porosimetry measurements (Figure 4.5). Using up to 0.4 ml of 

surfactant addition led to the formation of a foamed structure with spherical 

pores and interconnect development (Figure 4.4b-d). Above this, the pore 

shape became distorted, less spherical and homogenous (Figure 4.4e, and f).  
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Figure 4.4: SEM images (100 magnification) of scaffolds sintered with varying 

surfactant concentration, (a) 0.1 ml, (b) 0.2 ml, (c) 0.3 ml, (d) 0.4 ml, (e) 0.5 ml, (f) 

0.6 ml. 

 

Figure 4.5: Interconnect size distributions obtained from mercury porosimetry, for 

samples with 0.1, 0.2 and 0.6 ml of surfactant. 
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Table 4.1: Summary of modal interconnect values from mercury porosimetry Figure 4.5 

 

 

 

 

 

The modal interconnect diameter, determined by mercury porosimetry is 

summarised in Figure 4.5 and Table 4.1. For scaffolds with surfactant 

concentration of 0.2 and 0.6 ml, their modal interconnect diameter was 100.0 ± 

3.4 µm and 97.6 ± 0.8 µm respectively. It is thought that an interconnect size 

of 100 µm is suitable for blood vessel growth and penetration. By analysing the 

SEM images in Figure 4.4 in tandem with the mercury results (Figure 4.5), 

increasing surfactant concentration only altered the pore geometry and not the 

number or size of interconnects. This was expected as the pore interconnects 

formed by the pores rupturing during gelation, which is dependent upon surface 

tension within the system.  

Another consideration, when designing scaffolds for bone repair, is their 

percentage porosity (Figure 4.6). At 0.1 ml of surfactant, the porosity of the 

scaffold was 40 ± 0.8 %, due to the low concentration of surfactant being 

unable to sustain a foamed architecture. As surfactant levels increased from 

0.2 to 0.6 ml, the porosity and interconnect diameter remained relatively stable, 

ranging between 65-70 % and 82-100 µm respectively.  

Surfactant Concentration 

/ml 

Modal Interconnect Diameter 

/µm 

0.1 61.0 ± 2.7 

0.2 100.0 ± 3.4 

0.6 97.6 ± 0.8 
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Figure 4.6: Scaffold porosity and modal interconnect diameter post sintering as a 
function of surfactant concentration. 

4.3.2 The effect of surfactant concentration on mechanical 

properties 

Compression testing was completed on samples of different surfactant 

concentrations. The results are summarised in reference to their porosity in 

Figure 4.7. The scaffolds made with 0.1 ml of surfactant, which had the lowest 

porosity (53%), had the highest compressive strength of 9.9 ± 1.5 MPa. As 

surfactant concentration and porosity increased from 53-79 %, compressive 

strength reduced from 9.9 ± 1.5 MPa to 2 ±  0.2 MPa,  as expected. 0.3 ml 

surfactant was deemed to be the most suitable surfactant concentration, giving 

a high level of surfactant efficiency, combined with suitable porosity of 66 %, 

interconnect diameter of 83 µm and good compressive strength, 6 ± 0.9 MPa.  
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Figure 4.7: The effect of surfactant concentration on compressive strength. Porosity 

percentages are marked for reference above. 

 

4.3.3 Sintering conditions 

Sinterability is affected by many process variables, such as: particle size, 

particle packing (controlled by glass loading within the slurry), temperature 

ramp rate and dwell time. Variation in particle size affects the Gibbs free energy, 

therefore it alters the activation energy and driving force needed for sintering to 

take place [21]. Smaller particles have higher specific surface area and 

therefore sintering occurs more rapidly than larger particles of the same glass 

composition. When working with porous bioactive glass scaffolds, sintering 

needs to be optimised to maximise mechanical properties while maintaining the 

amorphous structure of the glass and the porous topography.  Crystallisation of 

glasses is often surface nucleating, therefore a higher specific surface area 

also promotes crystallisation, effectively lowering Tc onset. 
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Bioactive glasses are known to react in aqueous environments; this reaction is 

key to their bioactivity. Reactions are known to release ions into the local 

solution and alter the surface chemistry. The gel-cast foaming method uses 

water to form the slurry and enable the surfactant to work. Therefore, premature 

reactions could take place during processing, which could premature effects its 

sintering ability. Previous work by Wu et al. [6] suggested that sintering ICIE16 

into porous scaffolds processed at a temperature between 680-700°C was 

optimum. As discussed, many different factors effect crystallisation in glasses 

therefore, this temperature range was taken as a guideline and was optimised 

for this specific particle size and possible processing reactions.  

Once green bodies were produced by the adapted gel-casting process, the 

scaffolds were sintered using a two part cycle described by Figure 4.8. The 

preliminary dwell at 500°C was used to burn out the gelatin, which acts as a 

binder for the particles. The higher dwell period (at 680-710°C), which was 

above the glasses transition temperature, was used to sinter the particles to 

form the porous construct.  

 

Figure 4.8: Schematic of the sintering cycle used for ICIE16 foam scaffolds. 
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Thermal gravimetric analysis (TGA) on a pre-sintered scaffold showed that 

gelatin burned out between 200-500°C (Figure 4.9). Therefore, scaffolds were 

held for 1 h at 500°C to burn out the gelatin. If the scaffolds were not sintered 

using this two-step approach or without enough oxygen available within the 

furnace it resulted in incomplete burn out of the gelatin showed by a black 

scaffold post sintering.  

 

Figure 4.9: TGA analysis of an ICIE16 green body. 

Ideally, the scaffold would sinter so that it was no longer possible to see 

discrete particles within the surface of the foamed struts, while maintaining an 

amorphous structure, and without allowing too much viscous flow that the 

scaffolds shape becomes distorted. For ICIE16, sintering was initially 

completed at 680, 690, 700 and 710°C with a 1 h hold time. Figure 4.10 

summarises the SEM images collected of the scaffolds after the various 

sintering temperatures. 
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Figure 4.10: Sintering of scaffolds for 1 h at the following temperatures (a) 680°C, (b) 

690°C, (c) 700°C and (d) 710°C, the second column are higher magnification images, 

the white circles highlight pit formation upon the surface.  

After sintering at 680°C and 690°C, discrete particles were seen within the 

scaffold surface (Figure 4.10). This suggests that not enough energy was 

supplied to allow complete viscous flow of the particles resulting in incomplete 

sintering. The presence of visible particles upon the surface of the scaffold 

results in a reduction in the mechanical properties as they can act as crack 

nucleation sites within the material.  After sintering at 700 and 710°C, the 

scaffold surfaces became more uniform, suggesting greater flow of the glass 
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and improved sintering. However, as highlighted within Figure 4.10, pits started 

to form upon the surface, the number of which increased with temperature. 

Bioactive glass compositions have a tendency to crystallise, this is known to be 

a surface activated process therefore, these pits could be the early formation of 

a crystalline phase.  

Sintering at 690°C was the highest temperature that could be used without pits 

forming upon the glass surface, however at a 60 minute dwell time particles 

could still be seen within scaffold surface. Therefore, to improve the sintering 

of the scaffolds, increased dwell times were investigated between 1 and 5 h.  

XRD was used to determine if the scaffolds remained amorphous post sintering. 

An amorphous glass XRD result would be a broad halo, as shown by the blue 

pattern in Figure 4.11. As crystallinity occurs within the sample the XRD trace 

would change to discrete peaks as diffraction occurs at characteristic angles of 

2θ. As shown by Figure 4.11, with increasing hold time at 690 °C, the number 

of crystalline phases present within the scaffolds increased. 

 

Figure 4.11: XRD patterns collected from scaffolds sintered at 690° for 1, 1.5, 2 and 5 
h. Grey dotted lines highlight the formation of crystalline peaks at 2 h. The crystalline 
phases present are Na4.24Ca3.8 (Si6O18) and Ca2Si4Ca3(PO4)2 (reference codes 01-078-
1650 and 00-049-1674 respectively). 
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Sintering for 1 and 1.5 h at 690°C gave an amorphous scaffold. When the time 

was increased to 2 h there was a change in the shape of the amorphous halo 

with slight peaks at 32.5, 33 and 41 °2θ. As the length of time at 690°C was 

increased to 5 h, the level of crystallinity seen within the sample increased. At 5 

h the peaks matched two crystal formations: Na4.24Ca3.8(Si6O18) and 

Ca2Si4Ca3(PO4)2 (reference codes 01-078-1650 and 00-049-1674 

respectively). The diffraction peaks for Na4.24Ca3.8 (Si6O18) are at 32.5, 33 and 

41 °2θ, matching the peaks seen at 2 h, suggesting that this phase formed first, 

and then after an extended time at temperature Ca2Si4Ca3(PO4)2 formed. 

Due to the inverse relationship between bioactivity and crystallisation of 

bioactivity glasses it was deemed that a 1.5 h hold at 690°C was the optimum 

sintering profile, as it enabled viscous flow of particles while maintaining an 

amorphous structure. Figure 4.12 shows the topography of the final optimised 

scaffold. 

 

Figure 4.12: ICIE16 gel-cast scaffolds sintered at 690°C for 1.5 h. 
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4.4 OPTIMISATION OF GEL-CAST FOAMING OF 13-93 

4.4.1 Varying surfactant concentration 

The effect of surfactant concentration on scaffolds manufactured from glass 

composition 13-93 was then investigated. As it was known (Section 4.3.1) that 

0.1 ml of surfactant was not enough to form a porous scaffold, surfactant 

additions between 0.2 and 0.6 ml were investigated.  

Figure 4.13 shows that with increasing surfactant concentration, the pores 

became more distorted but the number and diameter of interconnects stayed 

constant, as seen previously with the ICIE16 scaffolds. When MIP analysis was 

completed (Table 4.2), it showed that the model interconnect size was similar 

for all surfactant concentrations, as with the ICIE16 results.  

 

Figure 4.13: SEM images of 13-93 scaffolds foamed at the following surfactant 
concentrations (a) 0.2 ml, (b) 0.3 ml, (c) 0.4 ml, (d) 0.5 ml, (e) 0.6 ml. 
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Table 4.2: Mercury porosimetry data for 13-93 at surfactant concentrations between 
0.2-0.6 ml. 

Surfactant Concentration 

/ml 

Modal Interconnect 

/µm 

0.2 131.9 ± 5.3 

0.3 135.1 ± 8.4 

0.4 132.4 ± 9.3 

0.5 126.4 ± 6.2 

0.6 119.1 ± 13.2 

 

4.4.2 Sintering analysis 

Scaffolds of 13-93 were sintered using the same two step approached 

described previously in 4.3.3 with dwell at 500°C for 1 h to burn out the gelatin. 

Literature suggests that for a similar particle size sintering for 1 h at 700°C was 

the optimum sintering procedure [34, 37, 127]. Using this regime produced 

scaffolds with smooth surfaces which remained amorphous post processing 

(Figure 4.14), while maintaining the green bodies macro topography. Figure 

4.15 shows the topography of the final optimised scaffold. 
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Figure 4.14: Post sintering XRD analysis of 13-93 scaffolds when sintered for 1 h at 

700°C. 

 

Figure 4.15: Topography of 13-93 gel-cast scaffolds post process optimisation. 

4.5 OPTIMISATION OF GEL-CAST FOAMING OF SBP-3 

The use of SBP-3 composition using this processing method was originally 

adopted by Tang et al. [130] however, due to the use of a different particle 

size, re-evaluation was needed. Sintering optimisation was evaluated by XRD 

and SEM after sintering at various temperatures and times. Initially samples 

were sintered at 690°C for 5 h, 700°C for 3 h, 700°C for 5 h, and 705°C for 5 h 

as shown in Figure 4.16. 
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Figure 4.16: SEM micrographs of SBP-3 gel cast foam scaffolds sintered under 
different conditions (a) 690°C for 5 h, (b) 700°C for 3 h, (c) 700°C for 5 h, (d) 705°C 
for 5 h. 

Figure 4.16 summaries the SEM images collected after sintering. The times 

required for sintering were much longer than that of the other glass 

compositions. This could be due to the added strontium within the composition 

increasing the glass transition temperature [83, 84]. Even at a hold time of 5 h 

the scaffold surfaces produced were not as homogenous as those of ICIE16 or 

13-93.  

XRD was used to analyse the structure of the glass after sintering (Figure 4.17). 

Even after the shortest and lowest temperature sintering profile, 5 h at 690°C, a 

crystallisation peak appeared at 31° 2θ. This is interesting as it is discussed 

widely within literature that adding multiple components to glasses increases 

their thermal processing window enabling improved sintering without 

crystallisation [43, 89, 181]. SBP-3, especially at this particle distribution, does 

not seem to follow this trend. This may be due to the low silica content. As only 

one small peak appeared within the XRD trace, its structure cannot be defined. 

When sintering scaffolds from glass powders, a compromise needs to be met 

between viscous flow of particles to form a continuous phase, changes of the 

scaffold morphology, mechanical properties and crystallisation. It was not 

possible to sinter SBP-3 without having this single crystalline peak form, 



 
102 

consequently it was decided that 700°C for 5 h was optimum as there was 

cohesion of particles with low crystallisation.    

 

Figure 4.17: XRD patterns collected for SBP-3 after sintering at various times and 

temperatures. 
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4.6 MECHANICAL TESTING 

Scaffolds in their green body form were cut into cubes for compression testing 

with dimensions of 1 cm, then sintered using their specific temperature profile. 

A typical stress strain curve for the foams are shown in Figure 4.18. As 

expected with a brittle material the sample was not subject to plastic 

deformation, only deforming elastically before failure resulting in limited strain 

before failure. The scaffolds had multiple strut failures throughout loading within 

the elastic region, maintaining a minimum level of force until complete scaffold 

collapse. This loading profile is due to the random nature of the foams 

morphology. 

 

Figure 4.18: Example stress strain curves for ICIE16 scaffolds with percentage 
porosities stated. 

