
A

F
S
b
s
p
w
p
d
©

K

1

s
o
v
w
a
u
t
p
t
i
a

0
h

Available  online  at  www.sciencedirect.com

ScienceDirect

Journal of the European Ceramic Society 34 (2014) 2663–2673

Modelling of the strength–porosity relationship in glass-ceramic foam
scaffolds for bone repair

Qiang Chen a,1, Francesco Baino b,∗,1, Silvia Spriano b, Nicola M. Pugno c,d,e,
Chiara Vitale-Brovarone b

a Laboratory of Biomechanics, School of Biological Science and Medical Engineering, Southeast University, 210096 Nanjing, PR China
b Institute of Materials Physics and Engineering, Applied Science and Technology Department, Politecnico di Torino, Corso Duca degli Abruzzi 24,

10129 Torino, Italy
c Laboratory of Bio-Inspired and Graphene Nanomechanics, Department of Civil, Environmental and Mechanical Engineering, Università di Trento,

Via Mesiano 77, 38123 Trento, Italy
d Centre for Materials and Microsystems, Fondazione Bruno Kessler, Via Sommarive 18, 38123 Povo, Trento, Italy

e School of Engineering and Materials Science, Queen Mary University of London, Mile End Road, London E1 4NS, UK

Available online 7 January 2014

bstract

oam-like glass-ceramic scaffolds based on three different glass compositions (45S5 Bioglass and two other experimental formulations, CEL2 and
CNA) were produced by sponge replication and characterized from morphological, architectural and mechanical viewpoints. The relationships
etween porosity and compressive or tensile strength were systematically investigated and modelled, respectively, by using the theory of cellular
olids mechanics or quantized fracture mechanics. Models results are in good agreement with experimental findings, which highlights the satisfactory
redictive capabilities of the presented approach. The developed models could contribute to improve the rational design of porous bioceramics

ith custom-made properties. Knowing the scaffold recommended strength for a specific surgical need, the application of the models allows to
redict the corresponding porosity, which can be tailored by varying the fabrication parameters in a controlled way so that the device fulfils the
esired mechanical requirements.

 2013 Elsevier Ltd. All rights reserved.
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.  Introduction

Bioceramics constitute a subset of ceramic materials that are
pecially designed for the repair and reconstruction of diseased
r damaged parts of the body. As reported by Dorozhkin in a
aluable historical review,1 plaster of Paris (calcium sulphate)
as the first experimented artificial bioceramic: ancient liter-

ture dating back to 975 AD notes that calcium sulphate was
seful for setting broken bones in ex  vivo  applications and, by
he end of the 19th century, orthopaedic surgeons began to use
laster of Paris as a bone-filling substitute in  vivo. Over the years,

ens of bioceramic compositions have been tested, ranging from
nert ceramics (e.g.  alumina, zirconia and composites thereof)
nd calcium orthophosphates (due to the chemical similarity to

∗ Corresponding author. Tel.: +39 011 564 4668; fax: +39 011 564 4624.
E-mail address: francesco.baino@polito.it (F. Baino).
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ammalian bones and teeth) to bioactive glasses (amorphous
eramics).2

To date, bioceramics have been preferentially proposed for
ard tissue repair covering all areas of the skeleton (e.g.  healing
f bone defects, fracture treatment, total joint replacement, bone
ugmentation, cranio-maxillofacial and orbital reconstruction,
pinal surgery, dental field),3–7 but in the last two decades
heir suitability for soft tissue engineering (e.g.  glass fibres for

uscle and nerve regeneration) has been also suggested.8,9

Since the invention of 45S5 Bioglass® by Hench and asso-
iates in the early 1970s,10 silicate bioactive glasses have been
he subject of great interest in the field of bioceramics due to their
nique property to form both in  vitro  and in  vivo, when exposed
o physiological fluids, a surface apatite layer having the ability
o tightly bond to the surrounding bone tissue. This is a key fea-
ure, as the clinical success of an implantable biomaterial primar-

ly requires the achievement of a stable interface with host tissue,
s well as an adequate matching of the mechanical behaviour
f the implant with the tissue to be replaced.11 In order to fulfil

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2013.11.041&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2013.11.041
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he latter requirement, bioactive glasses are often designed into
he form of three-dimensional (3-D) porous scaffolds, which
ct as templates supporting and directing tissue in-growth and
egeneration.12,13 In this regard, different methods have been
roposed to produce glass or glass-ceramic (depending on the
intering conditions) scaffolds, including starch consolidation,14

