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Abstract

Highly porous ceramic scaffolds have been fabricated from a 70% SiO2–30% CaO glass powder using stereolithography and the lost-mould
process combined with gel-casting. After sintering at 1200 1C the glass crystallised to a structure of wollastonite and pseudowollastonite grains in
a glassy matrix with a bulk porosity of 1.3%. All scaffolds had a simple cubic strut structure with an internal porosity of approximately 42% and
internal pore dimensions in the range 300–600 μm. The mean crushing strength of the scaffolds is in the range 10–25 MPa with the largest pore
sizes showing the weakest strengths. The variability of scaffold strengths has been characterised using Weibull statistics and each set of scaffolds
showed a Weibull modulus of mE3 independent of pore size. The equivalent strength of the struts within the porous ceramics was estimated to
be in the range 40–80 MPa using the models of the Gibson and Ashby. These strengths were found to scale with specimen size consistent with
the Weibull modulus obtained from compression tests. Using a Weibull analysis, these strengths are shown to be in accordance with the strength
of 3-point bend specimens of the bulk glass material fabricated using identical methods. The strength and Weibull modulus of these scaffolds are
comparable to those reported for other porous ceramic scaffold materials of similar porosity made by different fabrication routes.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The scaffold is a key concept in tissue engineering. This is a
porous structure that acts as a substrate, upon the surface of
which cells adhere and grow. The scaffold provides structural
and mechanical support as well as the surface for cell growth. Its
presence allows cells to generate the biological structural
components of the extracellular matrix (ECM) in culture
conditions. After a suitable period of culture and after implanta-
tion into a host, sufficient ECM will produce an appropriate
tissue to provide mechanical integrity and the scaffold will
either be harmlessly incorporated or degrade, dissolve and
ultimately be excreted. For many applications, especially in
the area of bone tissue engineering, this scaffold will be
fabricated from an inorganic ceramic or glass [1]. The material
composition of the scaffold, its gross architecture (dimensions of
10.1016/j.ceramint.2015.03.044
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its walls, pores and channels), the material microstructure and
crystallinity all play a part in controlling the local environment
and well being of the cells located within it [2–4].
The appropriate architecture and dimensions of a suitable

scaffold are determined by a number of requirements for
biocompatibility. An important role of the scaffold is to provide
a temporary home for the growth and culture of cells in a
bioreactor environment. Within a living tissue, cells are main-
tained in good health by a supply of oxygen and nutrients and the
removal of carbon dioxide and waste through the capillary
network. Each cell must be sufficiently close to the network to
allow diffusional transport within an appropriate time scale. By
analogy, all cells within the scaffold must have a similar access
requirement, and this is normally achieved by providing a
structure with a high level of porosity of an appropriate dimension
to allow the uninterrupted flow of fluid within a bioreactor.
Hutmacher has reviewed the architectural and topological require-
ments of scaffold design for tissue engineering cell culture [2].
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Highly porous scaffold designs possess a large surface area,
which favours cell attachment and growth. Porosity, ranging
from 40% to 90% in a variety of materials, encourages
osteointegration with the implant surface and promotes adhe-
sion of the implant [5]. In addition, a porous surface enhances
a mechanical interlock between the scaffold and host tissue [6].
The mean pore size of a scaffold controls cell adhesion,
migration, tissue formation, nutrient and oxygen access as well
as waste removal [7]. Hulbert defined a minimum pore size for
a scaffold at 100 mm [8]. However, later studies have shown
that better osteogenesis occurs with a pore size 4300 mm
[5,6]. In addition, the pores should be interconnected. The
interconnection size will be smaller than the pore size but if
must be sufficient to permit cell migration, communication
between cells and ECM formation between the pores. It is well
known that the porosity of a foamed structure has lower
mechanical properties (elastic constants, ultimate strength,
fracture resistance) than the equivalent bulk material and that
these reduced properties are a function of the relative density
(1 – porosity) of the foam [9]. Thus, when using porous
structures for tissue engineering scaffolds, the structure must
retain sufficient mechanical properties to fulfil the require-
ments of structural integrity once implanted in host tissue. For
bone tissue engineering applications the consensus is that
ceramic and inorganic materials should have mechanical
properties similar to that of bone. However, the mechanical
properties of bone have a large range of reported values and
depend on the local density of the tissue and testing environ-
ment. For example, cortical bone has a reported Young's
modulus in the range 1–20 GPa and a strength range of
1–100 MPa [10], with the equivalent values for cancellous
(trabecular) bone of Young's modulus 0.1–1.0 GPa and
strength 1–10 MPa [11]. Despite the large range in the reported
mechanical properties of bone, these act as a guide to the
required mechanical properties of a scaffold.