This stress-strain profile highlights the limitations of bioactive glass scaffolds 

for loaded bone repair. Although the bioactive properties elicit an excellent 
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biological response, their inability to take load, and their failure mechanism 

makes them unsuitable for the cyclic loading behaviour of the body.  

4.6.1 Gel-cast scaffolds mechanical properties  

Scaffolds of the three glass compositions were produced using their optimised 

processing protocols to produce samples with similar porosities between 75-

77 %. Their mechanical properties were compared via compression testing. The 

results are summarised in Figure 4.19 and Table 4.3. Compressive strengths for 

all glass compositions were within the range of 2-12 MPa, which is the range 

for cancellous bone [182].  

Mechanical properties of these glasses were affected by many factors. Due to 

the random pore morphology of the scaffolds, the amount of material in the 

direction of the loading force was not equivalent between samples, therefore 

variation was seen between samples tested. Between the scaffolds there was 

also a 25 µm variation in modal interconnect diameter, ICIE16 being the 

smallest and 13-93 the greatest. All of the glasses used had different sintering 

windows, due to their specific glass compositions. A key criterion was to keep 

the glasses amorphous post sintering; this resulted in the amount of sintering 

achieved, even though optimised for each composition, differing between glass 

composition and the consequent scaffolds produced.  
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Figure 4.19: Compressive strength of gel-cast scaffolds of ICIE16, SBP-3, and 13-93 
compositions and their associate percentage porosity. 

 

Table 4.3: Mechanical properties of ICIE16, SBP-3 and 13-93 manufactured and 
sintered to their optimised process 

 

ICIE16 had the lowest compressive strength of the scaffolds tested (3.4 ± 0.3 

MPa), even though it had the lowest porosity (74.9 ± 1.3 %) and smallest 

interconnect diameter (107.9 ± 8.6 m). This could be due to variability in 

Glass 
Surfactant 

Concentration 
Sintering profile 

Modal 

Interconnect 

Size 

Percentage 

Porosity 

Max 

Compressive 

Strength 

 /ml  /µm /% /MPa 

ICIE16 0.3 680°C  1.5 h 107.9 ± 8.6 74.9 ± 1.3 3.4 ± 0.3 

13-93 0.4 700°C 1 h 132.4 ± 9.3 75.4 ± 2.1 15.3 ± 1.8 

SBP-3 0.4 [130] 690°C 5 h 124.8 ± 12.4 76.7 ± 0.9 8.4 ± 0.8 
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sinterability without crystallisation (Figure 4.20) but the primary reason is due to 

chemical composition. ICIE16 has the lowest network connectivity of the 3 

glasses at 2.13, this means the ratio of network modifiers to the network former 

was highest. This results in a highly disrupted backbone of network formers, the 

more broken the network the less homogenous, the weaker the glass becomes 

[20]. This combination results in a highly bioactive glass at the expensive of 

mechanical properties.  

 

Figure 4.20: SEM images of ICIE16, SBP-3 and 13-93 gel cast foam scaffolds post 
sintering 

The mechanical performance of SBP-3 and 13-93 followed the same trend 

relating to their specific network connectivity. Their network connectivities were 

2.84 and 3.01 and compressive strengths of 8.4 ± 0.8 MPa and 15.3 ± 1.8 

MPa respectively. The improved performance of 13-93 is due to its highly 

continuous network due to its low quantities of network modifiers within the 
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system, the yields a greater sintering window enabling sintering without 

crystallisation. This forms continuous struts during sintering, with less flaws, 

and homogenous surfaces via viscous flow within the scaffold (as shown in 

Figure 4.20).  

As 13-93 is a well-documented composition in literature [34, 35, 37, 41, 121, 

127, 156, 183], comparison between the gel-casting process and the foam 

replica method can be made. Both these processing method created porous 

scaffolds formation of for bone repair. Fu et al. [34] reported scaffolds 

manufactured via the foam replica method with porosities of 85 ± 2% and with 

comparable pore sizes and interconnect diameter to these scaffolds to have 

compressive strengths of 11 ± 1 MPa. The scaffolds reported here, even 

though they have slightly lower porosities have greater mechanical strengths, of 

15.3 ± 1.8. This is likely to be due to the foam template leaving hollow struts, 

reducing the mechanical properties, a problem eliminated in the gel cast 

foaming process. 

4.7 CONCLUSIONS 

Bioactive glass scaffolds can be produced via the adapted gel-cast foaming 

route, with suitable interconnects and pore size for bone ingrowth. This 

technique is able to be adapted for use with 3 different glasses, ICIE16, SBP-3 

and 13-93 all with different chemical compositions, and network connectivites. 

In order to produce scaffolds of similar porosity, the gel-cast foaming variables 

had to be modified for each composition. 

The optimised scaffolds had 75% porosity, and a modal interconnect diameter 

between 100-150 µm and remained mainly amorphous post processing. All 

scaffolds had compressive strengths within the range of cancellous bone [182]. 

Compressive strengths of 13-93 gel cast foam scaffolds were slightly higher 

than similar foam scaffolds produced by foam templating. 
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Chapter 5: 
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5 BIOACTIVE PERFORMANCE OF GEL-CAST FOAMED 

SCAFFOLDS 

5.1 INTRODUCTION 

The dissolution behaviour of the scaffolds and rate of formation of the HCA 

surface layer in simulated body fluid (SBF) solution was investigated. Testing of 

bioactive glasses via SBF has been widely debated in literature, as previously 

discussed in section 2.4.1. The concern is that formation of a HCA layer in SBF 

does not mean that the glass or scaffold will bond to bone in vivo. However, 

the stages of glass dissolution that lead to HCA formation are generally agreed 

[184], discussed in section 2.1.2, consequently the rate at which HCA 

formation occurs in SBF is a useful comparison between new devices.  

A pilot in vivo study was then completed to compare gel-cast scaffolds 

manufactured from ICIE16 and SBP-3. To understand if the morphology of the 

scaffolds produced via the adapted gel-cast foaming process enabled bone 

ingrowth, and if either glass gained better bone remodelling and ingrowth over 

a 12 week time point in a femoral head defect of a rabbit. 

5.2 METHODOLOGY 

5.2.1 SBF preparation 

The protocol for this test method was taken from Maçon et al. [38], which 

arose from an international project to determine a standardised SBF testing 

protocol for bioactive glasses, which would allow comparison between different 

glasses. In order to prepare 1 L of solution media, ionic additions, shown in 

Table 5.1 were added, in the order shown, while the solution was stirred at 

37 °C.  
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The pH of the solution was adjusted to 7.4 using 1 M HCl. Once all additions 

were made the solution volume was increased to 1 L by adding di-ionised 

water, using a volumetric flask. Stock solution was kept at 37°C rotating at 120 

RPM throughout the length of the study, but for no longer than one month. 

Table 5.1: Reagents used for preparing SBF solution. 

Order Reagent 
Quantity 

/gL-1 
CAS number 

1 NaCl 8.035 7647-14-5 

2 NaHCO3 0.355 144-55-8 

3 KCl 0.225 7447-40-7 

4 K2HPO43H2O 0.231 16788-57-1 

5 MgCl26H2O 0.311 7791-18-6 

6 HCl 1M 38 ml 7647-01-0 

7 CaCl22H2O 0.386 10035-04-8 

8 8Na2SO4 0.072 7757-82-6 

9 (HOCH2)3CNH2 6.118 77-86-1 

 

5.2.2 Dissolution protocol for bioactive glass scaffolds 

150 mg of scaffolds of equivalent porosity, 72-75% and interconnect size 120-

140 µm  were immersed in 100 ml of SBF in a polypropylene container. The 

container was placed in an orbital shaker at 37°C, rotating at 120 rpm. The 

same protocol was applied to a SBF only sample as a control. Time points were 

taken at: 1, 2, 4, 8, 24, 48, 72 h and 7, 14, 21 and 28 days. At each time point, 

three containers were removed per glass composition, the pH of the solution 

was measured and 1 ml of the supernatant was removed to analyse the ionic 

concentration (Section 3.3.1). The scaffolds were rinsed in acetone, to 

terminate the reaction, and placed in a 40°C oven to dry. Surface analysis was 

then completed using FTIR, XRD and SEM.  



 
113 

5.2.3 Ion concentration profiles  

Elemental concentrations in solution were measured using a Thermo Scientific 

iCAP 6300 Duo Inductively Coupled Plasma Optical Emission Spectrometer 

(ICP-OES) equipped with an auto sampler. Solutions were prepared by diluting 

the dissolution product supernatant by a factor of 10 with analytical grade 2 M 

nitric acid. Standards of the applicable elements; silicon, phosphorus, calcium, 

sodium, magnesium, strontium and potassium were prepared at 0, 5, 10, 20 

and 40 μg ml-1 to gain a calibration curve. Calibration was carried out at the 

beginning of each sequence. Silicon and phosphorus were measured in the 

axial direction of the plasma flame whereas calcium, magnesium, strontium, 

sodium and potassium were measured in the radial direction. 

5.2.4 Surface analysis 

Fourier transformed infrared spectroscopy 

Once samples were dried, they were ground by hand into a fine powder and 

characterised in Attenuated Total Reflection (ATR) using a Nicolet iS10 FTIR 

fitted with a Specac MK11 Golden Gate Single Reflection ATR module over 

wavenumbers from 4000 to 650 cm-1 across 64 scans.  

X-Ray diffraction 

Powdered samples were placed on an amorphous silicon disk, to give a zero 

background. The diffraction was measured with a Bruker D2 desktop XRD 

between 5° and 80° 2θ, with a 0.03° step size and a total counting time of 20 

min. The radiation source was a Ni filtered CuKα. 
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5.3 SBF TESTING RESULTS 

5.3.1 pH change 

 

Figure 5.1: pH change across 500 h immersion in SBF for scaffolds made by gel-cast 
foaming from 13-93, SBP-3 and ICIE16 compositions. 

Figure 5.1 summarises the pH change after immersion of gel-cast foam 

scaffolds in SBF. pH increase was synonymous with the release of cations into 

solution from the glass, through the exchange of H+. The pH of the SBF control 

was stable at around 7.4 throughout the length of the study, whereas the pH of 

the solution containing glass scaffolds rose due to cation exchange. ICIE16 

caused the highest pH increase, peaking at 8.1 after 500 h of immersion. The 

increase in pH caused by SBP-3 and 13-93, to 7.73 and 7.75 respectively by 

500 h, was less than that of ICIE16 due to a lower level of cation exchange with 

the solution. ICIE16 network connectivity was the lowest of the three glasses 

tested, due to its higher ratio of modifying to glass forming ions, resulting in the 
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most discontinuous network. A lower network connectivity should result in the 

greatest dissolution rate consequently giving the high pH rise observed.  

The pH of the SBF containing SBP-3 and 13-93 scaffolds rose at a similar rate 

for the first 24 h. After 24 h, both glasses caused a continued rise in pH, but 

the increase caused by SBP-3 was slower than that of 13-93 scaffolds. The 

solution containing 13-93 pH reached 7.7 by 72 h, where it remained 

throughout the rest of the study, whereas SBP-3 did not reach this point, until 

the end of the study. 

For ease of reference, Table 5.2 summarises the glass compositions used 

within this study, as well as the compositional ratios of modifiers: formers: 

intermediates. 13-93 network connectivity was much higher than that of SBP-3, 

(3.1 compared to 2.84), therefore its cation exchange rate was expected to be 

much slower. This was contradictory to the results seen in Figure 5.1. This pH 

result cannot conclude whether this is due to 13-93 dissolving faster, or SBP-3 

dissolving slower than expected. It is perhaps more likely that the SBP-3 

composition degraded slower than predicted, perhaps due to some of the 

cations behaving as network intermediates, which was not taken into account 

by the network connectivity calculation.  
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Table 5.2: Glass compositions, including the ratios of network formers to modifiers 
within the compositions, all in mol% 

 
Oxide 45S5 ICIE16 13-93 SBP-3 

 
SiO2 46.13 49.46 54.60 44.50 

 
CaO 26.91 36.60 22.40 17.80 

 
Na2O 24.35 6.60 6.00 4.00 

 
P2O5 2.60 1.07 1.70 4.50 

 
K2O 

 
6.60 7.90 4.00 

 MgO  7.70 7.50 

 SrO  17.80 

T
o
ta

l 
a
m

o
u
n
t 
  

/m
o
l 
%

 

Network formers 48.73 50.53 56.30 49.0 

Network modifiers 51.26 49.47 43.70 51.0 

Possible Network intermediates   7.70 7.50 

Modified Network Connectivity (NC’) 2.10 2.13 3.01 2.84 

 

5.3.2 ICP-OES results 

Figure 5.2 to Figure 5.7 summarise the ionic dissolution results for each 

element of 13-93, SBP-3 and ICIE16 gel-cast scaffolds over 500 h immersion. 

Figure 5.2 shows the silica release.  
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Figure 5.2: Silica dissolution profiles for 13-93, ICIE16 and SBP-3 gel cast foam 
scaffolds in SBF up to 500 h. 

Silica release for all 3 glasses over 72 h was similar regardless of their 

composition or network connectivity. All three glasses followed the same trend 

with a steep release in the first 7 days followed by a plateau. After 7 days, Si 

content in SBF was nearing zero compared with 52.8 ± 1.3 µg ml-1 for ICIE16, 

57.6 ± 2.5 µg ml-1 for SBP-3, and 48.3 ± 2.7 µg ml-1 for 13-93.  

13-93 had the most silica and phosphorus within its composition acting as 

network formers (56.3 mol %), in addition to the magnesium being expected to 

act as a network intermediate [30], meaning a proportion of the Mg can act as 

a network former in the glass network. This results in it having the highest 

network connectivity of the three glasses tested within this study, and 

corroborates the ICP-OES result by having the slowest silica release.   

SBP-3 has the lowest amount of silica within its network, 44.5 mol%, when 

compared with the other glasses tested, and 51 mol % of network modifiers. As 
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with the 13-93, it has some magnesium within its composition, which is 

expected to act as an intermediate. In addition to this, SBP-3 has the highest 

mol% of phosphorus within its composition at 4.5 mol%. Phosphate forms its 

own orthophospate phase which is charge balanced by modifying ions such as 

Ca2+, removing them from some of the silicate network, which can indirectly 

cause an increase in network connectivity of the silica [30].  