2O2 foaming,15 gel-casting,16 sponge replication,17–21

olyethylene (PE) particles burning-out,22–24 directional
reeze drying25,26 and software-guided manufacturing
ethods.27–29

One of the key challenges in scaffold design is the achieve-
ent of a satisfactory balance between adequate porosity,

hat should allow biological fluid flow and cells migration,
nd mechanical strength, that should be comparable to that of
ancellous bone; hence, under this perspective, the development
f porosity–strength relationships are of utmost importance
n the attempt at optimizing the architectural properties of
caffolds, ideally at a pre-processing stage. Looking at the broad
eld of ceramic science, many mechanical property–porosity
elationships for porous ceramics have been proposed over
he years, as critically discussed by Pabst et al. in a valuable
eview30; as to porous bioactive glasses and bioceramics in
eneral, however, the relevant literature is relatively scarce.

Reviewing the data from the literature, Gerhardt and
occaccini12 applied linear fitting and, in most cases, found an
cceptable negative linear relationship between glass scaffold
orosity and compressive strength (Fig. 1); however, the linear
nterpolation fails to hold for ultra-porous 45S5 Bioglass®

caffolds (porosity above 90 vol.%)17 due to the onset of
nstability phenomena promoting the collapse of the scaffold

icro-architecture. Baino et al.23 proposed quadratic and
ubic models correlating the theoretical porosity, established
t the design stage, with the final pore content and compressive
trength of glass-ceramic scaffolds fabricated by PE burning-out
ethod; second-order polynomial fitting was also proposed

o obtain compressive strength–porosity relationships for
ioactive glass foams.21

A linear correlation was also established between porosity
nd elastic modulus of glass-ceramic scaffolds using ultrasonic
ave propagation;31 a second-order polynomial Young’s
odulus–porosity relationship was assessed in the modelling

f the mechanical properties of a face-cubic-centred scaffold
icrostructure.32 Hellmich and associates modelled the non-

inear relationship between porosity and elastic modulus of
ifferent porous bioceramics by applying homogenization of
eterogeneous materials and micromechanical theory of porous
olids.33

Following the hierarchical structure of natural bone, Chen
t al.34,35 recently used a bottom-up approach and proposed

 geometrical, general model for porous scaffolds with a
tructural hierarchy to optimize tissue regeneration; they
tudied its basic mechanical constants and elastic-plastic
tress–strain behaviour, showing that the mechanical properties

36
re comparable to those of natural bone. Tancret et al.
onsidered the porosities at both the micro- and macro-scale
nd presented a hierarchical model to predict the mechanical
ehaviour of biphasic calcium phosphate scaffolds.

b
b
(
w

ramic Society 34 (2014) 2663–2673

It is worth mentioning that finite element methods (FEMs)
ave been gradually employed to study the mechanical
ehaviour of bone tissue engineering scaffolds,37 often in
ombination with advanced imaging techniques (e.g.  X-ray
icro-computed tomography38,39), by which the precise geo-
etric model of the scaffold can be reconstructed. The method

an thoroughly examine the stress–strain responses of scaf-
olds and the FEM-based quantitative analysis is helpful in
nderstanding the mechanical stimuli on cells and local stress
istribution in the scaffolds.

In this work, foam-like scaffolds based on three different
ioactive glass formulations were produced by the sponge
eplication method and characterized from morphological,
rchitectural and mechanical viewpoints. The relationships
etween porosity and compressive or tensile strength were
odelled following two different approaches, involving

he application of cellular solids or quantized fracture
echanics(QFM) theories, respectively.

.  Experimental

.1.  Synthesis  of  the  starting  glasses

Three melt-derived glass formulations were used as starting
aterials for producing 3-D scaffolds by the sponge replication
ethod. The molar compositions of the glasses are reported

n Table 1 and correspond to Hench’s 45S5 Bioglass, well
nown in the biomedical field since the early 1970s and com-
ercialized worldwide since 1985,10 and CEL2 and SCNA,

wo experimental SiO2-based glasses that have been originally
eveloped and studied by Vitale-Brovarone and associates
t Politecnico di Torino.18,40–43 All glasses were prepared
y melting the required quantities of high-purity reagents
purchased from Sigma–Aldrich) in a platinum crucible in air
raw products and melting conditions are reported in Table 1).
he melt was then quenched into cold water to obtain a “frit”

hat was later ground by using a six-ball zirconia mill, and the
lass powders were eventually sieved through stainless steel
ieves (Giuliani Technologies, Italy) to obtain particles with
ize below 32 �m to be used for scaffolds fabrication.

