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A B S T R A C T   

In this work, the mechanical behaviour of cancellous bone tissues used for the manufacturing of commercial 
heterologous bone grafts was investigated both at small and at large strains. Three different tissues were 
examined. They were obtained from equine bones after a specific proprietary enzymatic-based treatment aimed 
at achieving perfect biocompatibility while preserving the collagenous part. Two tissues had the mineral content 
of the bones of origin (femur, humerus), whereas the third was markedly demineralized (femur). The response at 
small strains and at failure was studied by means of monotonic compression tests in quasi-static conditions. 
Stiffness and strength turned out to be governed by the apparent density of the tissue, with specimen size and 
geometry, and tissue macro-structural characteristics, only playing a secondary role. A ductile- and a brittle-like 
failure was exhibited by the demineralized tissue and the non-demineralized ones, respectively. The large 
deformation behaviour was studied by means of cyclic compression tests, which clearly highlighted the occur-
rence of plasticity (for strains higher than ≈1.9%), and allowed to study the strain accumulation processes, at the 
macromechanical level. More in-depth microstructural analyses were carried out on the demineralized tissue. 
Flexural tests were also performed.   

1. Introduction 

The number of bone defects caused by pathologies or traumas has 
constantly increased over time and is expected to grow even more in the 
upcoming decades [1]. The restoration of such defects may need medical 
devices (bone grafts) to promote tissue regeneration, resulting in a 
raising interest in clinical practice [2–4]. The use of autologous bone 
[5–7] is still considered as the “gold standard” [8] but its limitations in 
terms of availability and post-operative complications call for valid al-
ternatives, among which heterologous bone (of mammalian origin) 
stands out [9]. Indeed, mammalian and human bones display strong 
similarities in terms of mineral content and trabecular structure 
[10–13]. Furthermore, non-human mammalian collagen - the main 
organic component of the extracellular bone matrix - shows a high de-
gree (>95%) of protein sequence identity with respect to human’s [14]. 
Such evidences make heterologous bone highly suitable for this appli-
cation. Little is known about the mechanical behaviour of the bone 
tissues used in heterologous bone grafts, which are obtained by sub-
jecting the origin bone tissues to specific treatments aimed at achieving 
the biological characteristics necessary for their implantation in 

patients. Whereas several studies have been carried out to examine their 
clinical performance [15], bioactivity [16] and safety profile [17], a 
comprehensive study aimed at investigating their mechanical response 
is still lacking. 

In this work, the mechanical behaviour of various cancellous bone 
tissues used for the manufacturing of heterologous bone grafts was 
investigated. The materials examined were supplied by Bioteck S.p.A. 
(Arcugnano, Vicenza, Italy), a company dealing with the research and 
production of tissue substitutes for regenerative medicine. They con-
sisted of cancellous bone tissues taken from different equine bones, 
femur and humerus, which proved to be valid anatomic sites for har-
vesting [18]. They were subjected to a specific Bioteck proprietary 
enzymatic-based treatment to achieve perfect biocompatibility and 
preserve both the mineral and collagen components in the native 
conformation, leading to improvement in in-vivo formation of new bone 
[19]. The preservation of the collagenous part of the tissue enhances 
bone regeneration and prevents the pronounced embrittlement typically 
associated to collagen removal and allows the tissue to be manufactured 
in 3D formats. The most commonly used techniques to achieve 
biocompatibility, based on thermal treatments, result in the removal of 
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collagen, causing the embrittlement of the tissue that makes the material 
usable only in granular form in clinical practice. Equine collagen proves 
to be extremely valid in biomedical applications due to its high degree of 
sequence homology with respect to human’s. Indeed, it prevents the risk 
of zoonosis transmission - which characterizes the most widely 
employed alternatives, bovine and porcine collagen - without causing 
any documented immune reaction [14]. Further, by comparing equine 
[20–23] and human [20,24] cancellous bone tissues, it emerges that the 
mechanical properties of the two different types of tissue are similar. 