SBP-3 and ICIE16 both have similar ratios of network formers to modifying ions. 

However, SBP-3 has lower silica content, a difference of 4.96 mol% when 

compared with ICIE16, resulting in the highest silica release tested. This 

suggests that the role of intermediates with SBP-3 network is less than 

expected, reinforcing magnesium’s behaviour to be compositional dependent 

[30].  

 

Figure 5.3: Calcium dissolution profiles in SBF following immersion of gel-cast foams 
of 13-93, ICIE16 and SBP-3 compositions, up to 500 h. 
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Figure 5.3 shows the calcium dissolution over 500 h in SBF. Calcium profiles in 

SBF are often difficult to interpret as the calcium released from the glass can 

combine with phosphate available in the solution to precipitate as calcium 

phosphate depending upon the pH. When comparing the three glasses, the 

calcium release profile within the SBF containing ICIE16 scaffolds was much 

greater than that of SBP-3 or 13-93. By 72 h, the concentration of calcium in 

the SBF reached 159.1 ± 7.1 µg ml-1 for ICIE16, compared to 110.3 ± 2.5 µg 

ml-1 for SBP-3 and 115.6 ± 1.7 µg ml-1 for 13-93. After this point, the calcium 

release from ICIE16 continued to increase to 287.2 ± 8.1 µg ml-1 at 500 h. 

However, the calcium content of the SBF containing 13-93 reduced gradually 

after 72 h to 104.8 ± 3.0 µg ml-1 by the end of the study. SBP-3 followed a 

similar strength to 13-93 with its calcium release reaching its peak at 72 h, 

after which it gradually decreased back to level of the SBF control (99.3 ± 0.2 

µg ml-1).  

Calcium released into solution is known to drive pH increase, due to the H+ 

depleting in the SBF during the ion exchange, therefore changes can be 

compared with the pH profiles in Figure 5.1. By 72 h, the pH increase of SBP-3 

had also stabilised at 7.73, matching the calcium trend. The ICIE16 

composition had much higher calcium content than 13-93 and SPB-3 (36.60 

mol% versus 22.4 and 7.80 respectively). Combining the high concentration 

within the composition with its low network connectivity would result in the high 

calcium release and pH rise seen.  

Reduction of phosphorus concentration from SBF is associated with the 

formation of a calcium phosphate rich layer upon the glass surface. The ICP-

OES results for phosphorus are presented in Figure 5.4. Phosphorus reduction 

from the SBF was the fastest in the SBF containing ICIE16 scaffolds, reducing 

to 0.5 ± 0.2 µg ml-1 by 168 h. The ICIE16 scaffolds also caused the most rapid 

Ca release, and highest increase in pH. While increased calcium content into 
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SBF solution will encourage calcium phosphate precipitation, it is also 

preferential at elevated pH levels. 

 

 

Figure 5.4: Phosphorous content in SBF after immersion of gel-cast foam scaffolds 
made from 13-93, ICIE16 and SBP-3 bioactive glass compositions, up to 500 h. 

The phosphorus content of SBF containing 13-93 increased for the first 24 h of 

immersion to 35.9 ± 0.8 µg ml-1, after which it reduced to 2.73 ± 1.2 µg ml-1 

by 500 h. Phosphorus concentration of the SBF containing SBP-3 remained 

stable at 31.87 µg ml-1 over the first 24 h, with a standard deviation of 0.4 µg 

ml-1, and after 24 h it reduced to 14.2 ± 0.6 µg ml-1 after 500 h. 

SBP-3 had the highest amount of phosphate in its composition (4.5 mol%), 

nearly 4 times greater than both ICIE16 and 13-93, this resulted in a more 

sustained phosphorus release throughout the study. Watts et al. [30] stated 

that solid state 31P and 29Si NMR showed that calcium and sodium preferentially 

bond with the orthophosphate phase, over silica therefore, phosphate may have 
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tandem effects on their dissolution. Figure 5.3 shows that SBP-3 calcium 

release was slower than that of the other glasses, although it had the least 

calcium available within its composition, it could also be as a result of the 

higher phosphate concentration within its composition.  

The maximum calcium release from 13-93 and SBP-3 was 20.2 ± 2.5 µg ml-1 

and 9.4 ± 2.5 µg ml-1 respectively. HA, Ca5(PO4)3(OH), needs enough calcium 

and phosphate available in solution for precipitation. If there is not enough 

calcium available, substitution for Ca2+ has been known to occur with other ions 

of similar atomic size and charge, for example Sr2+ [33, 73, 79, 83, 185]. If 

alternatives are not available the rate of precipitation will be reduced.  

Phosphorus levels in SBF containing 13-93 increased initially within the solution, 

instead of the reduction seen in SBF containing ICIE16. By 168 h, the amount 

of calcium available within the 13-93 study was equal to the level of calcium 

available within the SBF control, however, the amount of phosphorous 

continued to decrease after this point. This could suggest that, not only its 

network connectivity, but also the level of calcium available within the 

composition for dissolution was a limiting factor for calcium phosphate 

precipitation. 

Potassium release is shown in Figure 5.5. Within 24 h, the initial release from all 

three glasses was comparable. However, over the length of the study this 

release rate changed. Potassium release from SBP-3 did not increase beyond 

24 h, staying at approximately 243.2 ± 4.3 µg ml-1. This could be due to the 

SBP-3 composition containing less potassium that the other two glasses. The 

potassium content of ICIE16 and 13-93 compositions were similar but 

potassium release from these two glasses increased at different rates after 24 h 

of immersion. ICIE16 produced the greatest potassium release reaching 342.4 

± 6.7 µg ml-1 at 500 h compared to 294.9 ± 3.6 µg ml-1 for 13-93. The lower 

network connectivity of ICIE16 compared to 13-93 could be responsible for the 

difference.  
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Figure 5.5: Potassium dissolution profiles in SBF containing gel-cast foam bioactive 
glass scaffolds of 13-93, ICIE16 and SBP-3 composition up to 500 h. 

The magnesium dissolution of SBP-3 and 13-93 is summarised in Figure 5.6. 

Both glasses have similar molar quantities of magnesium of 7.50 and 7.70 

mol % respectively. Magnesium is known to act as a network intermediate, with 

the amount which enters the glass network, or acts as a modifier dependent 

upon the glass composition [30]. By 72 h, the amount released by the two 

glasses was similar within 1.9 µg ml-1, the end of the study 13-93 released 2.8 

µg ml-1 more reaching 52.1 ± 1.2 µg ml-1 compared to 49.3 ± 0.8 µg ml-1 from 

SBP-3. 

The only glass to contain strontium from this study was SBP-3, its dissolution 

profile is shown in Figure 5.7. The scaffold released 67.3 ± 10.0 µg ml-1, nearly 

half of the total released, within the first 72 h. The rate of release then reduced, 

but continued throughout the length of the study, reaching a maximum 

concentration of 119.0 ± 5.1 µg ml-1.  
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Figure 5.6: Magnesium dissolution from gel-cast foam scaffolds of the SBP-3 and 13-
93 bioactive glass compositions over 500 h in SBF. 
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Figure 5.7: Strontium dissolution from gel-cast foam scaffolds of the SBP-3 bioactive 
glass composition over 500 h in SBF. 
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5.3.3 Surface analysis 

 

Figure 5.8: FTIR spectra collected from gel-cast foam scaffolds of three glass 
compositions at after 0, 72 h, 1 week and 4 weeks immersion in SBF. 
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Figure 5.9: XRD patterns collected from gel-cast foam scaffolds of three glass 
compositions at after 0, 72 h, 1 week and 4 weeks immersion in SBF. Dotted grey lines 
represent the peaks for HCA reference (ICSD 01-084-199). 

FTIR and XRD results at 0, 72 h, 1 week and 4 weeks are summarised in Figure 

5.8 and Figure 5.9. By 72 h, ICIE16 shows the development of dual bands at 

571 cm-1 and 605 cm-1 vibration, this corresponds to P-O bending vibrations 

than can be due to HCA formation [186], but are representative of presence of 

any orthophosphate. XRD patterns (Figure 5.9) show a change in the shape of 

the amorphous halo with time and a broad peak developing at 32 2θ (211) 

which is indicative of HCA, and a secondary peak at 26 2θ (002) [184]. The 

broad nature of this peak suggests the formation of either an amorphous 

calcium phosphate, or nanocrystalline HCA as opposed to crystalline HCA.  
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FTIR results for 13-93 were very similar to that of ICIE16 however, the vibration 

of the P-O bond, at 605 cm-1, was seen to form at a slower rate than ICIE16 

forming by 1 week. The XRD showed again a subtle change in the shape of the 

amorphous halo around the predominant HA peaks of 26 and 32 2θ.  

FTIR spectra of SBP-3 did not show the double vibrations of the P-O bending 

bands at 571 cm-1 and 605 cm-1 seen within ICIE16 and 13-93. SBP-3 results 

instead showed a broader shape change. The XRD patterns showed a subtle 

change over the length of the study with HCA peaks developing at 26, 32, 46 

and 49 2θ however, these are masked by a predominant peak at 31 2θ which 

was formed during processing.  

SEM images were collected at all-time points throughout dissolution. 0 and 72 

h, 2 and 4 weeks are summarised for all three glass compositions in Figure 

5.10. All three scaffolds, regardless of composition, started with similar bulk 

surface finishes and topography. Small post sintering defects were present 

upon the surface, which were analysed via EDS but did not differ from the bulk 

glass composition.  

By 72 h, ICIE16 and 13-93 had the formation of a similar morphology across 

the surface. ICIE16 had a coating which was more homogeneous compared 

with that of 13-93. The surface of SBP-3 had notable changes in surface 

morphology compared to 0 h. However, the morphology was irregular 

compared to the continuity of ICIE16 and 13-93 and it appeared as if the 

smaller crystallites were of a different texture than that of the other two glasses.  

By 2 weeks, all three glasses had continuous coverage across the scaffold 

surfaces. Again ICIE16 and 13-93 morphology was comparable with flower like 

formations consistent with HCA [187]. SBP-3 surfaces were markedly different 

with a much bumpier morphology and finer surface details. These formations 

continued to grow until four weeks, when the study was completed. 
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FTIR and XRD of SBP-3 and ICP-OES of the SBF does suggest the formation 

of a phosphate-rich phase. However, the morphology shown by SEM suggests 

that it is not the same as that which deposited upon the surface of 13-93 or 

ICIE16. This could be due to the added strontium available from the glass 

composition. There are mixed reports on the role of strontium in literature 

regarding its role in HCA formation. Fredholm et al. [84] suggested that Sr 

substitution for calcium within a glass system results in more rapid HCA 

formation due to a weaker silicate network, caused by the lower charge to size 

ratio of Sr2+ compared to Ca2+.  In contrast, Hoppe et al. [185] reported the 

inverse relationship for strontium substituted 13-93 nanoparticles. Theoretical 

studies performed via ab initio calculations by Zeglinski et al. [188] suggested 

Figure 5.10: SEM images collected of scaffold surface of ICIE16, 13-93 and SBP-3 at various time 
points up to 4 weeks of SBF testing. 
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that strontium can be substituted from both Ca-1 and 2 sites within the HCA 

lattice, which could support the change in morphology seen at the surface 

when compared to 13-93 and ICIE16.  

By four weeks, small variations could be seen between the morphology formed 

between 13-93 and ICIE16. Consequently, EDS analysis was conducted on the 

surface at 4 weeks to see if any variation could be seen between the three 

glass compositions, Figure 5.11 (within the data no peaks were seen above 10 

keV so the data is not plotted). The EDS spectrum for ICIE16 and 13-93, 

showed that the layer formed was rich in calcium and phosphate. A small peak 

was also present inline with the kα of silica and magnesium for 13-93. Both 

these elements are present within the glass compositions. This suggests that 

either these ions have been incorporated into the HCA layer, or that the 

thickness of the precipitate layer was less than that of the interaction volume of 

the technique.  

The EDS results for SBP-3 showed inclusion peaks of strontium and 

magnesium within the calcium phosphate phase, supporting the difference in 

morphology seen within the SEM images compared with ICIE16 and 13-93. 

These inclusions have been reported previously in literature [33, 79, 84, 185].  
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Figure 5.11: EDS spectra collected from the SEM images (insets) of surfaces of the 
three bioactive glasses, after 4 weeks in SBF. Dotted lines mark the corresponding Kα 
energies for each element. 
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5.3.4 Conclusions of the dissolution study 

All three glass scaffolds resulted in the precipitation of a calcium phosphate 

rich phase upon the surface of the scaffolds within 4 weeks in SBF. As 

expected, variation was seen within the rate of precipitation. Following the 

modified network connectivity theory, it was expected that ICIE16 would be the 

most bioactive glass studied, suggesting its dissolution would be greater than 

that of the other two glasses tested and would form HCA at the greatest rate. 

ICP-OES results showed that cation exchange in ICIE16 was faster than the 

other glasses tested, shown by a large pH rise, combined with potassium and 

calcium release, and an obvious drop in phosphorous with calcium by 200 h. 

13-93 had the highest network connectivity of the three glasses and its release 

profiles followed the same trend as ICIE16 but at slower rate of dissolution. 

Therefore, these two glasses fit the modified network connectivity model 

suggested by Hill et al. [26]. 

In contrast, SBP-3 had the highest silica release when compared to the three 

glasses tested however, its release of the other cations into the solution was 

the lowest. This supports the suggestion that cations took the role of 

intermediate ions within the glass network and have additional more 

complicated compositional dependent effects which effect the glasses 

bioactivity performance which is not characterised by the network connectivity 

equation.  

5.4 IN VIVO TESTING  

In vivo testing was completed by our collaborator Professor Christopher Mitchell 

at the University of Ulster.  

