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Abstract: Porosity is known to play a pivotal role in dictat-

ing the functional properties of biomedical scaffolds, with

special reference to mechanical performance. While com-

pressive strength is relatively easy to be experimentally

assessed even for brittle ceramic and glass foams, elas-

tic properties are much more difficult to be reliably esti-

mated. Therefore, describing and, hence, predicting the re-

lationship between porosity and elastic properties based

only on the constitutive parameters of the solid material is

still a challenge. In this work, we quantitatively compare

the predictive capability of a set of different models in de-

scribing, over a wide range of porosity, the elastic modu-

lus (7 models), shear modulus (3 models) and Poisson’s ra-

tio (7 models) of bioactive silicate glass-derived scaffolds

produced by foam replication. For these types of biomedi-

calmaterials, the porosity dependence of elastic and shear

moduli follows a second-order power-law approximation,

whereas the relationship between porosity and Poisson’s

ratio is well fitted by a linear equation.
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1 Introduction

When tissue regeneration is a goal, implantable biomate-

rials are often designed as porous scaffolds that serve as

three-dimensional (3D) templates to support andguide the

healing of healthy tissue at the injured site [1]. In bone tis-

sue engineering strategies, bioactive man-made materials

are highly attractive as they allow overcoming the various
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limitations of transplant procedures, including the need

for extra-surgery/shortage of transplant material if auto-

grafts are used and the risk of disease transmission as well

as ethical/religious concerns in the case of allografts and

xenografts [2].

Bioactive glasses are excellent candidates for scaffold-

ing in osseous repair due to their ability of bonding to host

bone [3ś5] and stimulating osteogenesis via the release of

therapeutically-active ionic dissolution products (e.g. Ca2+

and silicate ions) that elicit cell responses towards a path

of regeneration and self-repair [6ś8].

Scaffolds for bone substitution should fulfill a set of

physico-chemical and biological properties, including bio-

compatibility and similarity to natural bone in terms of

pore-strut architecture and mechanical characteristics [9].

Assuming that an ideal scaffold should mimic the struc-

ture of human cancellous bone, a total porosity of 50 vol.%

(minimum) and a pore size above 100 µm are typically

recommended to allow adequate perfusion of biological

fluids and nutrients, cell colonization, and vasculariza-

tion [10]. Microstructure and porosity also dictate the me-

chanical properties of the scaffold, such as strength and

elastic modulus. While the compressive strength of bioac-

tive glass scaffolds is relatively easy to assess and, then,

to correlate with porosity, the Young’s modulus and other

elastic properties are much more difficult to determine

without a proper equipment; in general, this is a common

problem for brittle, highly-porous ceramics. The knowl-

edge of the elastic modulus, however, is key to determine

the biomechanical success of an implantable biomaterial

as a good stiffness match between scaffold and host tissue

allows favorable stress transfer, thereby yielding stable in-

terfacial bonding and osteointegration [11].

Therefore, quantifying the relationship between the

internal structure and elasticmechanical properties of bio-

materials still remain a partially unmet challenge. Some

attempts have been published in the literature but most of

them are based on the interpolation of experimental data

by linear or polynomial functions in specific cases rather

than on general physical models. Sanz-Herrera et al. [12]

reported that a second-order polynomial function (corre-

lation coefficient R2 = 0.998) can describe the Young’s
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modulus of scaffolds with face-centered cubic (FCC) struc-

ture over the entire range of investigated porosities (1.2-

89.6 vol.%), while a highly linear negative relationship

(R2 = 0.999) exists if the pore range is restricted to 30-

80 vol.%. In another study, after elaborating experimental

data obtained from ultrasonic wave propagation measure-

ments [13], Gerhardt andBoccaccini [14] founda linear neg-

ative correlation (R2 = 0.866) between porosity and elastic

modulus of 45S5 Bioglassr foams.

Indeed, the ideal, highly-ambitious aim would be to

develop and apply a theory that employs general mi-

crostructural information (e.g. the constitutive properties

of solid skeleton) to make accurate predictions. In this re-

gard, Fu et al. [15] applied the density power-law model

(Gibson’s model) to estimate the elastic modulus (3 GPa)

of 13-93 bioactive glass scaffolds (total porosity 85 vol.%)

produced by sponge replication. Baino and Fiume [16] ap-

plied the same model to predict the Young’s modulus of

45S5 Bioglassr foams and proved its good predictive capa-

bility (R2 = 0.8953) over a wide range of porosities (52-86

vol.%).