Three different types of tissue were examined: two of these had the 
mineral content of the bones of origin, i.e. femur and humerus; the third 
tissue (femur) was markedly demineralized to obtain a tissue suitable for 
manufacturing grafts characterized by a high degree of flexibility. For 
each type, specimens with different geometries and, for some geome-
tries, with different sizes, were supplied. The tissues analyzed have a 
trabecular structure, where struts and plates - mostly made of hy-
droxyapatite and collagen - form the edges and the faces (incomplete) of 
the cells. Such open-celled structure is intrinsically inhomogeneous and 
complex. A morphological analysis of the materials in the various 
specimens was carried out by means of optical microscopy techniques, 
and model structures to deal with the systems’ inherent anisotropy were 
defined to research possible relationships between the material structure 
(at a macroscopic level) and the observed mechanical response. The 
mechanical behaviour was studied by means of monotonic compression 
tests in quasi-static conditions. Special attention was paid to the analysis 
of the effects of specimen geometry and size, and, in some cases, to the 
effect of test loading direction. Where high levels of strain could be 
achieved without showing any clear sign of brittleness, but rather 
exhibiting plasticity, a more in-depth microstructural analysis was car-
ried out to investigate the origin of this peculiar response. The defor-
mation behaviour of some tissues was further studied by means of cyclic 
compression tests, which allowed to investigate the strain accumulation 
processes exhibited by the tissues. Finally, flexural tests were carried out 
and the behaviour exhibited in bending tentatively compared to that 
showed under compression. 

2. Materials and methods 

2.1. Materials 

Three different types of cancellous bone tissue, indicated with F, H 
and FF, were examined. The tissues F and H were obtained from equine 
femur and humerus, respectively, by means of a proprietary enzymatic- 
based treatment (Zymo-Teck® process, Bioteck S.p.A., Arcugnano, 
Vicenza, Italy) aimed at the selective removal of antigens, preserving the 
collagen in its natural configuration. For F and H, the mineral content is 
left unchanged with respect to the tissue of origin. By contrast, the tissue 
FF was obtained from tissue F after a final demineralization treatment 
specifically aimed at promoting a pronounced reduction in the mineral 
content. This turns out in the enhancement of the mechanical compli-
ance of the tissue, so that it can be easily deformed to fit even complex 
shapes at the recipient site. The resulting mineral content in FF was 
around the 10% of that in the tissue of origin (and of that in the F tissue), 
which was around 75%. These data, provided by the manufacturer, were 
confirmed by complementary laboratory analyses. With these analyses, 
the mineral content was determined after a demineralization in an 
aqueous solution of acetic acid (3% vol.), at room temperature. For each 
of the three tissues examined, a representative specimen (prism-shaped 
specimen with nominal dimensions 10x10x40 mm3) was immersed in 80 
ml of solution and the specimen mass monitored over time (after 10 days 
of immersion the demineralization process could be considered 
completed). Each specimen was then rinsed in distilled water, and 
subsequently dried. From the mass lost, the mineral content of the 
specimen was calculated. The mineral content values obtained for F and 
H tissues are consistent with the scientific literature on cancellous bone 
[25]. For each type of tissue, specimens with different geometries - cubes 

(C), square-base prisms (SP) and rectangular-base prisms (RP) - and for 
C- and SP-types also with different sizes, were supplied after sterilization 
by beta-rays irradiation at 25 kGy. Geometries and sizes were chosen 
according to the mechanical testing program (see Section 2.2.3). The 
complete list of the specimens supplied, with their geometrical details, is 
reported in Table 1. It is worth underlining that the use of bone tissues 
properly treated by the manufacturer makes sample handling far easier 
with respect to tissues in the origin state as it prevents difficulties 
associated with conditioning procedures and avoids variability due to 
different degrees of cleaning [26,27]. 

2.2. Methods 

2.2.1. Density measurement 
For each specimen, the apparent density, ρapp, was evaluated as the 

ratio between its own mass and volume. Mass data were measured by 
means of a digital analytical balance with 10-1 mg resolution. The vol-
ume was determined from the specimen dimensions, measured by 
means of either a digital micrometer (with 1 μm resolution) or a Vernier 
caliper (with 50 μm resolution), for lengths lower or higher than 20 mm, 
respectively. An “apparent” character is attributed to the density of the 
specimen in consideration of the porous nature of the material. 

2.2.2. Morphology-based classification of the specimens for the mechanical 
characterization 

With the aim of researching possible relationships between macro-
scopic structure and mechanical properties, the specimens were pre-
liminarily classified according to a specifically developed morphology- 
based criterion. 