Gel-cast scaffolds manufactured from SBP-3 and ICIE16 were tested in vivo in 

a rabbit femoral condyle model, with a critical sized 6.5 mm diameter defect 

within a rabbit model. The sample details are summarised in Table 5.3. The 

defect site was chosen as a previous study upon a tibia defect within a rat tibia, 
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not presented within this thesis, was found to be pushed out of the defect site 

before healing could start. Therefore, it was deemed this defect site would be 

more appropriate to maintain the sample location as well as allowing the use of 

a larger sample size for testing.  

Table 5.3: Summary of the porosity and dimensions of the samples used within the 
rabbit in vivo study 

Glass 
Porosity 

/% 

Diameter 

/mm 

Thickness 

/mm 

Modal Interconnect Diameter 

/µm 

SBP3 88.82 ± 1.83 6.54 ±0.09 1.53 ±0.06 111.3 ± 12.2 

ICIE16 85.76 ± 2.96 6.44 ±0.20 1.49 ±0.09 109.2 ± 4.5 

 

5.4.1 Methodology 

All animal procedures were approved and conducted in accordance with 

institutional (University of Ulster) animal care committee and National (UK Home 

Office) guidelines. A total of 4 female New Zealand half-lop rabbits (2.1 -2.8 

kg) were used in this study. General anaesthesia was induced by subcutaneous 

injection of ketaset and xylapam (in sterile saline) as assessed by testing of 

loss of pedal reflex. Palliative pain relief was ensured by subcutaneous injection 

of Metacam. Subsequently, an appropriately plane of anaesthesia was 

maintained by inhalation of a Fluothane/air mixture.  

The surgical site was initially prepared by mechanical clipping of fur, application 

of a depilatory cream and 3 successive washes with chlorhexidine followed by 

isopropanol. The rabbits were then placed on their sides and a 3cm incision 

over the lateral aspect of the knee joint made with a scalpel. The tissue 

overlying the lateral aspect of the knee was then cleared and muscle tissue 

retracted from the underlying bone. A 6.5 mm critical-sized circular defect was 

drilled down to the marrow cavity (with liberal application of sterile saline to 

prevent heat-induced osteo-necrosis) and bleeding minimised by application 

of pressure. The pre-sterilized ICIE16 (3 implants) or SBP3 scaffolds (3 
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implants) were then press fitted into the lesion until they were level with the 

edge of the remaining bony tissue. Muscle tissue was closed with 6:0 suture 

(Ethilon) and the skin was closed with 4:0 suture. After successful implant on 

one leg, the procedure was performed on the contra-lateral leg. Two sites in 

separate rabbits contained no implant and served as controls.  

After surgery animals received prophylactic topical antibiotics on the surgical 

site as well as oral antibiotics. Pain relief was also administered for 3 days 

post-surgery in the form of oral Metacam. Animals were sacrificed by an 

overdose of pentobarbitone sodium solution at 7 and 12 weeks after surgery 

and the knee joints removed for subsequent XMT examination and histological 

processing. 

5.4.2 Results 

Example XMT images from the 7 and 12 week time points from this study are 

summarised in Figure 5.12. Part (a) and (b) show the location of the defect site 

and its relative size in ratio to the femoral condyle, as reference. Both the 

ICIE16 and SBP-3 gel-cast scaffolds stimulated bone growth.  

By the 7 week time point, XMT results suggest that SBP-3 has stimulated more 

bone growth than ICI16. By 12 weeks, the inverse is seen, the bone growth 

stimulated by the ICIE16 scaffold outperforms that of SBP-3 in terms of new 

bone growth and the continuity of the bone structure which is formed. The 

structure within the ICIE16 defect site is more representative of the initial 

structure seen within the femoral head suggesting that remodelling is taking 

place.  

SBP-3 enhanced performance within the first 7 weeks could be related to the 

strontium within its composition. As previously discussed (section 2.2.1) 

strontium is known to have a positive effect on the formation and proliferation 

of osteoblasts. Therefore, its initial release at the defect site, may have enabled 

the enhance bone formation seen over ICIE16 by the earlier time point. In 
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contrast ICIE16 lower modified network connectivity, (2.13) may have enabled 

greater and sustained released over the length of the study compared to that of 

SBP-3 (2.84), as seen within the ICP-OES results (discussed in 5.3.2), creating 

enhanced bone formation over the 12 weeks.  

 

Figure 5.12: XMT evaluation of bone regeneration in rabbits femur condyle defect (a, 
b) implanted with ICIE16 and SBP-3 scaffold (c,d,e,f) at 7 weeks, (g,h,I,j) at 12 weeks 
post-operation. A reticulated trabecular bone is observed at 7 weeks followed by 
growth and development of bone. The morphology of the cortical region restored its 
pattern at 12 weeks post-operation. Image and analysis provide by Hua Geng.  
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5.4.3 Conclusions 

The adapted gel-casting processing method creates scaffolds suitable for 

bone ingrowth. This in vivo study shows that the foamed morphology supports 

and sustains bone growth across the length of 12 weeks in a femoral head 

defect within a rabbit model. ICIE16 outperforms SBP-3 by the completion of 

this study showing greater growth and regeneration of the original bone 

structure. Histology work is needed to confirm the in vivo observations. 
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Chapter 6 

3D printing 
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6 3D PRINTING 

6.1 INTRODUCTION 

The aim of this work was to optimise the 3D printing technique ‘robocasting’, 

for the manufacture of bioactive glass scaffolds from ICIE16 and SBP-3. As 

discussed in section 2.3.4, 13-93 has been widely 3D printed by various 

research groups [37, 49, 127, 140, 156], using various ink and printer 

combinations; therefore, 13-93 was also printed as a reference to literature.  

Robocasting is an additive manufacturing technique where an ink is extruded 

through a nozzle, these extruded filaments can form 3D objects by layering 

under computer control.  Within this context, polymeric binders are used and 

mixed with glass particles to form inks suitable for printing. The main 

processing parameters that control the robocasting process are the rheology of 

the ink that is used, the size of the particles and their distribution and the ratio 

of ink to powder that is used as discussed in Section 2.3.4.  

Once a suitable ink has been found with suitable properties, scaffold 

parameters can be optimised to decide strut spacing, and filament diameter. 

These choices ultimately affect the scaffolds surface area and porosity which in 

turn affect its dissolution characteristic and consequent bioactivity.  

The following body of work describes the optimisation process and outcomes 

achieved. The overall aim was to be able to form 3D grid like constructs with 

aligned struts to maximise compressive strength.  

6.2 FINDING A SUITABLE INK: DESIGN CRITERIA 

Considering our laboratory set-up and idealised aims a suitable ink must: 

 Be non-toxic and able to be printed without fume hood extraction; 

 Be able to be mixed safely within a lab environment; 
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 Be able to incorporate large volumes fractions of glass powder 

homogenously; 

 Be non-aqueous, so that the glass does not degrade during processing; 

 Exhibit suitable rheological properties to enable printing; 

 Have a strength able to hold its own weight, when loaded with glass, 

without deformation to be able to print multiple layers; 

 Be organic and burn out completely in air below the glass transition of 

the glass used; 

 Allow fusion between multiple filaments at their contact points, so that 

mechanically strong green bodies can be formed. 

In 2013, researchers had worked with two carriers, Pluronic F-127 and Ethyl 

cellulose [37, 52, 135, 140]. Therefore this work focussed on the adaptation of 

these inks with the glasses of choice within this project ICIE16 and SBP-3. 

Ethyl cellulose was first investigated followed by F-127. Other carrier inks have 

since been published, such as Carboxymethyl cellulose (CMC) [137], and 

Polyvinyl alcohol (PVA) [189] (discussed in Section 2.3.4). 

6.2.1 Ethyl cellulose 

Ethyl cellulose, when combined with poly(ethylene glycol), PEG, was reported 

to form a suitable ink for printing. Deliormanlı et al. [52] focussed upon the 

glass composition 13-93. Their ink composition is summarised in Table 6.1, 

which was modified for use with ICIE16 due to variations in glass densities. To 

gain the appropriate viscosity of ethyl cellulose, it was initially dissolved in a 

ratio of toluene to ethanol of 20:80. 
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Table 6.1: Ethyl cellulose ink composition defined by Deliormanlı et al. [52] and 
adapted for use with ICIE16 

At 25 °C 

Deliormanlı et al. [52] ink composition 

Volume 

/% 

Density 

/g.cm-3 

13-93 45 2.5 

Ethyl cellulose 20.1 1.14 

PEG 6.8 1.13 

Ethanol 28.1 0.79 

 

6.2.2  Pluronic F-127 

Pluronic F-127 poly(ethylene oxide) (PEO)–poly(propylene oxide) is an aqueous 

triblock co-polymer with reversible thermal properties. At low temperatures 

(~5°C) it is a low viscosity solution, enabling easy mixing, and at ~40°C it 

reversibly gels and forms a self-supporting network, as discussed in Section 

2.3.4. As temperature increases, the hydrophobic PPO segments release the 

water molecules which were adsorbed to them. This enables the formation of a 

self-supporting gel, due to the association of these polymeric groups forming a 

network. It has been used by various groups [37, 135, 140] as an ink for 

robocasting for this reason.  

6.2.3 Ink Comparison 

Mixing 

When mixing the ethyl cellulose based ink, with high volume fractions of glass 

powder, it was difficult to keep the temperature low enough to stop solvent 

evaporation, which in turn changed the solution viscosity. Also, as toluene was 

needed to dissolve the ethyl cellulose, for safety reasons, it was deemed that 

an alternative ink would be preferable as the 3D printer was not housed within a 

fume hood.  
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Pluronic F-127’s thermally dependent viscosity change made mixing easier 

than using the ethyl cellulose based ink. However, the mixing process resulted 

in the sample being heated over time, changing the viscosity. This made it 

difficult to incorporate ink loadings above 40 vol% of glass. It also made it 

difficult to produce consistently homogenous inks as the amount of evaporation 

would change between samples.  

Even though Pluronic F-127 is a water based ink, which means there is a risk 

of the glass degrading in the ink, the glass particles only stayed within the 

aqueous environment for the mixing period and within the printing syringe. 

Once printed, the inks dried within an hour. So the ‘wet’ processing window 

was shorter than that of gel-cast foaming process, which did not show to have 

any adverse effects of premature crystallisation on the glass compositions used.  

Thermal Properties 

The thermal degradation of each ink was analysed via DSC/TGA and 

summarised in Figure 6.1. TGA showed that, under flowing air conditions, 

Pluronic F-127 burned out at less than 200°C, well below the sintering 

temperatures of the three glass compositions used. The ethyl cellulose ink had 

a two phase burn out, due to the two polymers phases (ethyl cellulose and 

PEG). The burn out range of this ink was much greater than that of Pluronic F-

127, taking until nearly 500°C for complete burn out to occur.  



 
141 

 

Figure 6.1: DSC/TGA data of ethyl cellulous and Pluronic F-127 inks. 

6.2.4 Conclusions on carrier selection 

Both the ethyl cellulose based ink and Pluronic F-127 were able to form 

suitable carrier inks for use with ICIE16 and SBP-3. Both inks were analysed 

against the initial aims defined in Section 6.2. Due to the lower thermal 

degradation, ease of processing and non-toxicity, Pluronic F-127 was chosen 

as the preferred ink for use within this system. Therefore, all consequent work 

completed upon robocasting within this thesis will be based upon using 

Pluronic F-127 as the carrier ink.  

6.3 NOZZLE SHAPE 

The 3D printer was compatible with printing tips manufactured by Nordson 

EFD®. Tips are available in a wide variety of geometries, nozzle diameters and 

materials, including stainless steel, polytetrafluoroethylene (PTFE), or 

polyethylene. Due to the abrasive nature of the glass particles, polyethylene tips 
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were chosen, as the sintering profile should burn out any residual polyethylene 

which may become incorporated into the scaffolds.  

Franco et al. [140] showed that the force required to enable extrusion of inks 

within a syringe controlled 3D printer can be modelled using compression of a 

syringe. This method can be used to understand the variation in force needed 

to extrude inks with different printing variables, e.g. tip geometries, glass 

powder loading and ink formulations. Figure 6.2 summarises the testing set up 

used.  

 

Figure 6.2: Compression testing aparatus to mimic the force dynamics during 
robocasting. 

The force was measured at a constant displacement rate for the syringe piston 

(νp). The equivalent printing velocity (νw) was calculated assuming constant 

flow from the syringe chamber and a fixed ratio between the tip (Φt) and the 
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syringe diameter (Φs). This can be defined by the following equation, known as 

the extrusion ratio (equation 6.1). 

 
ν𝑝 = (

Φ𝑡

Φ𝑠
 )2. ν𝑤   6.1 

Inks were tested to understand the stabilisation time, i.e. the time needed to 

obtain continuous flow, at various vol%, nozzle diameters and printing speeds. 

Figure 6.3 shows the effects of different nozzle geometries on extrusion forces.  

 

Figure 6.3: Compression testing of tips with diameters of 610 µm with needle and 
conical profiles. 

Both nozzle geometries depicted a similar force/time relationship, with the 

graphs reaching a plateau once the stabilisation force was reached. This is the 

point where the force needed for shear thinning has been overcome, known as 

the yield point, and continuous steady state flow is achieved; this suggests that 

Pluronic F-127 acts pseudoplastically. For all nozzle diameters tested, the 

force needed to stabilise and extrude out of a needle nozzle was approximately 

double that of the conical nozzle, 95 versus 198 N. The decrease in force 

needed is thought to be linked with the reduction of flow dead zones within the 
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nozzle, easing flow. A three zone profile is thought to form when shear-thinning 

loaded inks are forced to flow through a conical nozzle [52, 190-192]. At the 

walls of the nozzle, a thin slip layer forms that does not contain any particles. In 

the centre of the nozzle, a gel core extrudes at constant velocity flows. 