There have been a number of different microstructures or
architectures of highly porous ceramic and glass scaffolds that
have been used for tissue engineering applications. These can
be broadly divided into two classes: random porosity and
designed porosity. Random pore architectures display a
structure showing no significant long range order or alignment
to the pore distribution, with pore size and shape showing
significant variation around the mean values. Such structures
are generally termed ceramic foams and they can be achieved
by methods such as casting a slurry around a sacrificial
polymer foam template, using poro-generators such as a
soluble salt or polymer microbeads and by the addition of
surfactant foaming agents and stabilisers prior to gaseous
foaming [1,12–15]. Although it is possible to control some
aspects of the foam structure (mean cell size and wall
thickness), they are random on a local scale and any micro-
structural control is of the average properties of the structure.
A second set of manufacturing processes must be used in order
to achieve a more precise control of porous ceramic scaffolds
and define both pore and interconnection size. These are
variously described as rapid prototyping, additive manufacture
or 3D printing. These manufacturing technologies fabricate
structures with a spatial resolution or feature size 430 μm and
can be used to explicitly define and fabricate a bespoke
structure [16,17].
The basic requirements of a scaffold material are high cell/

tissue biocompatibility, non-toxicity, capability of promoting
cell proliferation and differentiation, and sufficient mechanical
properties. Bioactive glasses have remarkable advantages such
as good biocompatibility, osteoproductivity and osteoconduc-
tivity [18]. Various studies have determined that ionic dissolu-
tion products from bioactive glasses can enhance osteogenesis
by activating genes found in osteoblasts and stimulating
regeneration of bone tissue [19–21]. In this study we have
selected a phosphate-free bioactive glass of composition 70%
SiO2–30% CaO. This composition is known to support
osteoblast growth and induce differentiation when used to
form scaffold materials [22]. We have chosen the process of
indirect manufacture to form scaffold structures based on the
70% SiO2–30% CaO glass composition. This uses the additive
manufacture route of stereolithography to fabricate moulds that
define the scaffold internal architecture and feature dimen-
sions. These moulds are used to manufacture the scaffolds
using the gel-casting process following the general procedures
originally pioneered by Halloran and co-workers [23]. A range
of scaffolds have been manufactured with different pore sizes
but the same overall porosity to explore how the pore size
influences scaffold strength.
2. Methods

2.1. Scaffold materials and fabrication

Phosphate-free bioactive glass powder, of composition 70%
SiO2–30% CaO2, was provided by Julian Jones and Gowishan
Poologasundarampillai (Imperial College, London, UK). This
had an as-received mean particle size of approximately 50 μm,
which was reduced to a size suitable for processing and
sintering by milling. Glass powder (150 g) was mixed with
250 ml distilled water and two to three drops of Dolapix CE64
added (Zschimmer & Schwarz, Lahnstein, Germany) before
processing in an attrition mill using ZrO2 milling media
(Szegvari Attritor System, Union Process, Akron, OH, USA).
At the end of the milling process the slurry was separated from
the milling media and freeze dried (Micro Modulyo, Edwards,
Hastings, UK). The freeze dried powder had a mean particle
size of 3.2 μm measured by light scattering (Mastersizer Plus,
Malvern Instruments, Great Malvern, UK).
To manufacture the scaffolds we used a modification of the

“lost-mould” process for ceramic manufacture. Here a polymer
mould is used to define the complex shape of a ceramic (or
glass) body prior to high temperature sintering. The mould is
filled with fine particles of the ceramic or glass in suspension
in a fluid of cross-linkable oligomers. The fluid is gelled by an
external stimulus, usually mild heating to form a composite
block of the mould and the ceramic in a polymer matrix (gel
casting). The polymers are removed by a heat treatment in air
as part of the thermal cycle during sintering. Gel casting and



Fig. 1. Original mould fabricated by stereolithography, filled mould and final
sintered 400scaf scaffold structure showing shrinkage after sintering.
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the choice of suitable oligomers have been reviewed by Janney
et al. [24,25].