Each specimen supplied was analyzed to identify the Main Porosity 
Development Directions, MPDDs, which represent the preferential ori-
entations of the material porosity in the specimen. The MPDDs are 
regarded as the key parameter to describe the structure of each speci-
men’s trabecular architecture. For the analysis of the morphology of the 
material (pore geometry, size and orientation), standard optical and 
digital microscopy techniques (Leica microscopes, models MS5 and 
DMS300) were used. Five different model structures (labeled 1Da, 1Db, 
2Da, 2Db and 3D), defined on the basis of the MPDDs and their 
geometrical relation with the Specimen Principal Directions, SPDs, 
identified by the edges of the specimens which are coincident with the 
possible loading directions in the mechanical test, were taken as refer-
ences. Fig. 1 provides a prototypical example in which the method is 
applied to detect the 1D and 2D model structures: for each specimen, 
microscopy analyses were carried out on the surface of the faces in order 
to study the interrelation of the MPDDs with the SPDs. The structure 1D 

Table 1 
Specimen geometries and dimensions. The values of the key dimensional pa-
rameters and the number of specimens supplied are reported for each material - 
F, and H - and geometry - cube (C), square prism (SP) and rectangular prism 
(RP). A chromatic convention, which is maintained throughout the whole paper, 
is applied to the different types of bone tissue considered, according to which 
red, blue and green are assigned to , and , respectively.  
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is characterized by the existence of a single MPDD (nMPDD = 1, where 
nMPDD is the number of MPDDs detected), which can either satisfy or not 
the parallelism/orthogonality condition with respect to a generic plane 
defined by the SPDs and identified by the directions (Xi,Xj), where (Xi,Xj) 
can be either (X1,X2), (X1,X3) or (X2,X3). The parallelism/orthogonality 
condition is considered fulfilled when the angle αij between the single 
MPDD (identified directly from the direction along which the pores 
appear oriented on the surface under analysis) and the generic plane (Xi, 
Xj) is either 0◦ or 90◦ (± 3◦). If so, the structure is labelled with 1Da, 
otherwise it is labelled with 1Db. The structure 2D is characterized by 
the existence of two MPDDs (nMPDD = 2), forming a plane on which the 
porosity is bi-oriented. The label 2Da is assigned to a specimen for which 
each of the two MPDDs is parallel/orthogonal to a generic plane (Xi,Xj) 
defined by the SPDs, after measuring the angle αij for each MPDD, and 
verifying that αij is either  0◦ or 90◦ (± 3◦). If the parallelism/orthogo-
nality condition is not fulfilled, the structure is given the label 2Db. The 
specimens for which the structure could not be classified as 1D or 2D 
(where no MPDD could be clearly detected due to multiple orientation of 
the pores) are labelled with 3D. Table 2 shows the criterion used for the 

Fig. 1. Representation of 1D- and 2D-type model structures detected on actual specimens ( tissue specimens belonging to the Cl15 series), with particular emphasis 
on the interrelation (given by αij) between the the Main Porosity Development Directions, MPDDs, and the generic plane representative of the Specimen Principal 
Directions, SPDs, identified by the directions (Xi,Xj). 

Table 2 
Definition of the model structures, as a combination of two parameters: 1) the 
number of Main Porosity Development Directions, nMPDD; 2) the angle, αij, 
formed by the MPDDs and the generic plane representative of the Specimen 
Principal Directions, SPDs (see caption of Fig. 1 for further details). Specimens 
where no MPDD could be clearly detected are classified with 3D-label.  
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definition of the five model structures. The approach here adopted is 
quite similar to that used in [26] as a means to take into account the 
intrinsic anisotropy of the materials examined. This approach is largely 
simpler with respect to the method based on the construction of a fabric 
tensor - via the “mean intercept length” or the “volume orientation” 
concepts (see, for example, [28] and [29]) - from both a conceptual and 
an experimental point of view. The choice of a simpler approach is 
motivated by the fact that this study is not intended to develop a model 
suitable for predicting mechanical properties from morphological 
characteristics. This approach aims only at providing a classification of 
the specimens in such a way to verify the existence of a possible rela-
tionship between the porosity orientation and the mechanical response 
of the tissues. In connection with this, it is worth underlining that the 
specimens were harvested from the bones of origin without taking into 
account the different anatomic sites and their specific trabecular ori-
entations. As a consequence, different porosity directions - which may 
be qualitatively related to the adaptive nature of bone in response to 
external mechanical loading [25] - may coexist within the same spec-
imen, resulting in a MPDDs detection that was not always straightfor-
ward. However, in general, opposite faces of the same specimen 
exhibited the same main trabecular orientation, thus supporting the 
validity of the morphology-based criterion proposed. 