Between these two layers a fluid shell of laminar flow extrudes. This does not 

exist within the needle shaped nozzle, therefore it is harder to resolve dead 

zones, increasing the forces needed for extrusion. This creates greater 

emphasis on the importance of particle size and its distribution within the ink 

[192, 193]. Due to the relationship between crystallisation and particle size, 

and the difficulty in processing bioactive glasses to different and discrete small 

particle sizes, from this point forward only conical nozzles were chosen and 

used within the printing process to minimise the load needed to continuously 

print. 

6.4  PLURONIC F-127 INK RHEOLOGY 

Understanding the rheological behaviour of glass loaded inks for robocasting is 

incredibly important. The rheological properties of the ink and the interaction 

between the particles and the carrier determine the quality of the green body 

produced, the subsequent manufacturing capability of the system and the 

strength of the scaffolds produced. The ink behaviour and inter-particle forces 

are dependent upon the concentration, shape, distribution and size of the 

particles themselves. To get an understanding of how the rheology varied with 

glass loading, various rheology studies have been completed. 

6.4.1 Understanding Pluronic F-127 

Previous studies that employed Pluronic F-127 [135] as a carrier in ink for 

robocasting used concentrations between 20-30 wt% dissolved in deionised 

water. 10% was shown to be too low to be able to create enough network to 

establish the reversible thermal reaction, which is needed for an ink to be 

printable and self-supporting. The effects of Pluronic F-127 concentration on 
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gelation temperature and viscosity were investigated using rheometry of non-

particle loaded inks.   

 

Figure 6.4: Rheological properties of Pluronic F-127 at various wt%: viscosity as a 
function of shear rate,  

Shear thinning behaviour is desirable for an ink for robocasting, as when under 

force, the ink should flow through the nozzle, but once the force is removed the 

viscosity should increase enabling the ink to retain the shape printed. All inks 

exhibited shear thinning, or psuedoplastic behaviour as shown by Figure 6.4, 

characterised by the apparent viscosity η being highest at low shear rates and 

the viscosity reducing as the ink was subject to load. This was simulated here 

by increasing the shear rate. It is thought that the shear rate through the nozzle 

can be approximated as 50 s-1 [194]. With increasing wt% of Pluronic, F-127 

viscosity increased, between 5 and 20 Pa s at a shear rate of 50 s-1.  
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Figure 6.5: Rheological properties of Pluronic F-127: modulus as a function of 
temperature. 

Figure 6.5 shows how the inks modulus changed with Pluronic F-127 

concentration and temperature. Where the storage and loss modulus intersect 

is known as the gelling point of the ink. The temperature at which the ink gelled 

reduced as Pluronic F-127 concentration increased. This is due to less water 

available within the system, resulting in less energy needed for gelation.  

The gelation temperature affects the processing parameters for a variety of 

reasons. When mixing particle loaded inks, the samples experienced some 

heating due to mechanical mixing. To obtain a thoroughly homogenous ink and 

enable inclusion of all the glass powder, the ink would ideally remain at as low 

a viscosity as possible during the mixing cycle. The higher the gelation point, 

the more homogeneous the ink can become.  

Oscillation sweeps can yield information regarding the elastic plastic 

transformation in a solution, by studying the ratio of G’ to G” [194]. An example 

of an oscillation sweep above the gelation temperature of 25 wt% Pluronic F-

127 is shown in Figure 6.6. At low stresses, the storage modulus G’ was much 
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greater than the loss modulus G”, resulting in an unyielding network. As the 

oscillation stress increased, the ratio between them reduced, with the loss 

modulus rising and storage modulus reducing. This was indicative of F-127’s 

ability to yield under force, showing elastic characteristics similar to a liquid. 

Where G’= G” is the yield point (τy) of the solution. This is where the plastic 

characteristics dominate over the elastic. Above τy the solution breaks down, 

resulting in a rapid reduction in modulus, as the network cannot yield to any 

more deformation. This behaviour was characteristic of shear thinning 

properties, corroborating the results shown in Figure 6.4. 

 

Figure 6.6: Oscillation sweep for a solution of 25 wt% F127 at 25°C, which is above its 
gelation temperature. 

Table 6.2 summarises the yield strength and equilibrium storage modulus for 

Pluronic F-127 concentrations between 20 to 30 wt%. As Pluronic F-127 

concentration increased, the yield strength and equilibrium storage modulus 
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increased, due to the polymer content increasing, which improved stiffness 

increasing the viscosity.  

The solution containing 25 wt% of Pluronic F-127 had a suitable yield strength 

and a manageable gelation temperature to aid mixing of highly loaded glass 

inks. Therefore, from this point rheology studies focussed upon using 25 wt% 

Pluronic F-127.  

Table 6.2: Summary of the variation in yield and storage modulus with Pluronic F-127 
concentration between 20-30 wt%, all measured at 25°C. 

Pluronic F-127 

Concentration 
Yield Strength 

Equilibrium 

Storage Modulus 

/wt% /Pa /Pa 

20 238 13372 

25 318 19094 

30 551 21044 

 

6.4.2 Herschel-Bulkley model 

The flow of particle loaded inks through the deposition nozzle can be modelled 

via the Herschel-Bulkley model (equation 6.2) [140, 178, 195, 196]. The model 

describes the behaviour of ideal non-Newtonian fluids which do not flow below 

a certain yield stress, and show shear-thinning behaviour at stresses above 

their yield.  

 𝜏 = 𝜏𝑦 + 𝐾�̇�𝑛 6.2 

   

Where τ is the applied shear stress; τy is the yield stress; γ̇ is the shear rate; 𝑛 

is the shear thinning exponent and K is the viscosity parameter. Inks loaded 

with 20-45 vol% of ICIE16 with 25 wt% Pluronic F-127 were analysed. The 

graphical interpretation and tabulated data is shown in Figure 6.7 and Table 6.3. 

For robocasting a low values of 𝑛 and K are advantageous, as they aid mixing 
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and reduce extrusion forces. If 𝑛 is less than 1, the ink is deemed to be 

psuedoplastic. The ICIE16 glass inks tested gave values of 𝑛 between 0.04-

0.27, which is within the psuedoplastic range. These values are within the same 

range as reported values by Fu et al. [135] for 13-93 and 13-93B glasses inks 

manufactured using Pluronic F-127. 

 

Figure 6.7: Rheometry data for 20-45 vol% of ICIE16 mixed with 25 wt% F127 fitted to 
the Herschel-Bulkley Model. 

As concentrations of glass loading increased within the inks, the more 

challenging it became to produce repeatable, reliable data. This is due to high 

initial values of τy which overcame the force limit of the machine used. 
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Table 6.3: The Herschel-Bulkley Model parameters obtained from the gradients and 
intercepts of Figure 6.7. 

Volume % of ICIE6 

/% 

𝑙𝑛 𝐾 

/Pa.sn 

𝑛 

20 6.13 0.27 

30 7.47 0.04 

35 6.32 0.19 

40 6.26 0.19 

45 5.55 0.27 

 

6.4.3 The effects of particle loading on gelation temperature 

During the mixing of inks for robocasting, the solution temperature increased 

within the mixing vessel. If the temperature becomes greater than the gelation 

temperature, it becomes difficult to gain a homogenous ink and bubbles can 

become trapped within the ink. Understanding how the gelation temperature 

varied with glass loading enabled optimisation of the mixing cycle so that 

bubble free homogenous inks could be formulated.  

The gelation temperature of 25 wt% F-127 Pluronic was studied for the three 

glass compositions at concentrations between 0-45 vol% of glass additions, 

and summarised in Figure 6.8. Data collected for ICIE16 and 13-93 was 

repeatable, however SBP-3 proved to be very challenging to gain repeatable 

data via rheology testing. This could be due to the force limit of the machine as 

previously discussed, due to variation in particle size and surface charge. 

At low temperatures, the –OH groups within the solution can bond to the 

surface of the glass particles through Van der Waals interactions or hydrogen 

bonding, creating a stable low viscosity ink by steric repulsion. The solution of 

25 wt% of Pluronic F-127 gelled at 17°C. Increasing particle loading, up to 45 

vol%, caused the gelation temperature to decrease to 6°C, perhaps due to the 

increasing level of disruption created within the network with increasing glass 
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loading. Pluronic F-127 gels due to the release of water molecules from the 

PPO groups. Premature gelation suggests that the glass preferentially bonds 

the water molecules, taking up the water before it is energetically favourable to 

be released. Consequently, speeding up the gelation process by allowing the 

PPO groups to hydrophobically associate at lower temperatures. As glass 

concentration increased, this happened more readily.   

 

Figure 6.8: Relationship between the gelation temperature of 25 wt% of Pluronic F-127 
loaded with 0-45 vol% of ICIE16 or 13-93 particles, the values are derived from 
oscillation sweeps shown in Figure 6.6 

 

6.4.4 The effects of particle loading on viscosity 

An understanding of how the concentration of glass affects the ink viscosity is 

useful when deciding upon a composition for printing. The viscosity needs to 

be high enough to be able to formulate an ink that can sustain its own structure 

when printed, but not too high that it cannot be extruded.  
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As previously discussed in section 6.4.1, literature suggests that the shear 

through a printing nozzle can be estimated to being equal to 50 s-1 [178, 194]. 

To analyse the viscosity of the solution at this point, studies were completed at 

shear rates between 0-200 s-1. All tests were completed at 25°C to simulate 

room temperature printing, and the viscosity was measured when the shear rate 

was equal to that of 50 s-1. Figure 6.9 shows that all three compositions 

followed a similar trend: viscosity increased as glass loading increased. The 

ICIE16 data set was the easiest to obtain with repeatable measures being taken 

at all loading values. The 13-93 and SBP-3 measurements were more difficult, 

suggesting that the viscosity of their inks overcame the maximum threshold for 

the rheometer at loadings greater than 45 vol%.  

 

Figure 6.9: The influence of particle size on viscosity, values taken from the equivalent 
viscosity at a shear rate of 50 s-1. 

Literature associates the effect of viscosity on glass loading with the Kreiger-

Dougherty Model (Equation 6.3) [135]; where ηr is the relative viscosity related 

to volume fraction 𝜑, max theoretical volume fraction 𝜑𝑚, and measured 

viscosity η. 
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𝜂𝑟 =  (1 −

𝜑

𝜑𝑚
)

−[𝜂]𝜑𝑚

   6.3 

This model shows that above a critical glass loading value, the viscosity 

becomes infinite. Allowing users to estimate the maximum theoretical particle 

loading that their ink can incorporate before processing becomes too difficult. 

The trend within this data is not as extreme as those reported in literature [135]. 

This could be due to differences in particle size altering the interparticle forces, 

as these particle sizes are over a factor of 10 greater than that of those used 

within the compared study (discussed further in Section 6.5.1).  

The relationship between viscosity and printing is a complex one, there is no 

consensus about what works and what does not, as systems are composition 

and set-up dependent. Although Figure 6.9 does suggest a trend within the 

data set, the reality is that mixing of these inks varied from this test, as 

summarised in Table 6.4. 

Combining the results from Figure 6.9 and Table 6.4, highlights the difference 

between theoretical and physical data. In inks containing 13-93 and SBP-3, 

the viscosity did not reach an infinite value suggesting that, from Kreiger-

Dougherty Model, the maximum glass loading was not reached within these ink 

glass combinations. In reality, loading above 45 vol % for these compositions 

were difficult to produce reliably and the inks were difficult to extrude.   
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Table 6.4: Summarising the abilities of glasses to mix at various volume fractions of 
powder in a solution of 25wt % of Pluronic F-127. 

Volume fraction 

of glass 

Glass 

ICIE16 SBP-3 and 13-93 

20 

All mixed 

All mixed 
30 

35 

40 

45 Very difficult to incorporate all powder, took 

multiple cooling cycles to gain a homogenous 

ink 50 

55 Powder residue left Does not mix 

 

6.4.5 The effects of particle loading on mechanical properties of 

inks 

As viscosity changed with particle loading, it also created changes to the ink 

mechanical properties. As discussed in section 6.4.1, rheological data can 

enable the measurement of the yield strength and storage modulus at 

equilibrium for particle loaded inks. Yield strength of the solution is the stress 

where the loss modulus is equal to that of the storage modulus. These values 

are of interest as yield strength can be thought of as a measure of an ink’s 

‘strength’ and storage modulus a measure of its ‘stiffness’. Figure 6.10 shows 

the relationship between yield strength and storage modulus with vol% 

additions of glass.  As expected the storage modulus and yield point of the inks 

increased with increasing glass loading.  

Within this data set, each glass behaved differently. For SBP-3 and ICIE16, the 

yield strength and modulus of the inks increased as volume loading of glass 

increased. Whereas, for inks containing 13-93, the yield strength was stable 

across the loadings tested, but the storage modulus did increase. The ink 

modulus and yield strength were expected to increase with glass loading as 
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there is a higher glass to polymer ratio, and it is the glass portion which would 

increase these properties.  

The values reported for SBP-3 increased the most compared to the other glass 

compositions tested. Between 20 and 40 vol% loading, SBP-3 yield point 

increased by 326 Pa, and the modulus by 56011 Pa. This could be the reason 

why it is difficult to obtain rheological data for this glass composition without 

overloading the force unit on the rheometer. This suggests that something 

unique to this glass composition affects the relationship between the glass and 

the binder, which does not occur in the others.  

Although nominal values can be determined via rheological measures, it is 

difficult to understand the meaning of these values without physically printing 

the inks. With increasing yield strength and modulus, inks should be able to 

span greater distances unsupported when manufactured into ‘wood-pile’ 

geometry scaffolds, which would enable greater scaffold design capability. 

However, a compromise needs to be found between highly loaded inks to gain 

good rheological properties and a low enough viscosity for processability. 

Increases in these values also increases viscosity, which results in inks which 

need more force to be extruded.  
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Figure 6.10: a) Yield point and b) Modulus at yield point as a function of vol% glass for 
inks of ICIE16, SBP-3 and 13-93 in solutions of 25 wt% F-127, tested at 25°C. 
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6.5 SIMULATING PRINTING 

As discussed in section 6.3, compression testing can be used to simulate the 

robocasting process (Figure 6.2). To analyse and compare the ‘printability’ of 

the inks, compression tests were completed on inks of 20 and 30 wt% of 

Pluronic F-127 with 45 and 50 vol% of glass for all three glass compositions. 