In order to further expand the knowledge in this field,

the present work aims at comparing the suitability of a set

of physico-mathematical models (17 equations) in describ-

ing the relationship between porosity and elastic proper-

ties (i.e. elastic modulus, shear modulus, and Poisson’s ra-

tio) of glass-derived foam-like scaffolds. To the best of the

authors’ knowledge, it is the first time that such a broad

comparative study is performed on biomedical scaffolds.

2 Materials and methods

2.1 Scaffolds

Themodels described in the section 2.2were applied to two

sets of bioactive silicate glass-derived scaffolds, the elas-

tic properties of which were experimentally determined in

a couple of previous works [16, 17]. Both sets of samples

were fabricated by sponge replica method, which is very

suitable to obtain bone-like structures with open and in-

terconnected macropores [18]. The first set of data com-

prised the elastic modulus, shear modulus and Poisson’s

ratio of 45S5 Bioglassr-based glass-ceramic scaffolds (ba-

sic oxide system: 45SiO2ś24.5CaOś24.5Na2Oś6P2O5wt.%)

with porositywithin 52-86 vol.%; thesemechanical proper-

tieswere non-destructively assessed by the impulse excita-

tion technique (GrindoSonic system) [16]. The second set

of data comprised the elasticmodulus of CEL2-based glass-

ceramic scaffolds (basic oxide system: 43.8SiO2ś23.6CaOś

4.6MgOś15.0Na2Oś6.1K2Oś6.9P2O5 wt.%) with porosity

within 42-77 vol.%; this mechanical property was assessed

by ultrasonic testing [17]. The experimental characteriza-

tion of these scaffolds was reported in those previous stud-

ies.

2.2 Modelling

The macroscopic elastic properties of 3D isotropic porous

materials, such as foam-like scaffolds, can be character-

ized by two independent parameters, i.e. Young’s modu-

lus (E) and Poisson’s ratio (ν). The shear modulus (G) is of-

ten calculated on the basis of E and ν through appropriate

models or computations.

The assumption of isotropic porous solid for foam-

replicated scaffolds is made on the basis of previous inves-

tigations. Falvo D’Urso Labate et al. [19] reported that the

degree of anisotropy (DA) of CEL2-derived scaffolds pro-

duced by sponge replication was below 0.15. DA provides

a measure of the preferential alignment of solid struts in a

scaffold along particular directions. In that study, DA was

estimated by the mean intercept length (MIL) analysis ap-

plied tomicro-computed tomographic reconstructions. DA

can range from 0 (overall scaffold isotropy) and 1 (over-

all scaffold anisotropy) and, therefore, the assumption of

isotropic scaffolds closely approaches reality.

In general, we expect the elastic properties of porous

scaffolds to depend on both the constitutive properties of

the solid matrix (E0, G0, ν0) and the relative density (φ).

The total porosity can be expressed as (1 śφ), and the form

of the functions relating E, G and ν to E0, G0, ν0 and φ

depends on microstructure. Hence, any meaningful mod-

els describing these relationships should be developed by

considering the salient structural characteristics of scaf-

folds. Therefore, in this work the early selection of models

was performed on the basis of their relevance in describ-

ing foam-like structures (i.e. similar to 45S5 andCEL2 glass-

derived scaffolds).

Perhaps the most common and easy-to-apply models

used to estimate E and G of porous solids are those de-

veloped by Gibson and Ashby in 1982 [20]. They demon-

strated that the elastic and shear moduli of low-density

open-cell ceramics (foams) are primarily dictated by the

relative density according to a power law (second order),

as follows:

E = E0φ
2 (1)

G =
3

4
G0 (1 + ν0)φ

2 (2)
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Determination of the Poisson’s ratio ν is, in general, much

more difficult; especially for highly-porous materials, its

assessment has been a challenge from both theoretical

and experimental viewpoints. Arnold et al. [21] developed

a general equation for the prediction of the Poisson’s ratio

of porous materials, which was strictly derived for spheri-

cal porosity and isotropicmaterials (like theglass scaffolds

investigated in this work) and was valid over the whole

porosity range:

ν = 0.5 −
3

4
φ(1 − ν0) (3)

Warren and Kraynik [22] developed a 3D foam model us-

ing the tetrahedral unit cell to investigate the macroscopic

properties of open-cell foams; specifically, the elastic pa-

rameters E and ν were calculated as:

E =
E0φ

2 (11 + 4φ)
10 + 31φ + 4φ2

(4)