The gel casting suspension used in this study was based on
prior published work of Chu [23] and Chopra [26]; it
comprised two low viscosity monomers: Isobornyl acrylate
(IBA) and Propoxylated neopentoglycol diacrylate (PNPGDA)
both sourced from Sigma-Aldrich (Gillingham, UK), mixed
1:1 by weight. The suspension was produced by mixing the
monomers with 5 wt% of glass powder and Variquat CC42 NS
(Evonik, Essen, Germany) as a surfactant in order to generate
good homogeneity and a low suspension viscosity. The slurry
was then mixed with (1.4–1.7) mm diameter zirconia balls in a
polyethylene container and placed in a high speed mixer at
1500 rpm for 10 min. The bioactive glass powder was added
gradually with 10 min of mixing for each step. The final slurry
contains approximately 50% by volume glass powder and has
a viscosity of approximately 2 Pa s. After homogenisation,
1 wt% of Benzoyl Peroxide (BPO) (Sigma-Aldrich) was added
to the suspension as a thermal initiator for the polymerisation
of the resin. Immediately prior to casting the resin was
degassed in a vacuum chamber at 7� 10-2 mbar for 1 h.

Moulds were fabricated by stereolithography (SLA) using a
Viper Si2TM SLA system (3D Systems Inc., Rock Hill, SC,
USA) using a proprietary epoxy based resin system, Accura
Amethyst (3D Systems). The study used three scaffold
designs; all of these had a simple cubic lattice with dimensions
scaled so that after shrinkage during sintering the resulting
scaffolds had pore sizes of 300 μm, 400 μm and 600 μm with a
porosity of approximately 42% measured after processing.
These 3D scaffolds will be referred as 300scaf, 400scaf, and
600scaf respectively. Following gel-casting, the mould and
slurry were placed in a vacuum chamber for further degassing
and then heated at 80 1C for 30 min to promote cross-linking
and gelation/solidification of the suspension. To fabricate the
final bioactive glass scaffolds it was necessary to hold the
gelcast suspension and mould at 550 1C for 2 h in air, in order
to burn out the epoxy mould and the acrylic monomers. After
this the sample temperature was raised to a temperature in the
range 800–1200 1C prior to sintering. Fig. 1 shows examples
of the moulds and subsequent fabricated scaffolds. In order to
characterise the bulk properties of the scaffold materials, dense
bars of dimensions 3.570.4� 4.570.4� 30 mm were used.
These bars were cut from larger plates produced from the
ceramic suspension using identical gel-cast fabrication meth-
ods as with the scaffolds.

2.2. Scaffold characterisation

Specimens of the sintered scaffolds were characterised by
X-ray diffraction (XRD) (Philips Analytical X-ray, Bi-Sonic
Technology Corp., Model: 3C-230HB, Philips, Eindhoven,
Netherlands) to identify crystal phases present. The scaffold
internal architecture and microstructure were examined by
scanning electron microscopy (SEM) (JSM 6300, JEOL,
Tokyo, Japan). Samples were coated with gold for 4 min
(Sputter Coater S150, Edwards, Hastings, UK) to prevent
specimen charging. The elemental composition of the scaffolds
was determined using an energy-dispersive X-ray (EDX)
analysis which is an integrated feature of the SEM. For EDX
analysis, samples were coated with carbon to avoid the overlap
of one peak of gold with the k-line of phosphorus.
Scaffolds were tested in compression using a screw-driven

load frame with 10 kN load capacity (5569H1549, Instron,
High Wycombe, UK) at a constant crosshead velocity of
0.5 mm/min until crushing failure occurred. The compressive
load and displacement were recorded at 0.1 s intervals during
testing. Fifteen samples were tested for each type of scaffold in
order to determine mean scaffold compressive strength,
Young's modulus and Weibull modulus. Large test bars of
dimensions 3.5 mm� 4.5 mm� 30 mm were tested in 4-point
bend with an outer loaded length of 20 mm and inner length
10 mm. The mean modulus of rupture and Weibull modulus
were calculated for these specimens. Nanoindentation was
carried out using a NanoIndenter XP (Agilent, Santa Clara,
CA, USA) to determine the hardness and elastic modulus of a
cast bioactive glass disk which was sintered at 1200 1C. The
specimens were embedded in an epoxy resin and polished in
order to produce a good surface finish required for nanoin-
dentation. Nanoindentation was carried out at a constant strain
rate of 0.05 s�1. In order to determine Young's modulus from
unloading curves, Poisson's ratio was assumed to be 0.18 [27].
Two different samples were tested with 20 indentation
different locations used in each to determine the average
hardness and Young's modulus. Nanoindentation experiments