2.2.3. Mechanical tests 
Compression tests The quasi-static compression tests were performed 

by using an Instron test system (model 3366) equipped with a 10 kN load 
cell, in air, at room temperature. Both monotonic (one-way) and cyclic 
compression tests were carried out. 

In the monotonic tests, the crosshead velocity was varied, depending 
on the specimen under analysis, in such a way to obtain an apparent (see 
below) compression strain rate of 0.05 min-1 - similar to that used in [30] 
- in every test, irrespective of specimen size. A thin layer of paraffin oil 
was deposited on each compression plate in order to reduce the friction 
between the specimen and the plate. Tests were interrupted after failure 
for F and H specimens, at about 5% in apparent (see below) compression 
strain, while being continued up to 35% in the case of FF specimens. 

For each tissue, the tests were performed in such a way to explore the 
following effects:  

• “testing direction effect”: the specimens belonging to the Cl10 series 
(see Table 1) with structure of type 1Da (see Table 2 and Fig. 1) were 
used; the loading direction was either orthogonal or parallel to the 
MPDD; a similar approach was followed in [26]. For the tissue H 
only, a possible testing direction effect was researched on specimens 
belonging to the Cl10 series with 2Da-type structure as well.  

• “size effect”: specimens belonging to the C series were used (see 
Table 1). Regarding the specimen size range examined: the smallest 
size (i.e. series Cl10) was selected to ensure that the key dimensional 
parameter of the specimen was at least 10 times the maximum pore 
dimension (see Section 3.1); the largest size (i.e. series Cl30) was the 
maximum size obtainable from the three bones of origin.  

• “height effect”: specimens belonging to the SPh20 and SPh30 series 
(see Table 1) were used. Specimens with height-to-width ratio up to 3 
were tested. Higher ratios were not taken into consideration since 
preliminary tests pointed out that significant specimen distortions 
could occur during a test on specimen with height-to-width ratio 
higher than 3, thus preventing from the obtainment of reliable and 
comparable results. 

It is worth underlining that only the smallest specimen size (Cl10 
series) was selected for the evaluation of the testing direction effect 
(1Da- and 2Da-type only) in order to minimize the probability for 
different trabecular orientations to manifest within the same sample. 

For each specimen tested, the load, P, vs crosshead displacement, u, 
curve, output of the test, was converted into an “apparent” stress, σapp, vs 
“apparent” strain, εapp, curve. σapp and εapp are engineering quantities 

since determined from the initial dimensions of the specimens under 
examination: σapp was calculated as the load over the initial cross sec-
tion, εapp as the crosshead displacement - properly corrected to remove 
the “foot zone” of the P vs u curve corresponding to the approaching and 
plate-specimen contact establishment phases - divided by the initial 
height of the specimen. Stress and strain have an “apparent” character 
because of the porous nature of the systems. 

In the cyclic tests, carried out on F and FF tissues only, each cycle 
consisted of a loading phase, characterized by the same apparent 
compression strain rate used in the monotonic tests, followed by an 
unloading phase at 0.1 min-1 (see Fig. 2). The displacement reached at 
the end of the loading phase increased, over time, from cycle to cycle 
according to the scheme presented in Fig. 2a. Load vs crosshead 
displacement curves were collected as output. For each tissue examined, 
four specimens belonging to the Cl10 series were used. F specimens 
reached breakage during the test, whereas, for the FF specimens, the 
tests were interrupted at εapp ≈ 15%. The elaboration of the data 
involved the determination of the specimen initial compliance (see 
Fig. 2c) necessary for the “foot zone” correction procedure. For each 
cycle, the maximum apparent deformation applied, εapp,max,appl, the 
corresponding apparent stress, σapp@εapp,max,appl, and the residual 
apparent deformation after the unloading phase, εapp,res, which are 
regarded as the fundamental quantities for this kind of analysis, were 
determined as indicated in Fig. 2b. In particular, εapp,res was taken in 
correspondence of the last point of monotonic decrease on the unloading 
curve below the threshold value of P* = 0.5 N, where the specimen is 
considered as fully unloaded. In order to investigate the possible effect of 
the procedure adopted for the determination of εapp,res, a different data 
elaboration scheme was also used. According to this second approach, 
εapp,res was determined for each cycle by considering the point of 
reloading in the subsequent cycle (evaluated at the first point of 
monotonic increase), thus allowing longer recovery times. 