ν =
(1 − φ) (5 + 4φ)
10 + 31φ + 4φ2

(5)

Zhu et al. [23] adopted a tetrakaidekahedral cell-based lat-

tice to model open-cell foams:

E =
0.726E0φ

2

1 + 1.09φ
(6)

ν = 0.5

(︂

1 − 1.09φ

1 + 1.09φ

)︂

(7)

G =
0.2333E0φ

2

1 + 0.700φ
(8)

The same authors also proposed a variation of these equa-

tions under the assumption, first introduced by Kraynik

and Warren [24], that the edge cross-sections are plateau

borders rather than equilateral triangles:

E =
1.009E0φ

2

1 + 1.514φ
(9)

ν = 0.5
1 − 1.514φ

1 + 1.514φ
(10)

G =
0.32E0φ

2

1 + 0.96φ
(11)

While the Equations (1)ś(11) are obtained from analytical

calculations based on physical and geometrical models,

some more recent approaches rely on a combination be-

tween theory and finite element modelling (FEM). Gan et

al. [25] used random 3D Voronoi cells to build the whole

open-cell foam; the curve fitting to the results of FEM anal-

ysis yielded the predictive equations for the elastic param-

eters:

E =
E0φ

2

1 + 6φ
(12)

ν = ν0 + (0.5 − ν0)
1 − φ

1 + 14φ
(13)

Highly-accurate numerical methods were also proposed

by Roberts and Garboczi [26] to predict the elastic prop-

erties of a number of random porous materials, including

structures with open-cell intersections that closely approx-

imate foam-like scaffolds. In this specific case, two differ-

ent equations were obtained to estimate E according to the

relative density:

E = E0

(︂

φ − φ0

1 − φ0

)︂m

, φ > 0.20 (14)

E = E0Cφ
n , φ ≤ 0.20 (15)

and one general equation to estimate the Poisson’s ratio:

ν = ν0 +
1 − φ

1 − φ1
(ν1 − ν0) (16)

The constants φ0,m, n, C, φ1 and ν1 were numerically de-

termined (φ0 = 0.029,m = 2.15, n = 3.15, C = 4.2, φ1 = 0.114

and ν1 = 0.233).

A similar approach was reported by Nie et al. [27] who

developed random 3D Laguerre-Voronoi computational

models for open cell foams; curve fitting of FEM results

yielded this couple of equations:

E = E0

[︁

3.32(1 − φ)
3 (17)

−7.37(1 − φ)
2 + 4.98 (1 − φ) − 0.92

]︁

ν = ν0

[︁

20.68(1 − φ)
3 (18)

−42.09(1 − φ)
2 + 30 (1 − φ) − 6.91

]︁

We applied the different potentially-suitable models of

Equations (1)-(18) to estimate the elastic properties of 45S5-

and CEL2-based glass scaffolds and quantified their pre-

dictive capability by calculating the correlation coefficient

R2 through the least-squares method (Matlab, MathWorks,

Natick, MA, USA).

3 Results and discussion

Information on the elastic properties of porous scaffolds is

needed for a complete interpretation of their mechanical

behavior and response in given biomedical environments

and applications. Such properties, which are often diffi-

cult to determine experimentally for highly-porous ceram-

ics and glasses, are typically dictated by total porosity that,



Modelling the elastic mechanical properties of bioactive glass-derived scaffolds | 53

on the contrary, is relatively easy to assess through density

measurement or imaging techniques. Therefore, the use of

appropriate models relating elastic properties to relative

density (φ) or, conversely, total porosity (1 − φ) can be a

useful tool to predict the mechanical performance of scaf-

folds and optimize their design and fabrication process.