Fig. 2. SEM images showing a general view of the scaffolds' structure
and morphology. All scaffolds have been sintered at 1200 1C. (a) 300scaf,
(b) 400scaf, and (c) 600scaf.
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were carried out following the procedure laid out in ISO 14577
for instrumented indentation.

3. Results and discussion

3.1. Scaffold architecture and microstructure

The architecture and internal structure of the three scaffolds
after sintering at 1200 1C are shown in Fig. 2. There has been
significant rounding of the original aquare section struts and
channels during the sintering process but the final pore
diameter is close to the designed value in each scaffold.
Higher magnification images of struts after sintering at 800 and
1200 1C are shown in Fig. 3. It is clearly seen that at the lower
temperature sintering is incomplete and the strut is highly
porous. At 1200 1C the sintered structure shows a much higher
degree of densification. However, as a consequence of sinter-
ing at 1200 1C, the scaffold structure undergoes crystallisation
in parallel with densification (Fig. 3c) and there are conse-
quently significant fractions of wollastonite and pseudo-
wollastonite grains within the sintered scaffolds [18,22].

3.2. Scaffold mechanical properties

Compression tests were carried out on samples from all
scaffold designs fabricated at both sintering temperatures.
There was considerable variation observed for the mechanical
response of individual scaffolds taken from each batch of
scaffolds fabricated. This can be clearly seen in the montage of
stress–strain data obtained from testing several 300scaf struc-
tures shown in Fig. 4. However, all of the compression tests
show the same features. There is always a region at the
begining of each test showing a small increase in stress with
increasing compressive strain (up to 0.1% initial apparent
strain). This is because the scaffolds are tested in the as-
sintered condition and hence their top and bottom surfaces are
neither flat nor parallel, thus there is an initial period of
specimen rotation within the loading plates of the compression
test before each scaffold achieves uniform loading. This is
followed by a region of linear elastic deformation before
discontinuities occur above a stress of about 10 MPa, these are
believed to indicate internal sub-critical fracture of individual
struts, before peak load and final crushing occurs at a stress of
15–35 MPa.
It is notable that unlike the behaviour of many brittle foams

reported previously, [9] there is no distinctive plateau region of
constant crushing strength after peak load, nor there is a
regime of increasing stress or densification at large strains.
Instead after peak load there is a chaotic regime of decreasing
and increasing stress before total collapse of the scaffold and
zero resistance to further deformation. This behaviour is
similar to that reported by Chopra for similar scaffold designs
fabricated from a different glass composition [26] and by
Baino and Vitale-Brovarone [28] for a glass–ceramic foam
scaffold. A possible reason for this behaviour is the relatively
small size of the compression specimens, which contain only
3–5 unit cells across the edge of the specimen. Thus if a single
cell strut fails the large amount of stress transfer to the rest of
the structure is likely to initiate repeated strut failure and
structural collapse. Most of the work reported in the literature
on brittle foams has used larger specimens (relative to the unit
cell) and thus the failure of individual struts are less likely to
lead to total structural failure and a plateau stress is observed.
Similar curves, but with the features occuring at different stress
levels were seen in all specimens tested. However, the 400scaf
and 600scaf structures sintered at 800 1C proved very fragile



Fig. 3. Comparison of scaffold strut microstructures after sintering (a) sintered at 800 1C, (b) sintered at 1200 1C, (c) XRD traces from struts sintered at 800 and
1200 1C showing the presence of crystal phases, ■ pseudowollastonite, ● wollastonite.

Fig. 4. Montage of a number of stress stain curves obtained from crushing
strength experiments on a series of 300scaf sample sintered at 1200 1C.

Table 1
Summary of the mechanical properties for the three scaffold types.