Higher concentrations of powder are preferential as it enhances sintering due to 

higher particle packing density in the green body, theoretically resulting in 

higher mechanical strengths. Initial tests were completed at a standardised 

printing speed of 10 mms-1.  

The results were characterised by studying the time and force it took to reach 

steady state flow. An example of the results collected is shown in Figure 6.11.  

The following factors were analysed; the effect of volume fraction; tip diameter; 

particle size and extrusion speed.  

 

Figure 6.11: An example of the compression data created from ink testing: stabilisation 
force and time were compared and contrast between different ink concentrations, 
glass compositions and nozzle sizes. 
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6.5.1 The effect of particle size 

The relationship between tip diameter and ink composition 

All the inks tested followed the same trend as shown in Figure 6.11, with an 

increase in force until a plateau was reached. The time to reach this plateau, or 

stabilisation force, and the value of the force was analysed for each Pluronic F-

127 concentration, glass composition, and tip diameter combination were 

recorded. The results are shown in Figure 6.12. 

 

Figure 6.12: Data collected via compression testing to simulate the force and time 
needed to reach stabilisation of ink at various ink compositions through nozzles 
diameters of 200, 250, 410 and 580 µm. The bars represent force, and the points 
represent time. Wt% refers to the concentration of Pluronic in solution, before the vol% 
of glass was added. 

The general trend was that as the nozzle diameter decreased, greater forces 

were needed to extrude the ink and a longer time was needed to reach 

stabilisation. When the glass loading and the concentration of Pluronic F-127 
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were increased within the inks the same trend, of greater forces and longer 

time to reach stabilisation, was shown.  

At concentrations of 30 wt% of Pluronic F-127, the time and force needed to 

reach stability were consistently greater than that of the ink containing 20 wt% 

glass for all glass compositions, with percentage increases in time varying 

between 60-527%, depending on glass composition (Table 6.5). This is 

consistent with the rheological data collected (section 6.4.4) in that the 

viscosity of the higher glass loading was much greater than that of the lower, 

resulting in much greater forces needed to extrude the solution, by up to 483%.  

Table 6.5: % increases in time and force required for extrusion, collected via 
compression testing through a 410µm nozzle from Figure 6.12. 

Ink composition 

SBP-3 13-93 ICIE16 

Time Force Time Force Time Force 

/s /N /s /N /s /N 

20wt% 45 vol% 15 28 17 24 18 25 

30wt% 45 vol% 24 46 59 39 40 53 

% increase 60 64 247 63 122 112 

20wt% 50 vol% 22 37 30 45 80 42 

30wt% 50 vol% 138 195 65 116 205 245 

% increase 527 427 117 158 156 483 

 

When testing ink concentrations through the 200 µm nozzle, all of the 

compositions with the ratio of 30 wt% Pluronic F-127 to 50 vol% of glass broke 

the syringe during testing. The relationship between particle size and 

distribution is key when formulating inks for robocasting. Comparable work by 

Fu et al. [135] and Deliormanli et al. [52] extruded bioactive glass particles 

through 210 µm and finer nozzle diameters with modal glass particle sizes of 2 

µm. The particle size used within this study is summarised in Table 6.6. The 

modal size of ICIE16, SBP-3, and 13-93, were 15.8 ± 0.1 µm, 12.5 ± 0.3 µm, 

and 10.8 ± 0.3 µm respectively. The larger particle size resulted in much higher 

forces needed to extrude the inks compared with the published works, 

especially through the smaller nozzle diameters.  



 
160 

Table 6.6: Particle size of ball milled glasses used within the printing inks all in µm. 

Glass 
D[4,3]  

volume weighted mean 
D10 D50 D90 

13-93 14.3 ± 0.1 3.3 ± 0.1 10.8 ± 0.1 30.5 ± 0.2 

ICIE16 18.9 ± 0.2 3.3 ± 0.1 15.8 ± 0.3 39.5 ± 0.7 

SPB-3 17.1 ± 0.2 3.1 ± 0.1 12.5 ± 0.3 35.0 ± 0.9 

 

Inks containing 50 vol% of SBP-3 were unable to be extruded through the 200 

or the 250 µm nozzle at 30 wt% of Pluronic F-127, or through the 200 µm 

nozzle when mixed with 20 wt% of Pluronic F-127. However, at 45 vol% of 

glass loading, extrusion was possible. Throughout the majority of the study, 

SBP-3 needed much higher forces than the other glasses to be extruded. SBP-

3 particle size was very similar to that of ICIE6, however, it was much more 

challenging to mix into homogenous inks and, as reported, to complete 

rheology studies. This suggests that there is something unique to the SBP-3 

composition that alters the ink chemistry, making processing, printing and 

analysis more challenging.  

Of the three glasses tested, 13-93 had the smallest modal particle size, and 

D90 of 10.82 µm and 30.52 µm respectively. The high network connectivity of 

13-93 resulted in harder glasses therefore, during grinding produced a smaller 

particle sizes. When translated to printing, the viscosity of the compositions, 

the forces and times for stabilisation were less for 13-93 than that of the other 

glass compositions used.  

Particle size variation 

The reduction in force needed to extrude the inks and the stabilisation time for 

the ink containing 13-93 was attributed to its smaller particle size. Analysis was 

completed to understand the effect of different particle sizes and distributions 

on reaching the force and time needed for steady state printing. Literature 
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reports particle sizes used with robocasting technology to be between 1-5 µm, 

with a D50 of 2 µm [37, 52, 135, 140]. Two batches of ICIE16 were 

manufactured, one via ball milling and one via jet milling. Their particle size and 

distribution are summarised in Table 6.7 and Figure 6.13.  Jet milling uses air 

pressure to hit the glass particles together, which are then filtered by a 

classifier wheel set at a specific rate per minute. This technique yields a much 

smaller particle size and narrower distribution than ball milling due to the 

opportunity to set the classifier speed within the system such that it only allows 

smaller particles to be collected, compared with generic sieving used with the 

ball milled glasses. The jet milled particles are within the range that is used 

within other printing literature [52, 135], with a modal size of 2.0 µm, compared 

with 15.8 µm for the ball milled glasses.  

Table 6.7: ICIE16 particle size and distribution when produced via jet and ball milling, 
all in µm. 

ICIE16 
D[4,3] 

volume weighted mean 
D10 D50 D90 

Ball Mill 18.9 ± 0.2 3.3 ± 0.1 15.8 ± 0.3 39.5 ± 0.7 

Jet Mill 2.1 ± 0.3 1.4 ± 0.2 2.0 ± 0.1 3.8 ± 0.3 
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Figure 6.13: (a) Particle size distribution of ICIE16 when milled via jet and ball milling; 
SEM images of (b) jet milled glass; (c) ball milled glass. 

To study the effect of particle size on printability the inks were analysed via 

compression testing. Inks were made with 20 wt% Pluronic F-127, with 45 and 

50 vol% of ICIE16 ground via jet or ball milling. The results are shown in Figure 

6.14.  
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Figure 6.14: The effects of particle size on the force and time needed to reach 
stabilisation during simulated robocasting via compression testing of inks. 

The inks formulated with a glass loading of 45 vol% behaved very differently to 

inks with 50 vol% glass. At 45 vol%, both the jet milled and ball milled inks 

reached their stabilisation force at comparable times, highlighted by the grey 

dashed lines. Even though they had a smaller particle size, the jet milled inks 

needed greater forces to be extruded through the same nozzle diameters. This 

suggests that the distribution of the jet milled glasses was too narrow to allow 

intimate packing within the nozzle, preventing slipping and rearrangement [52, 
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190-192]. This hypothesis is supported in Figure 6.13 and Table 6.7, which 

showed that the particle distribution of the ball milled glasses was much greater 

than the jet milled sample.  

When the glass loading within the inks was increased to 50 vol%, the forces 

needed to extrude the ink containing jet milled glass was over double that of 

inks containing 45 vol% of glass. This suggests that the distribution of the 

particles had a greater effect than the particle size itself on ink formation and 

printability. The larger particle size and wider distribution created via ball milling 

produced inks that were easier to print but take longer to reach a stabilised 

printing force. The opposite was seen with the smaller sized jet milled particles.  

6.5.2 The effect of printing speed 

Another variable within the printing process is the rate in which the inks are 

extruded from the nozzle. When robocasting, this can be controlled by the 

plunger speed. When printing sharp corners, or when dimensions are 

paramount, the printing speed can be reduced so that accuracy can be 

increased. 40 vol % of ICIE16 was mixed with 30 wt % of Pluronic F-127 and 

the effect of printing speed on stabilisation was studied. The results are shown 

in Figure 6.15  Increasing printing speed reduced the time needed to reach 

equilibrium, but the force required for printing increased. The difference 

between a print speed of 4 and 10 mms-1, was a force of 12 N and time of 63 

seconds.  
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Figure 6.15: The effect of printing speed on stabilisation and force required to stabilise 
an ink, made of 25 wt% Pluronic with 40 vol% of ICIE16, through a 250 µm nozzle. 

This highlighted the time dependent response in which these inks behave. 

Analysing the time and stabilisation force data (Figure 6.15), the length of 

extruded solution can be calculated for different printing speeds (Table 6.8). 

The results showed that regardless of the speed printed, the length of material 

that needed to be extruded before reaching steady state flow was 730 ± 12 mm 

for this ink composition.  

 

 

 

 

Table 6.8: Analysis of the time taken to reach stabilisation at different extrusion speeds 

Extrusion Stabilisation Stabilisation Length extruded to reach 
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Speed 

/mms-1 

Time 

/s 

Force 

/N 

stabilisation 

/mm 

4 180 65 720 

6 123 68 738 

8 93 72 744 

10 72 77 720 

 

When designing scaffolds for printing, a ‘lead in’ distance can be added before 

the scaffold is printed. This allows the ink to reach the required equilibrium 

conditions to achieve steady state flow prior to scaffold building. The difference 

in these values and their relationship with printing speeds needs to be taken 

into account when optimising ‘lead in’ lengths during scaffold design. 

This analysis helped understand the loads exhibited during robocasting, and 

translates to the practical processing by understanding the time and lead in 

length needed to gain continuous steady state printing. It helps to build a better 

understanding of how the inks behave and perform within the robocasting 

environment. It moves beyond the theoretical values produces via rheometry 

testing and allows the printing to be modelled in an understandable and 

accessible way.  

However, the limitations are that no two inks are the same, how the particles 

arrange within the nozzle is unique to the ink and loading profile at the time. 

Therefore, these results give an idea of the overall trends that can be seen 

between glass compositions and the effect of different compositional ratios on 

extrusion parameters but do not create a complete picture. 
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6.6 PROCESS OPTIMISATION 

6.6.1 Ink formulation 

Problems associated with ink formulation 

One of the greatest challenges with optimising inks for robocasting is creating 

homogenous inks via mixing. The inks need to be self-supporting, therefore 

their high viscosities are not conducive with mixing. To be able to print 

continuously, the inks needed to be homogenous, with even particle distribution 

throughout, and without air bubbles.  

Figure 6.16 highlights the effects of air bubbles and particle blockages on the 

flow of inks during ink compression testing. The blue circles highlight the effect 

of air bubbles upon printing forces observed through compression testing. Air 

bubbles entrapped in the solution become pressurised when the solution was 

put under force to extrude. When the bubbles are forced through the nozzle, 

any local ink was sprayed and printing temporarily stops. If bubbles were 

present during robocasting of scaffolds, scaffolds were left with breaks within 

the struts where bubbles have been forced out instead of ink, resulting in non-

reproducible mechanically weakened scaffolds. 

The green dotted circle in Figure 6.16 shows the increase in force needed to 

extrude during printing when particles block the nozzle. Nozzle blocking can be 

created by poor particle alignment and packing which can result in a blockage 

and consequent build-up in pressure. If the pressure becomes too high, the 

nozzle can be forced off the end of the syringe or the syringe can split. When 

blockages occur, a two phase solution can be extruded, where the liquid phase 

becomes separated from the glass particles through force. This reinforces the 

importance of particle size distribution and the resultant packing achieved 

within the nozzle during extrusion.  
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Figure 6.16: Force as a function of time for inks that contained air bubbles (blue) or by 
printing with nozzle blockages (green). 

Poor mixing and poor transfer into the printing syringes resulted in air bubbles 

trapped within the solution which affected the extrusion rate and the strut 

density. Figure 6.17 (A) shows an example of the air bubbles that can be 

present in poorly manufactured inks. If not removed prior to printing, the air 

bubbles can be transferred to the green body. The sintering protocol is 

designed to create viscous flow of particle to agglomerate and densify. If large 

pores, or directional channels, exist within the struts then sintering is 

incomplete. This resulted in mechanically weak scaffolds, as the pores can act 

as crack nucleation sites [21] as highlighted by Figure 6.17 (B). This figure 

highlights a fracture surface of a printed strut, where air bubbles were present 

within the ink which led to inherent strut porosity. 
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Figure 6.17: Issues associated with air bubbles induced during mixing and syringe 
transfer on robocast scaffolds. A) air bubbles coagulating within the ink after it has 
been stored in a fridge for 24 h; B) a fracture surface of a scaffold strut containing air 
bubbles. 

Optimised ink mixing protocol 

Other researchers have also published issues surrounding the inclusion of 

bubbles within their robocasting inks and consequent struts [135, 140, 155]. 