Figures 1 and 2 report the experimental data for the

elastic moduli of 45S5- and CEL2-derived scaffolds, respec-

tively, along with the models described by Equations (1),

(4), (6), (9), (12), (14), (15) and (17). Although both sets of

scaffolds were produced by the same fabrication methods

(foam replication), some differences deserve to be high-

lighted. In general, all the models predict the decrease of

elastic modulus with increasing porosity if φ < 0.5; this

trend is mostly followed in the low-porosity range (φ >

0.5) except for the Gan’s model, which shows an obvi-

ous deviation from physical reality (negative values for

the elastic modulus in Figure 2). As displayed in Tables 1

and 2, bothGibson’s andRoberts’models have a quite high

value of R2, which suggests the good predictive capabil-

ity of such models in describing the E-φ relationship for

both sample batches. In the case of Roberts’ model, Equa-

tion (14) was implemented for CEL2-based scaffolds (φ >

0.20), while a double-stage function was implemented for

Figure 1: Porosity dependence of elastic modulus E in 45S5 glass-

derived foam-like scaffolds: model comparison

Figure 2: Porosity dependence of elastic modulus E in CEL2 glass-

derived foam-like scaffolds: model comparison

Table 1: 45S5 glass-derived scaffolds: correlation coeflcients for the

models describing the porosity-elastic modulus relationship

Model Equation R2

Gibson (1) 0.8953

Warren (4) 0.1359

Zhu (parent) (6) 0

Zhu (simplified) (9) 0.3629

Gan (12) 0

Roberts (14), (15) 0.6463

Nie (17) 0.7058

Table 2: CEL2 glass-derived scaffolds: correlation coeflcients for

the models describing the porosity-elastic modulus relationship

Model Equation R2

Gibson (1) 0.8378

Warren (4) 0

Zhu (parent) (6) 0

Zhu (simplified) (9) 0

Gan (12) 0

Roberts (14) 0.6303

Nie (17) 0

45S5-derived samples, comprising Equation (14) ifφ > 0.20

or Equation (15) if φ < 0.20 (highly-porous scaffolds). On

the contrary, Zhu’s, Warren’s and Gan’s models cannot be

applied for both sets of data (R2equal to zero or extremely

low). The Zhu’s simplifiedmodel (Equation (9)) has amod-

erate predictive capability only for 45S5-based scaffolds

(R2 = 0.3629); in this case, the estimated values of E are

around 38% higher than those predicted through the łpar-

entž model (Equation (6)) [23]. Similarly, the Nie’s model

also exhibits a good predictive capability only for 45S5-

derived scaffolds (R2 =0.7058). Upon comparing theR2 val-

ues, Gibson’smodel provides thebest fitting of elasticmod-

ulus for both types of data over the whole porosity range

(R2 > 0.83). TheGibson’s power-lawmodelwas also proved

to be successful in describing the E-φ relationship of can-

cellous bone [28], which should be ideally mimicked by

foam-like scaffolds. However, it is interesting to observe

that, at high porosity, Nie’s model also offers good predic-

tions for both scaffold types (if φ ≤ 0.30), with R2 = 0.91

and R2 = 0.68 for 45S5- and CEL2- based scaffolds, respec-

tively, while the Zhu’s simplified model provides a good

data fitting only for 45S5 scaffolds (φ ≤ 0.20; R2 = 0.99).

The relevant model developed by Gibson and Ashby

(Equation (2)) is also themost suitable one to approximate

the behaviour of shear modulus, while the two models de-
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Figure 3: Porosity dependence of shear modulus G in 45S5 glass-

derived foam-like scaffolds: model comparison

Table 3: 45S5 glass-derived scaffolds: correlation coeflcients for

the models describing the porosity-shear modulus relationship

Model Equation R2

Gibson (2) 0.9129

Zhu (parent) (8) 0.3224

Zhu (simplified) (11) 0

veloped by Zhu et al. [23] (Equation (8) and (11)) exhibit

poor predictive capability (Figure 3 and Table 3).

Figure 4 reports the experimental data for the Pois-

son’s ratio of 45S5-derived scaffolds, along with the mod-

els described by Equations (3), (5), (7), (10), (13), (16)

and (18). As shown in Table 4, only the Arnold’s model

provides an acceptable predictive capability for this set

of data (R2 = 0.5645). Most models suggest the increase

of Poisson’s ratio with increasing porosity, except for the

Roberts’ model. It is worth pointing out that the exact re-

lationship between Poisson’s ratio and porosity in porous

solids is still partially unclear. While it is usually recog-

nized that the porosity dependence of Poisson’s ratio can

vary according to the level of porosity considered, elucidat-

ing this relationship is difficult as the experimental mea-

surement of Poisson’s ratio is really challenging and typ-

ically requires proper equipment and samples with ład

hocž geometry; hence, there is a paucity of relevant data in

the literature, especially for biomedical materials. On the

basis of experimental data from gel-derived silica, Arnold

et al. [21] suggested that the Poisson’s ratio increases or de-

creases if porosity is above or below 40 vol.%, respectively.