For comparative purposes, a commercial 45S5 Bioglass®

owder (NovaBone, USA), with a particle size below 5 �m,
as used as received for making a reference batch of scaffolds.
From here on, the two types of 45S5 Bioglass powders will

e distinguished as follows: the melt-derived 45S5 Bioglass
ieved below 32 �m will be referred to as BG32, whereas the
ommercial one will be denoted as BG5.

.2.  Scaffolds  fabrication

Sponge replication was chosen for making scaffolds due
o its excellent suitability to obtain porous bioceramics with
rabecular architecture closely mimicking that of cancellous
one.13,17 The processing schedule adopted in this work has

19
een extensively described elsewhere. Briefly, small cubic
locks of a commercial open-cells polyurethane (PU) sponge
density of the porous polymer about 20 kg m−3) were coated
ith glass powder by being impregnated in a water-based
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ig. 1. Linear relationships between porosity and compressive strength of bioacti
nd Boccaccini [12]). The large variations of compressive strength values are due
ore morphologies, pore sizes, pore size distributions as well as different shape

lass slurry (weight composition: 30% glass, 64% distilled
ater, 6% poly(vinyl alcohol) (PVA)). The slurry infiltrated

he porous network of the polymeric templates, which were
xtracted from the slurry and eventually compressed (20 kPa
or 1 s) in thickness along the three spatial directions in order
o homogeneously remove the excess slurry. Scaffolds batches
ith different porosities were produced by varying the number
f repetitions of this basic infiltration/compression cycle.

The samples were dried (initially at room temperature for
 h and then in an oven at 70 ◦C for 3 h) and afterwards ther-
ally treated in order to remove the polymeric template and

o sinter the inorganic one. The sintering conditions as well
s the crystalline phases developed accordingly are reported in
able 2. Therefore, it should be noted that, after sintering, all
caffolds were constituted by glass-ceramic materials; however,
or the sake of simplicity, the expressions “BG5, BG32, CEL2
nd SCNA scaffolds” will be hereafter adopted, without further
pecifying their glass-ceramic nature.

.3.  Scaffolds  characterization
.3.1.  Morphology
The scaffolds were chromium-coated, and their morphol-

gy and porous 3-D architecture were examined by scanning

n
t
t

able 1
ompositions and synthesis conditions of the starting glasses.

lass Composition (mol.%) Raw p

SiO2 P2O5 CaO Na2O MgO K2O Al2O3

5S5 Bioglass 46.1 2.6 26.9 24.4 – – – SiO2,
EL2 45.0 3.0 26.0 15.0 7.0 4.0 – SiO2,

(MgC
CNA 57 – 34 6 – – 3 SiO2,
ss-ceramic scaffolds for hard-tissue engineering (picture adapted from Gerhardt
ferent starting glass compositions and fabrication methods, resulting in different
thicknesses of the scaffold struts.

lectron microscopy (SEM, Philips 525 M; accelerating volt-
ge = 15 kV). The inner porous network of the scaffolds was also
on-destructively investigated by micro-computed tomography
micro-CT; SkyScan 1174, Micro Photonics Inc.) in order to
ssess the total porosity, which was in turn used for the models
evelopment.

.3.2. Mechanical  strength
BG5, BG32, CEL2 and SCNA scaffolds were polished by

sing a SiC #320 paper to obtain samples suitable for mechanical
esting. The compressive strength was evaluated by means of
rushing tests (Syntech 10/D, MTS System Corp., cross-head
peed = 1 mm min−1); the failure stress σc (MPa) was obtained
s

c = Lc

Ac

(1)

herein Lc (N) is the maximum compressive load applied dur-
ng the test and Ac (mm2) is the sample’s cross-sectional area
erpendicular to the load axis.
SCNA scaffolds were also tested under tensile loads; it was
ot possible to test the other scaffolds batches in tension due
o their brittleness, which did not allowed their safe attachment
o the testing fixtures. To the best of the authors’ knowledge,

roducts Melting conditions

 Ca3(PO4)2, CaCO3, Na2CO3 1500 ◦C for 1 h (heating rate: 15 ◦C min−1)
 Ca3(PO4)2, CaCO3, Na2CO3,
O3)4·Mg(OH)2·5H2O, K2CO3

1500 ◦C for 1 h (heating rate: 15 ◦C min−1)

 CaCO3, Na2CO3, Al2O3 1550 ◦C for 1 h (heating rate: 15 ◦C min−1)
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Table 2
Sintering conditions and crystalline phases developed upon the thermal treatment.