Franco et al. [140] added 1 wt% of Octanol-1 into their inks to help reduce this 

issue. The octanol-1 acts as a non-ionic surfactant, coalescing the bubbles 

and consequently reducing their prevalence. Therefore, the following protocol 

was designed to create homogenous inks and reduce air bubble inclusion: 

1. F-127 solutions were prepared prior to use and kept in a fridge at 5 °C; 

2. Small batches were mixed in individual pots, using a planetary centrifugal 

mixer (Thinky mixer ARE-310 USA) to reduce mixing time and overheating; 

3. Glass additions were made step wise, inks were mixed on the ‘mixing’ 

setting for 4 minutes at 2000 RPM, then ‘degassed’ for 2 minutes at 1800 

RPM; 

4. Once mixed, inks were cooled, in a 5°C fridge for 15 minutes, before more 

glass was added and remixed. This was repeated until all glass was 

incorporated; 

5. Prior to the final mix 1 wt% of octanol-1 was added; 

6. Inks were the cooled and transferred to printing syringes, which were sealed 

and run on a 2 minute ‘degass’ prior to use to force any remaining bubbles 

to the top of the syringe. 

100 µm 

(A) (B) 
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6.6.2 Green bodies 

Pluronic was mixed following literature protocol stated in Section 6.6.1, at 

Pluronic F-127 loadings of 20, 25 and 30 wt% [140]. Glass powder was then 

added between 20-55 vol%. Increasing Pluronic F-127 concentration increased 

the strength and stability of the gel, enabling self-supporting properties at 

lower glass concentrations. However, as seen in Section 6.4.4, with increased 

ink strength came an increase in the force needed to extrude the material.  

As found during rheology and compression testing of the inks, ICIE16 and 13-

93 particles could be mixed to higher concentrations than SBP-3. Maximum 

SBP-3 loading within an ink of 30 wt% of Pluronic F-127 was 47.5 vol%, 

compared with a maximum loading of 50 vol% for ICIE16 and 13-93 particles. 

Inks of 30 wt% Pluronic F-127 produced green bodies that were easier to 

handle than comparative inks with 20 wt% Pluronic F-127. When handling the 

green bodies, inks made with 13-93 and ICIE16 were mechanically strong, at 

all glass loadings, regardless of which tip size was used to manufacture them. 

Whereas when SBP-3 was printed it was difficult to transfer without 

disintegrating prior to sintering. Figure 6.18 shows SEM images of green bodies 

after drying of all three glass compositions produced using the same ratio of 30 

wt% of Pluronic F-127 and 47.5 vol% of glass.  

Figure 6.18 shows that 13-93 and ICIE16 scaffolds had the most uniform struts 

and the strut diameters are less deformed, staying cylindrical after drying when 

compared with SBP-3, which flattened in one direction. When studying the 

cross section of the struts at higher magnification (the bottom row of images), 

the packing and consequent porosity between the three glass compositions 

was different. The ICIE16 and 13-93 particles were better packed and more 

tightly arranged, compared with SBP-3. SBP-3 struts had more open structure, 

with obvious pores formed within the struts themselves. It is commonly 

remarked that the quality of the green body dictates the quality of the sintered 

product [21]. When working with bioactivity glasses, due to the limited 
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temperature that can be used during sintering, and the requirement to limit 

viscous flow to maintain the scaffolds morphology, porosity seen within these 

struts will transfer through to the final scaffold reducing its mechanical 

properties. Pores in brittle materials are sites of stress concentration and crack 

nucleation. 

 

 

Figure 6.18: SEM images of z, and x,y struts of 13-93, ICIE16 and SBP-3 robocast 
green bodies 3D printed in inks of 30 wt% of Pluronic F-127 and 47.5 vol% of glass. 
The bottom row shows cross sections of the struts at higher magnification. 

6.6.3 Sintering robocast scaffolds 

The first use of Pluronic F-127 for robocasting a bioactive glass was published 

by Fu et al. printing 6P53B glass [135]. When sintering their scaffolds, they 

used a one-step sintering protocol without a dwell for burn out of the binder. 

To optimise sintering for these glasses and specific particle sizes, ICIE16 was 

printed and sintered using both the Fu et al. [135] one-step approach and the 

two step profile used previously for the gel-cast foam scaffold, see Table 4.3. 

   13-93       ICIE16          SBP-3 
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The two methods were subsequently compared. Both profiles resulted in XRD 

patterns with amorphous halos post-sinter, however, introducing the dwell in 

the sintering protocol decreased the surface roughness according to SEM 

images (Figure 6.19) and increased the compressive strength from 7.34 ± 1.82 

MPa to 15.38 ± 2.97 MPa (Table 6.9 and Figure 6.20). TGA results presented in 

6.2.2 show that Pluronic F-127 burn out temperature was below 300°C, 

suggesting that by 500°C none should remain.  

 

Figure 6.19: 3D printed ICIE16 scaffolds sintered with and without a dwell period for 
binder removal. (a-c) single step 1 h at 690 °C, (d-f) initial dwell at 500°C for 1 h 
followed by 690°C for 1 h. 

Scaffolds sintered using a 1 h burn out dwell period at 500°C, followed by the 

second sintering step at 690°C for 1 h, resulted in more homogeneous struts, 

as shown by Figure 6.19. However, porosity still remained in the struts post 

sintering. This porosity was very difficult to remove, even after optimising the 

mixing protocol (Section 6.6.1). This porosity reduces the overall mechanical 

strength of the scaffolds, as summarised in Table 6.9. An example of the data 

collected is shown in Figure 6.20. The failure mechanism is via multiple struts 

fracturing, suggesting that the scaffolds can maintain load even if primary struts 

fail. From this point onwards all glasses were be sintered using the two step 

protocol, optimised by glass composition in Chapter 4. 
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Table 6.9: Tabulated summary of sintering outcomes 

Sinter profile  

(all rates at 3°C/minute) 

Compressive Strength 

/MPa 

Porosity 

/% 

One step ramp to 690°C for 1.5 h 7.34 ± 1.82 42.1% ± 0.4 

Two step, dwell at 500°C for 1 h, ramp to 

690°C for 1.5 h 
15.38 ± 2.97 42.8% ± 0.3 

 

 

Figure 6.20: Typical stress-strain curves for ICIE16 scaffolds of similar porosity, 
printed with 47.5 vol% of glass and 30wt% pluronic, sintered using different protocols. 

Figure 6.21 shows sintered robocast scaffolds made from ICIE16, SBP-3 and 

13-93 using 47.5 vol% of glass using 30 wt% of Pluronic F-127. Each glass 

composition contained some strut porosity. These images suggest that 13-93 

had the least porosity, followed by ICIE16 and SBP-3. This could be due to 13-

93 enhanced sintering window allowing greater densification during sintering.  
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Figure 6.21: SEM images of fracture surfaces of struts, (a) and (d) ICIE16, (b) and (e) 
SBP-3 and (c) and (f) 13-93. 

6.6.4 Reducing strut porosity 

Some inherent strut porosity was found within the 3D printed scaffolds 

regardless of the glass used or its glass/binder ratio. Attempts were made to 

remove this by adding Octanol-1 surfactant (discussed previously in section 

6.6) and altering the mixing protocol, to repeatedly cool the solution tip reduce 

the viscosity, to remove the bubbles.  

Previous printing of bioactive glasses in literature used a modal particle size of 

between 1-2 µm [52, 140, 144]. It is thought that by reducing the particle size 

allowed for better packing within the ink, which therefore reduced porosity. 

Particle size distribution of the glass for robocasting is extremely important, (as 

shown in section 6.5.1) if the particle size distribution is too narrow, nozzles 

can become clogged and continuous extrusion will not be achieved. A broad 

distribution, with a high volume fraction of smaller particles, allows particles to 

slip past each other and re-arrange themselves under extrusion to create 

continuous flow at lower forces. This was seen during the simulated 

compression testing discussed previously where much higher forces were 

needed to extrude comparable solutions with narrower particle distributions. 
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To see if strut porosity could be reduced by reducing the particle size used 

within the inks the three glasses used within this project were jet milled and ball 

milled to creating different particle sizes. Their particle size and its distribution 

was measured, as summarised in Table 6.10. For all compositions the jet milled 

particle sizes and distributions were smaller than that of their ball milled 

equivalents. Trial scaffolds were printed mixed using 40 vol% of glass with 30 

wt% Pluronic F-127, and sintered using the two stage protocol described 

previously (Section 6.6.3).  Figure 6.22 shows the XRD results post-sinter. 

Table 6.10: Particle size data of ICIE16, SBP-3 and 13-93 glasses when ground via 
ball or jet milling, all errors were below ± 0.3 µm. 

Glass Composition 

Ball Milled 

D10/D50/D90 

/µm 

Jet Milled 

D10/D50/D90 

/µm 

13-93 3.3/10.8/30.5 1.4/1.9/3.7 

ICIE16 3.2/15.8/39.5 1.5/3.6/12.1 

SBP-3 3.1/12.5 /35.0 2.8/10.5/27.2 

 

ICIE16 jet milled glasses when sintered for 1 or 1.5 h at 690°C showed 

significant crystallisation compared with the ball milled glasses, with peaks 

appearing at 32° and 33° 2θ. Crystallisation is an energy controlled process, 

with mass transfer of a solute from a liquid phase. For smaller particles, less 

energy is needed for this process to take place and therefore the greater the 

risk of crystallisation occurring, as supported by the XRD data collected. The 

same trend was seen within the SBP-3 glass composition with the jet milled 

glass crystallising more than that of the ball milled equivalents. 13-93 however, 

did not crystallise even at the lower particle size obtained via jet milling. 13-93 

as discussed previously within this work has excellent thermal processing 

properties with the trade-off of reduced bioactivity. As the primary goal of this 
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work was to manufacture scaffolds maintaining the glasses amorphous 

structure only ball milled glasses were worked with.  

 

Figure 6.22: XRD patterns of ICIE16, SBP-3 and 13-93 glasses, post-sintering, with 
changing particle size due to the different grinding methods. 

6.6.5 Drying  

Scaffolds were characterised via XMT, which showed that within some layers 

cracking occurred within the struts, which remained present post-sintering, as 

shown by Figure 6.23.  

 

Figure 6.23: XMT image of ICIE16 scaffold with inherent cracking within the struts. 
Image provided by Xiaomeng Shi.  
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This cracking could be a result of large air bubbles within the inks, resulting in 

breakages within the ink flow during printing, or could be a result of the drying 

stages. Due to the cracks within the tomography scan being in similar areas, it 

suggests they were formed due to varying shrinkage gradients across the 

scaffolds during drying. To rectify this issue, ICIE16 scaffolds were printed and 

underwent one of the following drying stages: 

 Dried in air as a reference; 

 Printed into an oil reservoir, which was then drained, and left to dry in air 

for 24 h prior to sintering, (protocol taken from Franco et al. [140]); 

 Printed as normal but surrounded by a water bath, keeping the humidity 

at 60% for 24 h prior to sinter; 

 Printed and immediately rinsed in ethanol. 

 

Figure 6.24: Photograph of sintered scaffolds after drying in different environments. 
From left to right: printed into oil, air dried, water bath, ethanol. 

Figure 6.24 shows the variation in outcomes after subjecting the scaffolds to 

the same sintering protocol under the varying drying regimes stated above. The 

scaffolds that were printed directly into oil failed to sinter thoroughly as binder 

remained within the scaffolds, leaving a black residue. SEM (Figure 6.25) 

showed that in the corresponding black regions of the scaffold, the particles 

failed to sinter forming continuous struts and stayed as discrete particles. The 

two scaffolds that were died in air and those dried in a humid environment 

looked very similar, however under SEM they had very different morphologies of 

the struts. The samples kept within the water bath did not sinter as well as 
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those in air, with an obvious particle morphology remaining on the surface. This 

could be due to a premature reaction happening upon the glass surface while 

they were kept in the humidity, resulting in a change in the surface layer, 

prohibiting sintering. The scaffolds that were printed and rinsed within ethanol 

were geometrically distorted, forming pyramidal shapes where the binder had 

flowed due to a reaction with the solvent prior to sintering.  

 

Figure 6.25: SEM images of the effects of different drying protocols on sintered ICIE16 
scaffolds. 

Compression testing was conducted on the samples which were air dried and 

dried in humidity to see if any variation in strength was induced, as summarised 

in Table 6.11. The scaffolds that were dried in air had the greatest mechanical 

strengths of 17.66 ± 4.09 compared with 12.79 ± 1.87 for the water bath 

equivalents. 

Table 6.11: Variation in porosity and compressive strength with drying protocol. 

Drying Method 
Compressive Strength 

/MPa 

Porosity 

/% 

Air Dried 17.66 ± 4.09 43.8 % ± 0.01 

Water Bath 12.79 ± 1.87 45.2 % ± 0.01 
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6.7 COMPARISONS OF ROBOCAST SCAFFOLDS MANUFACTURED 

FROM 3 GLASS COMPOSITIONS 

6.7.1 Shrinkage 

Scaffolds were printed from all three glasses with the same ratio of glass 

volume to binder. The shrinkage between green bodies to sintered construct 

was then compared when printed through a 410 µm nozzle, as summarised in 

Table 6.12. 

Table 6.12: Shrinkage of printed scaffolds in x, y and z dimensions. 

Direction 
13-93 

/% 

SBP-3 

/% 

ICIE16 

/% 

x 26.71 ± 0.05 23.38 ± 0.02 28.54 ± 0.02 

y 27.57 ± 0.06 23.76 ± 0.03 26.72 ± 0.03 

z 21.31 ± 0.04 18.02 ± 0.06 18.84 ± 0.05 

 

Shrinkage in x and y was homogeneous for all glass compositions, with ICIE16 

shrinking the most followed by 13-93 and then SBP-3. Interestingly all 

shrinkage in the z direction was less than that of x and y, which is surprising, as 

during printing the z direction is under the load of the scaffold, and x and y are 

not. SBP-3 and ICIE16 shrinkage in the z direction was comparable, between 

18-19%, which was less than 13-93’s shrinkage of 21.3%. When looking at 

these results with the SEM images presented in Figure 6.21, the 13-93 struts 

shrank more in z direction, reducing the porosity compared to ICIE16 and SBP-

3. 

Work by Liu et al. [37] and Deliormanlı et al. [52] both report shrinkages of 

13-93 through a 410 µm nozzle between 24-26 %, which is within the same 

range seen within this work.   
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6.7.2 Does glass chemistry affect rheology? 