This is consistent with the trend of experimental data re-

ported in Figure 4 as regards the high-porosity range, and

is also in line with the results reported by De With [29],

who analyzed porous hydroxyapatite with porosity in the

range of 3 to 27 vol.% and actually observed a decreas-

ing trend of Poisson’s ratio for increasing porosity (low-

porosity range). A comprehensive study published by Yu

Figure 4: Porosity dependence of Poisson’s ratio ν in 45S5 glass-

derived foam-like scaffolds: model comparison

Table 4: 45S5 glass-derived scaffolds: correlation coeflcients for

the models describing the porosity-Poisson’s ratio relationship

Model Equation R2

Arnold (3) 0.5645

Warren (5) 0

Zhu (parent) (7) 0

Zhu (simplified) (10) 0

Gan (13) 0

Roberts (16) 0

Nie (18) 0

et al. [30] suggested that he effective Poisson’s ratio of nat-

ural ceramics (rocks) can increase, decrease or remain in-

variable with increasing porosity for the materials with ν0

< 0.2, ν0 > 0.2 and ν0 = 0.2, respectively. On this point, it

is important to underline that porosity in natural rocks is

typically low (well below 40 vol.%) and, thus, the obser-

vations reported by Yu et al. [30] are actually consistent

with those of Arnold et al. [21] for low-porosity materials.

Furthermore, such relationship involving ν, ν0 and poros-

ity is in good agreement with the conclusions reported by

Roberts and Garboczi [26], whose model, however, does

not approximate the trend of the experimental data from

45S5-derived scaffolds. This is probably due to the inher-

ent limitations of the differential method that was used to

develop the model, which does not give a reasonable pre-

diction for materials with low solid fraction (φ < 0.4) [31]

like biomedical scaffolds for bone repair. Hence, especially

as regards the estimation of Poisson’s ratio, highly-porous

materials seem to represent a worst-case scenario for pre-

dictive methods; although being difficult the inclusion of

high-order microstructural information [32] could be con-

sidered to improve the accuracy and predictive capability

of the relevant models.

The models implemented in the present work are de-

scribed by łready-to-usež equations that can be immedi-
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ately applied by researchers/users, provided that the con-

stitutive properties of the solid matrix (E0, G0, ν0) are

known. In recent years, a more advanced methodology

to predict the mechanical behaviour of biomedical scaf-

folds has been proposed by applying the theory of con-

tinuum micromechanics and homogenization. Since the

mid 2000s [33], this strategy has been applied to model

a range of ceramic (e.g. hydroxyapatite [34]) and glass-

derived porous scaffolds [35, 36], yielding good predictive

results provided that not only the łbulkžmechanical prop-

erties but also the micro-architectural characteristics of

scaffolds are known and quantifiable. However, the mod-

elling procedure is often quite complex and 3D volume

reconstructions of scaffold architecture (e.g. generated by

micro-computed tomographic investigation) are typically

required.

Looking at the future, further improvements in the pre-

dictive capability could be achievedby applyingmolecular

dynamics simulations and machine learning approaches,

which are already implemented for the design of bioactive

glasses to tailor specific properties, such as density, disso-

lution kinetics and bioactivity, or model the biological re-

sponse, such as the glass ability to foster protein adsorp-

tion, cell adhesion, cell proliferation and antibacterial ef-

fects [37, 38]. Indeed, a critical issue to be considered con-

cerns the incorporation of scaffold microstructure in the

simulation and modelling procedures, carrying the risk to

further increase the algorithmic complexity and computa-

tional cost.

4 Conclusions

The porosity dependence of elastic and shear moduli in

glass-derived foams iswell described (R2 > 0.83) by second-

order power-law models (Gibson’s models) over a quite

wide porosity range around 40-85 vol.%, which is the typ-

ical range of human healthy cancellous bone and, thus,

is recommended for biomedical scaffolds. Roberts’ and

Nie’s numerical models are also suitable to describe the

relationship between porosity and elastic modulus, but

their predictive capability is lower (R2 within 0.60-0.70).

Other models exhibit good predictive capability only at

high porosity (> 70 vol.%). In general, the results reported

in this study suggest that many of existing models partly

fail in predicting the elastic and shear moduli of foam-

like glass-derived scaffolds over the entire porosity range

required for bone tissue engineering applications, but

the predictions can be acceptable for highly-porous struc-

tures.

The porosity dependence of Poisson’s ratio in 45S5

glass-derived foams is approximated by a negative linear

correlation (Arnold’s model); further theoretical and com-

putational studies deserve to be carried out on this point

to improve the predictive ability.
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