Starting material Sintering parametersa Crystalline phases References

BG5 1100 ◦C for 3 h Na2CaSi2O6, Na2Ca4(PO4)2SiO4 [21]
BG32 1180 ◦C for 3 h Na2CaSi2O6, Na2Ca4(PO4)2SiO4 [21]
CEL2 1000 ◦C for 3 h Na4Ca4(Si6O18), Ca2Mg(Si2O7) [19]
S ◦ CaSiO3 [43,49]
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CNA 1000 C for 3 h

a Heating and cooling rates set at 5 and 10 ◦C min−1, respectively, in all case

here are no available standards or guidelines on how to prepare
ensile test for bioceramic scaffolds; also, no data relevant to
uch a characterization were found in the literature, except for
ew studies on bioceramic/polymer porous composites.44,45 In
rder to fill this gap, we propose a modification of the ASTM
tandard followed to test the adhesion of HA coatings on pros-
hetic substrates.46 Before testing, each scaffold was glued to
wo loading fixtures (16-mm diameter steel cylinders to be then
onnected by metal pins to the testing machine) by using an
poxy resin (Araldite® AV 119, Ciba-Geigy), which is able to
ithstand a maximum stress higher than 40 MPa (as declared
y the manufacturer). At room temperature, the adhesive was a
el; its polymerization was achieved by a low-temperature treat-
ent in an oven (140 ◦C for 1 h). The failure tensile stress of the
CNA samples, σt (MPa), was calculated as

t = Lt

At

(2)

herein Lt (N) is the tensile failure load and At (mm2) is the
esistant cross-sectional area.

.  Modelling

.1.  Compressive  case

The mechanical properties of porous solids, like the glass-
eramic scaffolds studied in this work, can be well modelled
y using micromechanical analysis. The classical approach was
rst reported by Gibson and Ashby who developed the so-called
density power law model”,47 obtained by analysing the bend-
ng and buckling mechanisms of ligaments in a regular cellular

icroframe. In reality, however, ligaments in open-cells porous
aterials may be subjected to complex mechanical loads (e.g.

ension, bending, shear, torsion and their combinations); there-
ore, a general relationship between the normalized mechanical
roperties M̄ of a porous solid and its relative density ρ̄  (or
orosity p  =  1 − ρ̄) was presented in the form:

¯
 =  Cρ̄α (3)

herein C  and α  are constants depending on the different
onstituent materials, structural morphologies and failure mech-
nisms (e.g.  α  = 1 for pure tensile/compressive case and α = 1.5

47
or pure bending case ).
Since the properties of the natural constituents of bone are not

onstant and are often difficult to determine,48 as they depend
n many factors including composition, structure and harvesting

c

υ

Fig. 2. Reference scheme for the development of the tensile model.

ite, the mechanical properties M  of natural bone can be directly
xpressed as:

 =  Cρ̄α (4)

Therefore, considering the potential application of the pre-
ared porous scaffolds in the context of bone tissue engineering,
q. (4) can be used to express the scaffold compressive
trength–porosity relationship as:

c =  C(1 −  p)α (5)

herein the values of total porosity p  are in the [0–1] range.

.2.  Tensile  case

Unlike for the compressive case, the tensile failure is caused
y the instable crack propagation due to pores or connecting-
ore cracks49 (Fig. 2a). First, Eq. (4) provides the Young’s
odulus as:

 =  C(1 −  p)α (6)

herein α  = 3 and C  = Es are adopted;50 Es is the Young’s mod-
lus of the constituent bulk (pore-free) material.49

The surface energy density of a porous material is expressed
s:51,52

 =  γse
−β(1−ρ̄) (7)

herein γs is the surface energy density of the constituent (bulk)
aterial and β is a constant, which is typically between 1 and 9

or most porous structures.51

Considering Eq. (6) for the Young’s modulus and the high-
orosity (above 40 vol.%) bulk modulus,53 the Poisson’s ratio

an be expressed as:

 =  0.5 − E

6K
= 0.5 − 3

4
(1 −  υs)(1 −  p)2 (8)
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ith K  =  (Ks2(1 −  2υs)(1 −  p))/(3(1 −  υs)), wherein Ks and
s are the bulk modulus and Poisson’s ratio of the constituent
ulk (pore-free) material, respectively.