Of the three glasses tested, ICIE16 was the easiest to prepare and the most 

repeatable and reliable to print. SBP-3 was difficult to mix in high 

concentrations and challenging to print due to blockages and poor layer 

adhesion. To try and understand why they would behave differently particle size, 

and zeta potential analysis was completed. Particle size previously reported in 

Table 6.10 did not yield any suggestion as to why the glasses would behave 

differently within this protocol. 

Zeta potential measurements (Table 6.13) conducted in water, reported stable 

suspensions with similar negative charges for all composition, suggesting that 

surface charge was also not the reason for the variation seen.  

Table 6.13. Zeta potential results for the three glasses in water. 

Glass Composition Zeta Potential 

/mV 

Standard Deviation 

13-93 -38.6 8.07 

ICIE16 -34.5 5.35 

SBP-3 -29.4 5.23 

 

The variation could be due to ionic leaching of the glasses in the aqueous 

environment due to their bioactive nature. However, ICIE16 would have the 

greatest pH change and dissolution of the three glasses worked with, and it 

was the easiest manufacture. Reported literature [37, 52] uses smaller particle 

sizes of 13-93 than those used within this work, and reduction in particle size 

is known to increase surface area and consequent ionic release, therefore, 

issues regarding glass degradation and mixing would be expected to reported 

within these works if this was the reason.  

SBP-3 is the first bioactive glass to be robocast which contains strontium 

within its composition. The difficulties in processing could therefore be related 
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to its inclusion within the glass composition. However, no direct conclusions as 

to why have been made.  

6.7.3 Compression testing 

Effect of strut diameter on strength 

All three glasses were printed at the same glass to ink ratio of 47.5 vol% of 

glass, using 30 wt% Pluronic F-127. This was the highest glass ratio that all 

three glasses could be homogeneously mixed. Scaffolds were printed using 

nozzle diameters, 410 and 610 µm forming scaffolds with the same volume. 

Scaffolds were designed so that the pore size in x y and z was equal. The 

results are summarised in Figure 6.26. Percentage porosity was similar at 48-

50% using the 610 m nozzle and 41-45% using the 410 m nozzle. 

 

Figure 6.26: Summary of compression testing results of comparable scaffold printed 
hrough 410 and 610 µm diameter nozzles from ICIE16, SBP-3 and 13-93, porosity of 
the scaffolds is marked in % within the bars.  

The trend seen within the adapted gel-cast scaffolds was that 13-93 produced 

the strong scaffolds, followed by SBP-3 and then ICIE16. Within the results 
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presented in Figure 6.26 this same trend is not seen. Brittle materials are only 

as strong as their biggest flaw. Porosity within the struts can act as crack 

nucleation sites, reducing scaffolds overall strength due to the random nature 

of the porosity this may have resulted in the differences seen as well as the 

variability within the results. Figure 6.26 shows that with reducing nozzle size an 

increase in compressive strength was seen, however the reduced nozzle size 

also gave a reduction in the porosity of the scaffolds so differences may not be 

significant.  

13-93 was printed as a reference to compared with other literature within this 

field. Two researchers have published work using different binders with 13-93. 

Their reported strengths and experimental parameters are summarised in Table 

6.14. All scaffolds were sintered for 1 h at 700 °C, and printed through a 410 

µm nozzle diameter.  

Table 6.14: Comparison of compressive strengths of ICIE16 scaffolds printed with a 
410 µm nozzle diameter compared with published literature. 

 
 

Liu et al. 
[37] 

Deliormanli et al. 
[52] 

This work 

Binder Chemistry  F-127 Ethyl cellulose F-127 

Particle Size  D50 /µm 1 2 10.8 

Volume fraction of glass /% vol 40 45 47.5 

Sample Test Size /mm 6 x 6 x 6 7.5 x 7.5 x 7.5 6 x 6 x 6 

Testing Speed /mm.minute-1 0.5 0.5 1 

Strut spacing /µm 300 420 ± 30 320 ± 12 

Filament Diameter /µm 330 300 ± 20um 320 ± 10 

Porosity /% 47 48 ± 3 45 ± 1.2 

Compressive Strength /MPa 86 ± 9 142 ± 20 26.6 ± 9.7 

 

The compressive strengths achieved in this study were far lower than those 

reported within literature. The sintering protocol used within the two studies 

reported above used a slower ramp rate of 0.1°C per minute, compared to 3°C 

per minute used within this work. The slower sintering rate, combined with the 
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reduced particle size could be the reasons such higher strengths are reported 

as they would reduce any strut porosity within the scaffolds.  

6.8 SCAFFOLD COMPARISON: ROBOCASTING VERSES GEL-CAST 

FOAMING 

Scaffolds were printed from ICIE16 with comparable interconnects to scaffolds 

manufactured via the adapted gel casting process. Figure 6.27 shows XMT 

images of scaffolds manufactured via the two processing methods and the 

difference in morphology achieved.  

 

Figure 6.27: XMT images (provided by Xiaomeng Shi) of equivalent robocast and gel-
cast scaffolds 

Table 6.15 quantifies the differences between the two scaffolds. The robocast 

scaffolds were designed so that post-sintering they would have comparable 

pore interconnect diameters with the gel-cast foams. This resulted in a 

variation in the overall scaffold porosity, surface area and consequent 

compressive strength.  

Table 6.15: Robocast scaffolds compared with adapted gel-cast foams rom ICIE16 
with comparable pore interconnects. 

  Robocast Adapted Gel-Casting 

Porosity /% 53 ± 0.02 83 ± 0.02 

Modal Interconnect Diameter /µm 144.4 ± 3.6 146.3 ± 10.6 

Compressive Strength /MPa 18.3 ± 2.2 3.44 ± 0.3 
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The strengths of the robocast scaffolds manufactured from ICIE16 are greater 

than those created by the adapted gel casting process; 18.3 ± 2.2 MPa versus 

3.44 ± 0.3 MPa. However, the porosity for the gel-cast scaffolds was 25% 

higher. The customisability of the robocast process yields a versatility which is 

not possible with the adapted gel-casting technique. However, the high 

porosity achievable with adapted gel-casting is not as easy to achieve via 

robocasting. Therefore, both processing methods have their unique advantages 

over the other.  

6.9 CONCLUSIONS  

Within this chapter Pluronic F-127 was been used for the first time as a binder 

to print highly bioactive glass compositions which remain amorphous post 

sintering. This work shows the versatility of the robocasting process; showing 

that scaffolds can be manufactured into a variety of pore geometries from 

different glass compositions, maintaining their bioactivity.  

Using rheological measurements can be used as a tool to understand 

fundamental changes within ink compositions, but its values do not translate to 

the physical art of printing. The forces created during the robocasting process 

are dependent upon the nozzle profile and its diameter. However, it is also 

linked the particle size of the glass within the ink and particle distribution in the 

ink. To be able to produce inks that are suitable for continuous printing, and 

consequently scale up, mixing is key. The production of homogeneous inks 

with no air bubbles and even glass distribution facilitates good scaffold 

production.  

As with all highly bioactive compositions the results of this work reinforce that 

there is a trade-off needed between highly bioactive scaffolds and mechanical 

strength. To be able to use robocasting to manufacture amorphous scaffolds 

from these compositions larger particle sizes were needed to be used. This 
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work comments upon the challenges associated with removing porosity from 

larger particle sized inks, from compositions that are subject to limited sintering 

temperatures due to crystallisation. A limitations of this work, is the lack of 

quantification of the internal strut porosity within the robocast scaffolds, which 

negates the ability to reduce or quantify the level of porosity obtained.  

Although robocasting yields many advantages as a processing method, in 

terms of its potential ability for scale up; its reliability in scaffold production, 

and geometric control; the fragility of the green bodies produced; the 

dependence on particle size and the processing challenges associated with 

airless ink production makes this processing method and its associated 

optimisation a challenging one.  

When comparing scaffolds manufactured via robocasting and those 

manufactured via the adapted gel-casting process with comparable sized 

interconnect diameters. Although a difference in porosity is seen, the robocast 

scaffolds produce much higher mechanical strength than the foamed 

equivalents. This is due to the orientation of the struts within the printed 

scaffolds allowing greater mechanical load to be sustained. 
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7 CONCLUSIONS 

This body of work aimed to optimise two manufacturing techniques for 

potentially highly bioactive glass compositions, to produce suitable scaffolds 

for bone repair.  

First, scaffolds were produced via the adapted gel-casting processing route, to 

form porous constructs with suitable interconnects and pore size for bone 

ingrowth. This technique proved to be able to be adapted for use with all 3 

glass compositions, ICIE16, SBP-3 and 13-93; by varying the concentration 

addition of surfactant between 0.3 ml for ICIE16, and 0.4 ml for SBP-3 and 13-

93  

The optimised scaffolds had 75% porosity, a modal interconnect diameter 

between 100-150 µm while remaining amorphous post processing. The 

scaffolds produced had compressive strengths of 3.4 ± 0.3 MPa, 8.4 ± 0.8 

MPa, 15.3 ± 1.8 MPa for ICIE16, SBP-3 and 13-93 respectively at 75.6 ± 2.6% 

porosity. These results are within the range of cancellous bone of 2-12 MPa at 

50-90% porosity [182].  

The gel-cast foam scaffolds were subjected to bioactivity testing in SBF. Each 

glass used has a different modified network connectivity, 2.13, 2.84 and 3.01 

for ICIE16, SBP-3 and 13-93 respectively. For all three compositions a 

calcium-phosphate rich phase precipitated upon the surface of the scaffolds 

within 4 weeks. An expected variation was seen within the rate of precipitation 

between compositions.  Following the modified network connectivity theory, 

ICIE16 was expected to form an HCA layer more rapidly than the other two 

compositions, which it did forming HCA within 8 h. 13-93 had the highest 

network connectivity of the three glasses tested and its release profiles 

followed the same trend as ICIE16 just at slower rate of dissolution. Therefore, 

these two glasses fit the network connectivity model. 
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In contrast, SBP-3 had the highest silica release when compared to the other 

glasses however, its release of other cations into the solution was the lowest. 

This supports the suggestion that intermediate ions within the glass network 

have additional, more complicated compositional affects that effect the 

bioactive performance which is not characterised within the NC’ model.  

The in vivo results presented within this work showed that scaffolds produced 

via the adapted gel-casting process are suitable for bone ingrowth within a 

rabbit femoral head model. Bone ingrowth was evident by 7 weeks, with the 

strontium rich SBP-3 outperforming ICIE16. By 12 weeks ICIE16 sample yielded 

greater bone regeneration and formulation of the natural bone structure present.  

This project then looked to produce scaffolds via robocasting of the three glass 

compositions of interest. Pluronic F-127 was used, for the first time, to print 

highly bioactive glass compositions which remained amorphous post sintering. 

It was found that a compromise had to be made between glass loading and the 

printability of inks, and consequently 47.5 vol% of ball milled glass combined 

with 30 wt% of Pluronic F-127 was used with all three glass compositions. This 

ratio enabled inks which were able to be continuously printed through a 250 µm 

nozzle. This work highlights the versatility of the robocasting manufacturing 

process, and Pluronic F-127 as a binder. The results showed that scaffolds 

can be manufactured into a variety of pore geometries from different glass 

chemistries, with larger particle size distributions than currently reported in 

literature.  

The thesis reports upon the challenges associated with removing porosity from 

inks containing large particle sizes, from compositions that are subject to 

limited sintering temperature due to crystallisation. A limitation of this work is 

the lack of quantification of the internal strut porosity within the robocast 

scaffolds, which negates the ability to measure the level of porosity seen. 
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The compressive strengths achieved from the robocast scaffolds compared 

with literature suggest that there is a trade-off needed between highly bioactive 

scaffolds and compressive strength; due to the aforementioned limitations 

associated with sintering and particle size.  

Scaffolds with comparable interconnect sizes to the adapted gel-cast foams 

were able to be printed via the robocasting process from ICIE16. Although a 

difference in porosity was a consequence, interconnects between the foams 

and prints were 144.4 ± 3.6 µm and 146.3 ± 10.6 µm respectively. The 

robocast scaffolds, with reduced porosity, produce much higher mechanical 

strength of 18.3 ± 2.2 MPa than their foamed equivalents, 3.44 ± 0.3 MPa. 

This is due to the orientation of the struts within the printed scaffolds allowing 

greater mechanical load to be sustained. 

Although this work shows that highly bioactive glass scaffolds can be produced 

via robocasting with enhanced mechanical strengths, the general limitation of 

bioactive glasses as a material for bone repair still remains. Their inability to 

absorb the cyclic loading experienced within the human body continues to 

remain an issue. Work by researchers to form hybrids of inorganic-organic 

composites which maintain the bioactive nature of the glass as well as 

improving the material toughness are a promising approach to solving this issue. 

Further work to improve the toughness of glass materials within this application 

needs to continue to yield a promising and viable alternative to autograft bone 

repair.   
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8 FURTHER WORK 

This work has shown that scaffolds can be manufactured via the robocasting 

process from highly bioactive glasses using Pluronic F-127 as a binder. 

However, the current protocol allows the inclusion of air bubbles into the inks 

which limits the mechanical strengths of the scaffolds produced. Further work 

to investigate other ink chemistries and glass composition to reduce said 

porosity, enabling the formation of stronger scaffolds while maintaining their 

bioactivity should be completed to maximise the potential of this processing 

method.  

At the end of this project an in vivo study was started, to compare and contrast 

the bone bonding, and ability to stimulate bone ingrowth, of ICIE16 scaffolds 

produced via the adapted gel-casting process and robocasting with 

comparable pore interconnect diameter as detailed in Section 6.8. Preliminary 

XMT results, show bone integration of the robocast scaffold at 12 weeks within 

a femoral head defect within a rabbit model.  

Further work of this project is to compare via histology and XMT the bone in 

growth into the scaffolds to determine whether local topography has an impact 

on bone growth across 12 weeks. As well to discover if robocast scaffold’s 

regularly geometry is attractive to cells over the random tortuosity created by 

the foamed scaffold architecture.  
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