Pore
width
(μm)

Strut
width
(μm)

Elastic
modulus
(GPa)

Crushing
strength
(MPa)

Strut
strength
(MPa)

Number
tested

Weibull
modulus

Sintered 800 1C
300scaf 300 370 0.570.1 4.770.8 15 4.9
Sintered 1200 1C
300scaf 300 370 2.970.6 23.775.9 82.5722.5 15 3.2
400scaf 400 490 1.070.1 15.174.9 52.6717.1 15 2.9
600scaf 600 730 0.670.1 11.874.1 41.1714.3 15 2.7
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and it was not possible to fabricate sufficient samples for
mechanical testing. Further discussion on the influence of
scaffold architecture will thus be confined to scaffolds sintered
at 1200 1C.

The mean peak stress or crushing strength and mean elastic
modulus data are reported in Table 1, along with the Weibull
modulus, for the scaffolds tested. Assuming that the mechan-
ical properties of the scaffolds are described by the model of
Gibson and Ashby for the properties of cellular solids, [9] the
strength of a strut in the scaffold is the same as the strength of
the bulk material and is related to the strength of the cellular
solid (scaffold) by its relative density with

σcell
σbulk

¼ 0:65 ρR
� �1:5 ð1Þ
where ρR is the relative density (1 - porosity) of the cellular
solid. This computed strut strength is also shown in Table 1.
From Table 1, it is clear that the Weibull modulus values for

all scaffolds are low. Conventionally, one would expect
Weibull modulus values of solid ceramic specimens to range
from 5 to 20 [29,30]. However, other researchers have also
found low values of Weibull modulus for ceramic and glass
biomaterials. Pirhonen et al. reported Weibull modulus values
in the range 2–4 for bioactive glass 9–93 fibres [31]; Baino and
Vitale-Brovarone reported a Weibull modulus of 4 for glass
ceramic scaffolds produced by sponge replication but they did
not report the scaffold porosity [28]. For other brittle foams,
the literature values for the Weibull modulus are also low, e.g.
in alumina foams the Weibull modulus is reported to be in the
range of 1–3, and for reticulated vitreous carbon foams in the
range of 4.4–6.2 [9].
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3.3. Influence of scaffold dimensions

In order to interpret the mechanical property data for the
scaffold structures, we fabricated a number of larger specimens
using the same materials and fabrication methods. The intrinsic
porosity of the bulk sintered material was measured using the
Archimedes method and was determined to be 1.3%. A
number of bars, of loaded dimensions 3.5 mm� 4.5 mm� 20
mm, were tested in 4-point bend and a mean failure stress of
6.271.3 MPa, with a Weibull modulus m¼4.2, was deter-
mined from a sample of 10 specimens. The hardness and
elastic modulus of the bulk material was measured using
nanoindentation to give 550735 MPa and 17.672.8 GPa
respectively.

The average porosity of the 1200 1C sintered scaffolds was
42%, irrespective of the internal dimensions of the pores and
struts. Conventional models of the mechanical properties of
porous and cellular materials predict that their strength and
elastic modulus, relative to the properties of the corresponding
fully dense bulk material, are only functions of the relative
density and internal geometry of the material. Thus the
observed reduction in both Young's modulus and crushing
strength (and hence computed strut strength) with increasing
pore size at constant porosity seen in Table 1 is not consistent
with simple models for the strength of cellular materials.
However, Gibson noted that in brittle materials there is a well
known correlation between size and strength, with larger
samples of a given ceramic component showing lower values
of mean fracture strength, thus larger dimension brittle foams
will display lower values of failure stress [9]. This supports
previous observations of a decrease in strength with increasing
cell dimensions in porous ceramics and glasses [26,32–34].
The Weibull statistics model (weakest link model) for the
strength of brittle material states that the mean failure strength
of two batches of ceramics tested under the same conditions, σ1
and σ2, will scale with their respective tested volumes, V1 and
Fig. 5. Computed fracture stress of the struts within the scaffolds plotted
against strut volume (square symbols) along with the strength of a bulk
specimen tested in 4-point bend (round symbol). Line shows a linear regression
to the data, the slope of the line (on a logarithmic scale) is equal to �1/m,
where m is the Weibull modulus of the fracture data.
V2, by the following relation:

σ1
σ2

¼ V2

V1

� �1
m

ð2Þ

where m is the Weibull modulus. Fig. 5 shows the strength of
the struts in the scaffold materials (determined using Eq. (1))
plotted against the strut volume. On the same figure we also
plot the strength of the bulk specimen tested in bend along
with its volume. All four data points are shown to lie close to
the linear regression line of gradient �0.29. From Eq. (2) this
gradient is equivalent to �1/m or in this case m¼3.4.
Comparing this value with the Weibull modulus data obtained
from each of the scaffolds shows that the Weibull modulus is
practically the same in all cases.
Gibson and Ashby have derived a simple mechanical model

[9] that states that the elastic modulus of a cellular solid is
controlled by its relative density and the modulus of the
equivalent bulk solid with:

Ecell

Ebulk
¼ ρR
� �2 ð3Þ

Using Eq. (3) with a relative density of 0.58 and the bulk
Young's modulus of 17.6 GPa, obtained using nanoindenta-
tion, the predicted scaffold Young's modulus is 5.970.9 GPa,
This is significantly greater than the values measured from all
scaffolds sintered at 1200 1C (Table 1). A possible reason for
this discrepancy could be the rather large displacement that
occurs before the sample is accurately located for compression
loading (Fig. 5). It is possible that during this stage some
damage occurs to the internal struts and this will result in an
apparent reduction in the elastic modulus. This mechanism
would explain why the experimentally measured Young's
modulus is smaller with the larger pore size scaffolds because
the larger struts are weaker and thus more susceptible to
damage.
Thus we conclude that the variation in scaffold crushing

strength with scaffold size is fully explained by the volume
dependence predicted using Weibull statistics. The increase in
strut strength with decreasing strut dimensions as the scaffold
pore size decreases (Table 1) is fully predicted by the strength
of larger specimens tested in bend using the volume scaling of
Weibull statistics (Eq. (2)) as clearly shown in Fig. 5. From
this we can see that the defect distribution introduced during
gel casting that leads to a similar statistical strength behaviour
at the internal size scale of our scaffolds, with strut dimensions
in the range of 400–800 μm, and in larger (mm–cm scale) test
pieces.

4. Conclusions

We have successfully fabricated a range of scaffolds, from
slurries of CaO–SiO2 particles fabricated using a sol–gel route,
with internal pore size in the range 300–600 μm using gel
casting into moulds fabricated by stereolithography. In order to
obtain scaffolds with sufficient mechanical strength to allow
easy handling without damage, it was necessary to sinter the
structures at a temperature of 1200 1C. At this relatively high
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sintering temperature significant crystallisation occurs and the
resulting microstructure contains significant fractions of wol-
lastonite and a pseudo-wollastonite phase. All scaffolds were
fabricated using a simple cubical symmetry design at a
constant porosity of 42%. Scaffolds could be fabricated with
pore sizes of 300 μm or larger, smaller scaffolds were difficult
to fabricate because of poor penetration of the ceramic slurry
into fine moulds.

The mechanical properties of the ceramic scaffolds were
found to be strong functions of their dimensions with larger
pore size scaffolds showing lower strength and fracture
toughness values than the smallest 300 μm pore size scaffold.
We have used the simple model for the mechanical properties
of cellular materials developed by Gibson and Ashby [9] to
interpret our data. Their model for the mechanical properties of
brittle foams, coupled with conventional Weibull analysis of
ceramic failure strengths, shows fully self consistent behaviour
that scales to the mechanical properties of bulk ceramic
samples made from the same ceramic powders and processing
route. However, the predicted elastic behaviour shows much
poorer agreement with Young's modulus of the scaffolds being
significantly lower than the values predicted by the Gibson and
Ashby model. This needs further investigation but be hypothe-
sise that it may indicate significant internal damage that occurs
within the scaffold before the peak crushing strength is
reached.

The mechanical properties of the scaffold structures fabri-
cated in this study are similar to the mechanical properties of
other ceramic and glass scaffold structures, made from a range
of bioactive glasses and ceramics, that have been reported in
previous studies in the literature. The statistical variation in our
data can be modelled using a Weibull modulus of mE3; this
is also similar to Weibull modulus values reported for similar
porosity ceramic foams. The mean strength of the scaffolds are
in the range of 12–24 MPa, which is similar to the lower range
of the strength of cortical bone [10] and slightly greater than
the strength of cancellous bone [11]. Their elastic properties
are closer to those of cancellous bone. However, the range of
mechanical properties is sufficiently close to that of hard tissue
for these scaffolds to be candidates for use in bone or hard
tissue regenerative medicine applications.
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