Here, the irregular shapes of real pores in the scaffolds are
quivalent to be elliptical54 in the [xy] plane of the model, as
bserved in polished cross-sections of the scaffolds reported
lsewhere.21 Considering the largest elliptical crack or defect
n the model (Fig. 2), which plays an important role in model’s
ensile failure, and according to the Irwin’s fracture formula,55

he tensile strength of the scaffold can be obtained as:

t =  Φ

√
2Eγ

π(1 −  υ2)(a  +  g)
(9)

ith

 =
∫ π/2

0

√
sin2 ϕ  +  (a/b)2 cos2 ϕdϕ

4
√

sin2 ϕ +  (a/b)2 cos2 ϕ

,

herein a  and b are equivalent to minor and major axes of
he elliptical hole, respectively, a  + g  is the half length of the
argest crack or defect in the minor axis direction, and g is
he grain size. It is noted that g  can be interpreted as the frac-
ure quantum defined by Pugno et al.,49,56,57 and thus it can be
alculated as:

 = 2Esγs

πσ2
s

(10)

herein σs is the tensile strength of the bulk material. Then,
earranging Eq. (9), we find:

σt

σs

=  Φ

√
e−βp

(1 −  [0.5 −  (3/4)(1 −  υs)(1 −  p)2]
2
)(1 +  (a/g))

(1 −

For porous materials, the grain volume Vg, the pore volume
d and the total volume VT satisfy the following relationship:

d =  VT −  Vg (12)

Then, dividing both sides of Eq. (12) by VT and after some
earrangements, we can find:

Vd

Vg

= p

1 −  p
(13)

Note that Vd/Vg →  0 when p  →  0, and Vd/Vg →  ∞  when
 →  1. If we simply assume (a/g)3 ∝  Vd/Vg, then Eq. (11)
ecomes:

σt

σs

=  Φ

√
e−βp

(1 −  [0.5 −  (3/4)(1 −  υs)(1 −  p)2]
2
)(1 +  κ 3

√
p/(1 −

If we consider a peculiar case, i.e.  a=b, the ellipse becomes a
ircle and Φ  =  π/2. For this case, Eq. (14) is consistent with the
esult of oblate spheroid derived by Sack,58 who extended the

riffith’s theory to 3-D configuration. Comparing Eq. (14) with

he well-known result from Gibson and Ashby,47 we observe
hat they are different in their final form. In particular, although
he power 1.5 is identical, the square-root term with respect to

t
i
s
f

ramic Society 34 (2014) 2663–2673 2667

.5 (11)

(1 −  p)1.5 (14)

he porosity is not a constant and the present result includes the
hape factor of pores.

.  Results  and  discussion

.1.  Morphological  investigations

Fig. 3a shows the open-cells structure of a typical PU
ponge, used as a sacrificial template for scaffolding, that
xhibits a 3-D network of pores ranging from 200 to 800 �m
ith strut thickness within 10–50 �m. The porosity of the

ponge, assessed by weight–volume measurements, was above
0 vol.%. During the sponge replication process, the poly-
eric porous template was coated with a thin and continuous

ayer of glass particles (Fig. 3b) in order to obtain, after the
ppropriate high-temperature thermal treatment (Table 2), an
norganic glass-derived replica of the foam. The sintered scaf-
olds were glass-ceramic because the thermal treatment induced
he nucleation and growth of crystalline phases (Table 2) in
he glass amorphous phase, as detected elsewhere by XRD
nvestigations.19,21,43,49

The typical appearance of the produced cubic scaffolds
s shown in Fig. 4a: the macroporous nature of the samples
s already apparent in this low-magnification picture. From
n architectural viewpoint, all glass-ceramic scaffolds closely
imicked the 3-D foam-like structure of cancellous bone and

xhibited well-densified and sound trabeculae (Fig. 4b–d). This
s an important achievement especially in the case of BG5 and

G32 scaffolds, since the poor mechanical strength of 45S5
ioglass® scaffolds reported in the literature (0.3–0.4 MPa) was
ainly attributed to the presence of hollow struts.17 The per-

istence of the “trace” of the starting PU sponge as an inward
avity along the axis of sintered scaffold struts is due to the pecu-
iar sintering behaviour of 45S5 Bioglass®, characterized by a
mall sinterability window.21 The optimization of the thermal
reatment allowed this problem to be overcome, thereby obtain-
ng mechanically suitable scaffolds for bone restoration (see the
ection 4.2).