Flexural tests The flexural tests, in three-point bending configuration, 
were performed by using the same Instron machine used for the 
compression tests, this time equipped with a 500 N load cell. The tests 
were carried out in air, at room temperature, on specimens belonging to 
the RPL50 series (see Table 1). The specimens were positioned flatwise on 
supports properly lubricated with paraffin oil and a distance between 
the supports (span, S) of 40 mm was used. Specimen dimensions (refer to 
Table 1) were chosen by taking into account several aspects: (i) longer 
specimens (with a higher L) were hardly obtainable from the tissue H, 
and consequently L was fixed at 50 mm to use the same size for the 
specimens of the three different tissues; (ii) to reach a compromise be-
tween the need for a small specimen thickness, B, to contain the shear 
contribution in the test, and the need for a significant difference between 
the values of specimen thickness and width (B and W, respectively) and 
the maximum pore dimension (see Section 3.1), W was set at 10 mm 
(that is the side length of the smallest cubes used for the compression 
tests) whereas B was reduced at W/2 (the resulting S/B ratio was 8). For 
data-processing, reference was made to the beam theory (for an elastic, 
homogeneous and isotropic material), neglecting the porous nature of 
the systems, but attributing an “apparent” character to the mechanical 
quantities involved in the description of the response of the materials. 
The load vs crosshead displacement curve, output of the test, was con-
verted into an apparent stress vs apparent strain curve, with stress and 
strain determined in the outer fibers zone, at the specimen mid-length. 
The crosshead speed was chosen in such a way to obtain the same 
apparent strain rate of the compression tests (i.e. 0.05 min-1). From the 
stress vs strain curve of each specimen examined, an apparent flexural 
modulus, Eapp,f, was determined. 

3. Results and discussion 

3.1. Morphology and density 

Fig. 3 shows the external surfaces of specimens of the three different 

J. Agnelli et al.                                                                                                                                                                                                                                  



Biomedical Engineering Advances 5 (2023) 100073

5

bone tissues examined. It is important to point out that the images - 
collected by means of the microscope at the same magnification degree - 
can be considered as representative, for each tissue, of the material 
trabecular architecture that defines the porosity in terms of pore size and 
wall thickness, leaving the specific specimen structure - defined at 
Section 2.2.2 - out of consideration. At this degree of magnification, i.e. 
macroscopically, no pronounced difference appears in the morpholog-
ical characteristics of the three tissues. FF tissue (Fig. 3b) seems to be 
only slightly more porous than F (Fig. 3a) and H (Fig. 3c). Such small 
effect may be attributed to the demineralization process undergone by 
FF, that manifests itself in a small increase in pore size associated with a 
small decrease in wall thickness. However, the order of magnitude of 1 

mm for the maximum pore size and 0.1 mm for the wall thickness - 
consistent with [31] and [25] - can be considered as characteristic for all 
the systems under analysis. It has to be noted that a comprehensive study 
of the physical and morphological (at the micro-scale) characteristics of 
the bone tissues is being at present carried out by the authors. 

The output of the morphology-based classification method applied to 
the specimens (see Section 2.2.2) is reported in Tables 3–5, for F, FF and 
H tissues, respectively. For most of the specimens of F and FF tissues, one 
single MPDD aligned with a SPD - corresponding to 1Da-type structure 
(see Table 2) - was noticed. By contrast, for H tissue, the number of 
specimens exhibiting one single MPDD (1D) was the same as that of the 
specimens with two MPDDs (2D). For H, MPDDs resulted aligned with 

Fig. 2. Cyclic tests. The test input con-
sists in Machine Displacement, ur, vs 
Time, t, plot (a). The output of the test is 
a series of cycles expressed in terms of 
Load, P, vs Corrected Displacement, 
ucor, where ucor is obtained by shifting 
the data on the displacement axis after 
the specimen compliance was calcu-
lated as the maximum slope of the 
initial linear region (c). The procedure 
for the determination of the maximum 
apparent deformation applied, εapp,max, 

appl, the corresponding stress, σapp@εapp, 

max,appl, and the residual apparent 
deformation after the unloading phase, 
εapp,res, is reported as well (b).   