Micro-CT investigations (Fig. 5) revealed a good 3-D pores
nterconnectivity in all scaffolds batches (the open porosity was

stimated to be above 90% of the overall porosity), which is
 key feature for bone tissue engineering applications. In fact,

he flow of culture medium containing cells during cell seed-
ng is critical to develop an evenly populated tissue engineering
caffold and it is fundamental that, in  vivo, there are paths
or cells to migrate, tissue to grow in and waste products to
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ig. 3. Scaffolds fabrication: (a) starting open-cells PU sponge (magnificatio
magnification 150×).

ow out. The total porosity of scaffolds significantly varied
n the 35–85 vol.% range depending on the starting glass and
rocessing parameters, such as the number of repetitions of the
ponge impregnation/squeezing cycle. For instance, the SCNA

caffold shown in Fig. 5e and f clearly exhibits thicker struts
nd lower porosity in comparison to BG32 and CEL2 samples
epicted in Fig. 5a–d. Micro-CT analysis further confirmed the
oundness and adequate densification of the trabeculae of all

4

e

ig. 4. Sintered scaffolds: (a) BG32 scaffolds on a platinum plate just befor
0 mm × 10 mm × 10 mm); SEM micrographs of the porous architecture of (b) BG
bsence of inner cavities along the axis of the struts, which might have been originat
d) SCNA scaffolds (magnification 300×).
×); (b) glass-coated polymer before the high-temperature thermal treatment

caffolds produced in this work, as already assessed by SEM
nvestigation. An extensive characterization by micro-CT of the
caffolds has been reported elsewhere by the authors.38,39
.2.  Mechanical  properties  and  models  results

The strengths of the four scaffolds types were studied by
mploying Eqs. (5) and (14) for the compressive and tensile

e the extraction from the sintering furnace (size of each sample about
32 scaffolds (magnification 300×) (the white circles and arrows indicate the
ed by the starting PU template), (c) CEL2 scaffolds (magnification 200×) and
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ig. 5. Micro-CT analysis on the prepared scaffolds (left: 3-D reconstruction
rthogonal planes): (a) BG32 scaffold (porosity ∼70 vol.%), (b) CEL2 scaffold

ases, respectively. The fitting of the experimental data to esti-
ate the unknown parameters of the model was carried out by

sing an ad-hoc  software code based on the least mean squares
LMS) algorithm.

The results of model fittings with the experimental compres-
ive data are shown in Fig. 6; the model constants C  and α as well

s the correlation coefficient R2 are listed in Table 3. In order
o clearly contrast the two sets of 45S5 Bioglass scaffolds (BG5
nd BG32) and experimental biomaterials (CEL2 and SCNA),

i
r
κ

e scaffold volume; right: mid-length cross-sections in the [xy], [xz] and [yz]
sity ∼61 vol.%) and (c) SCNA scaffold (porosity ∼45 vol.%).

heir results are separately depicted in Fig. 6a and b, respectively;
oreover, the global comparison between experimental findings

nd theoretical predictions for all scaffolds is plotted in Fig. 6c.
As to the tensile tests for SCNA scaffolds, we employed the

eculiar result of Eq. (14), i.e.  a  = b. The tensile strength of
he SCNA constituent (pore-free material) is 47 MPa49 and υs
s assumed to be 0.3; the model fitting with the experimental
esults is shown in Fig. 7. The fitted parameters are β  = 0.95 and

 = 17.36, and the correlation coefficient R2 equals 0.91.
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Fig. 6. Compressive case: comparison between experimental data and model results
scaffolds, (c) all scaffolds batches.

Table 3
Compressive models parameters and coefficients of determination for the dif-
ferent scaffolds.

Scaffold material C (MPa) α R2

BG5 497 4.58 0.95
BG32 259 4.36 0.97
CEL2 33 2.44 0.67
SCNA 50 1.44 0.76

Fig. 7. Tensile case: comparison between experimental data and model results
for SCNA scaffolds.
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 between (a) 45S5 Bioglass (BG5 and BG32) scaffolds, (b) CEL2 and SCNA

Models results generally exhibit good agreements with
xperimental data, as demonstrated by the high values of the
oefficients R2, which also reveals the good predictive capabil-
ties of the presented approach.

Looking at Fig. 6c, the following trend can be observed for the
ompressive strength of the scaffolds (under analogous poros-
ty/architecture and manufactured by the same process):

CNA >  CEL2 >  45S5 Bioglass (BG5 and BG32)

This trend can be ascribable to intrinsic materials character-
stics, and more specifically to the different mechanical features
f the crystalline phases nucleated in the various glass-ceramic
aterials. This hypothesis can be supported by following an

pproach based on the fact that, in principle, materials with
igher density have higher mechanical strength.21 We observed
hat the densities of Na2CaSi2O6 (major crystalline phase of
G5 and BG32), Na4Ca4(Si6O18) (major phase of CEL2 scaf-

olds) and CaSiO3 (found in SCNA scaffolds) are ∼2.83, ∼2.85
nd ∼2.92 g cm−3, respectively, which consistently mirrors the
strength order” of the different types of scaffolds. The remark-
bly high strength of SCNA scaffolds can be also explained
aking in account that the presence of Al2O3 in a glass for-

ulation is known to increase the mechanical resistance of the
aterial13; in the case of SCNA, Al2O3 is contained in the
esidual amorphous phase.
It is also interesting to compare the properties of BG5

nd BG32 scaffolds (Fig. 2a), as under the same porosity the
ompressive strength of the former is higher than that of the
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atter. This can be attributable to a better quality coating of the
U template and a higher homogeneity obtained by the very
ne commercial 45S5 Bioglass® particles (size below 5 �m)
ith respect to non-commercial ones (size below 32 �m). Fur-

hermore, hot-stage microscopy studies, reported elsewhere by
he authors,21 revealed that compact bodies of BG32 particles
ndergo low densification upon heating compared to BG5 ones,
hich should involve the formation of “weaker” (less densified)

truts in the final scaffold.
As to the tensile case for SCNA scaffolds, β  does not locate

n the typical 1–9 range as observed for most porous structures
ut is very close to the lower limit of the range; this might be
aused by the relatively limited number of tested samples, whose
orosity is between 42 and 65 vol.%.

Having a general look at all the four scaffolds batches, the
ltimate strength in compression is between 0.2 and 27.7 MPa,
hereby covering the strength range of natural cancellous bone.
ndeed, it should be taken in account that the compressive
trength of trabecular bone significantly varies depending on the
ex, age, harvesting site and peculiar features of the patient; how-
ver, a typical 1–20 MPa range can be used as a reference.48,59

hese values also locate in the strength range of the promis-
ng hierarchical scaffold developed by Chen and co-worker,34,35

hich has a multiscale structure useful for cells activities and
utrients distribution. In the case of SCNA and CEL2 scaffolds,
he model powers α  are 1.44 and 2.44, respectively, which are
omparable to those assessed for cancellous (1.88) and even cor-
ical bone (1.93);60,61 in this regard, the two scaffolds might be
articularly attractive for bone tissue engineering applications.

Focusing on SCNA scaffolds, their compressive and ten-
ile strengths are 17.8 MPa ±  6.9 MPa and 4.9 MPa ±  1.9 MPa,
espectively; these results are close to those assessed in previous
tudies for both human cancellous (1–20 MPa in compres-
ion, 10–20 MPa in tension48,62) and bovine spongy bone
12.4 MPa ±  3.2 MPa in compression and 7.6 ±  2.2 MPa in
ension63).

Reviewing the existing literature, the model parameters
f BG5 and BG32 scaffolds are interestingly comparable,
s order of magnitude, to those describing the compressive
ield strength of biomedical Ti–6Al–4V foams (pre-exponential
onstant = 336.39 MPa, power = 3.3);64 indeed, the difference
f fracture mechanisms in the two cases (glass-derived scaf-
olds are brittle, metal foams are ductile) should be taken
nto account. The toughness of 45S5 Bioglass scaffolds could
e increased by the incorporation of a polymeric phase in
he glass or glass-ceramic matrix, thereby creating a porous
omposite.65

In summary, it seems that SCNA scaffold is the most suitable
iomaterial for orthopaedic applications requiring load-bearing
bility of the implanted graft. However, as shown elsewhere by
he authors,20 SCNA and its glass-ceramic derivatives exhibit
ow in  vitro  bioactivity, i.e.  the hydroxyapatite (HA) formation
n the biomaterial surface after contact with acellular simulated

ody fluids obeys very slow kinetics. Nevertheless, recent stud-
es demonstrated that the HA formation can significantly speed
p in  vivo  and osteogenesis occurs thanks to the key role played
y the bone-like porous architecture of the scaffold.66

o
p
c
d

ramic Society 34 (2014) 2663–2673 2671

Besides being proposed as bone fillers, SCNA scaffolds could
e also suggested for more complex orthopaedic applications
ue to their attractive mechanical properties. For instance, a cou-
le of previous studies indicate the possible suitability of SCNA
o manufacture trabecular-like coatings on prosthetic devices
ith the aim to enhance the implant osteointegration.20,49 The
ndings achieved in the present study further demonstrate that
CNA scaffolds might be successfully applied also in contexts
equiring high strength under tension, for instance due to multi-
xial loading, which actually occurs in joint prostheses.

To the best of the authors’ knowledge, a comparison between
he tensile strength of SCNA scaffolds with that of other porous
lasses/glass-ceramics is not possible due to the lack of exper-
mental data reported in the existing literature: in fact, the

ajority of bioceramic scaffolds, such as the 45S5 Bioglass-
erived samples, are too fragile to be safely handled for this
est according to current standards. The development of new
nd even more appropriate protocols or guidelines for testing
he mechanical properties of glass-derived scaffolds would be
ighly desirable, as a useful tool for researchers working on this
opic.

.3.  Potential  implications  in  the  field  of  porous  ceramics
or healthcare

Biomaterials science, mechanical modelling of porous solids
nd regenerative medicine appear to be very different disci-
lines, each one featured by a specific knowledge. Therefore,
n one hand the dialogue amongst scientists working in these
ifferent research fields is often difficult due to the differ-
nt “language” spoken by the researchers, which makes the
ollaboration a complex task; on the other hand, however,
he cross-fertilization amongst the various abilities allows
he development of new, often unusual approaches to solve
roblems.

Thanks to the synergy amongst different research groups,
n this work the concepts and background traditionally used
o solve structural mechanics problems were applied to the
iomedical field in order to model the strength–porosity rela-
ionship of different glass-ceramic foam-like scaffolds for bone
epair. The obtained models can be a valuable tool at the
esigner’s/manufacturer’s disposal to link the mechanical prop-
rties of final scaffolds with the design/processing parameters,
n order to optimize the biomaterial performance. For instance,
n the case of sponge-replicated scaffolds – like the samples
abricated in this work – the number of impregnation/squeezing
ycles of the polymeric foam used as a sacrificial template can
e varied in a controlled way to obtain a desired pore content,
hich plays a key role in affecting the mechanical properties
f the material. Therefore, the analytical model describing the
trength–porosity relationship can be successfully employed for

 “predictive purpose” and not only in a “descriptive way”: in
act, knowing the minimum strength (or strength range) rec-

mmended for a given biomedical application, it is possible to
urposely tailor the scaffold porosity (acting on the processing
ycles in a controlled fashion) so that the device can fulfil the
esired mechanical requirements. The impact of the approach
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roposed in the present work over the design of porous bio-
eramics could be very significant in the near future. Ideally,
he suggested method would allow to overcome the limitations
nd inaccuracies of the traditional “trial and error” approach to
ptimize the mechanical performances of bone scaffolds, also
voiding unwanted loss of experimental time used for samples
reparation and testing.

Furthermore, the models can be used as a guideline for mate-
ial selection. For instance, we can suppose that the restoration
f a given bone defect may require a scaffold with porosity of
t least 60 vol.% and compressive strength of at least 10 MPa;
ooking at Fig. 6, we could exclude the use of BG5, BG32 and
EL2 scaffolds, as only SCNA samples are able to fulfil both
riteria. On the other hand, it should be also taken into account
hat the scaffold strength can significantly increase in  vivo  due to
issue in-growth, since the cells adherent on scaffold, the newly
ormed tissue and the scaffold itself create a biocomposite con-
truct in  situ, thereby increasing the time-dependent scaffold
trength and toughness.29 In this regard, therefore, also CEL2
ould be a valuable option thanks to its excellent bioactivity,
ven superior to that of 45S5 Bioglass.39

In summary, it is evident that the design and fabrication of
he “best” scaffold for a given application is a complex issue
hat often requires a compromise amongst different and opposite
riteria (e.g.  mechanical strength and bioactivity); the approach
roposed in this work may be a helpful tool to guide researchers
owards an ever more rational design of bone tissue engineering
orous biomaterials.

.  Conclusions

In this paper, 45S5 Bioglass-, CEL2- and SCNA-derived
lass-ceramic scaffolds for possible use in bone tissue engi-
eering were fabricated by the sponge replication method; the
otal porosity of the samples was varied in the 35–85 vol.%
ange by changing the processing parameters. The samples
xhibited a 3-D porous architecture closely mimicking that of
ancellous bone. The scaffolds were mechanically tested under
ompression and tension and the obtained experimental results
ere used to develop compressive/tensile models describing the
orosity–strength relationships. From a mechanical viewpoint,
he SCNA scaffold seems to be particularly suitable for bone
ubstitution, as their ultimate compressive and tensile strengths
17.8 ±  6.9 MPa and 4.9 ±  1.9 MPa, respectively) are compara-
le to those assessed for bovine and human spongy bone. The
odels can be used in a “direct fashion” to predict the scaffold
echanical strength using the porosity as a model input, but

hey can be also interestingly employed in an “inverse way”:
sing the mechanical strength as an input, the scaffold designer
an obtain the corresponding porosity, which is properly tai-
ored by setting the fabrication parameters at the manufacturing

tage. Therefore, the proposed approach represents a helpful
ool towards a custom-made design of porous bioceramics,
n order to optimize manufacturing time and scaffold perfor-

ance.
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