Fig. 3. Images of representative external surfaces of (a) , (b) and (c) specimens.  
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the SPDs and only specimens classified as either 1Da or 2Da were ob-
tained. Interestingly, for this tissue, only a few specimens exhibited a 
morphology that could be classified as 3D, whereas for F and FF tissues 
the number of specimens with a 3D structure was much larger (at least 
fourfold). The more pronounced propensity of developing a bi-oriented 
porosity showed by the H tissue might be due to the different anatomical 
position, with respect to that of F and FF tissues, which might be 
responsible for a more marked confinement degree experienced by the 
bone tissue, thus preventing the development of the trabecular archi-
tecture in multiple directions (3D-type structure). 

The apparent density data of the specimens are reported in Fig. 4. 
The FF tissue is characterized by smaller density values in comparison to 
the ones of F and H. Such outcome may be due to the substantial dif-
ferences in the mineral content, as well as to the slightly larger pore size 
and smaller wall thickness in the case of FF tissue compared to the non- 
demineralized F and H tissues. By considering the ρapp mean values, H 
appears denser than F; however, by taking into account the standard 
deviation of the data, this difference is not statistically representative. 
For the three different tissues, the degree of dispersion of the ρapp data 
around the mean value is included between the 20% and 30%. 

3.2. Mechanical response in compression 

3.2.1. Monotonic tests 
The σapp vs εapp curves of the different tissues examined (F, FF, H), 

obtained from monotonic (one-way) compression tests carried out on 

specimens belonging to the Cl10 series with structure of type 1Da, are 
reported in Fig. 5. With the aim of exploring the “testing direction effect” 
(see Section 2.2.3), for each tissue, part of the specimens was tested 
selecting the loading direction parallel to the specimen MPDDs, and part 
with the loading direction orthogonal to the MPDDs (see Tables 3–5). 
Darker and clearer curves refer to specimens tested in the former and in 
the latter manner, respectively. 

Tissues F (Fig. 5a) and H (Fig. 5c) show a similar response, which 
appears remarkably different from that of tissue FF (Fig. 5b). The former 

Table 3 
specimen population provided for the experimental campaign. A specific 

symbol convention, which is maintained throughout the whole paper, is used to 
gather and keep track of the information about specimen geometry, key 
dimensional parameters and model structure detected. Specimens of the Cl10 

series marked with and are not used for the investigation of the testing 
direction effect on the mechanical response, since they do not satisfy the 
orthogonality condition between MPDD and SPD. However, the -marked 
subset is used for the cyclic compression tests. A specific convention is adopted 
for the symbol edges: the yellow and grey border refers to specimens tested in a 
direction that is either orthogonal or parallel to a MPDD, respectively; on the 
contrary, non-outlined symbols stand for specimens where the above condition 
could not be met. The numbers indicated for each series represent the total 
population of specimen supplied as well as, more in detail, their amount for each 
structure type detected.  

Table 4 
specimen population provided for the experimental campaign. See Table 3 for 

details. In addition: the specimen marked with is excluded from the analysis 
due to intrinsic shape defects that prevented from obtaining reliable results.  

Table 5 
specimen population provided for the experimental campaign. See Table 3 for 

details.  
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tissues exhibit a brittle-like behaviour, with the σapp vs εapp curve 
showing an initial linear region, followed by a non-linear zone that 
generally precedes an abrupt stress drop associated with the failure of 
the specimen. The failure takes place at σapp = σapp,f, corresponding to a 
level of εapp generally lower than 4%, and it can occur with the forma-
tion of scraps that rapidly abandon the specimen under testing. This is 
clearly visible in Fig. 6, which shows deformed specimens after the 
compression test, for the three different bone tissues (one representative 
specimen for each tissue). On the F specimen, the regions generated by 
the separation of small fragments of bone tissue, occurred at failure, can 
be clearly noticed; the H specimen, at failure, even split in two parts. 

By contrast, the response of FF is characterized by the achievement of 
a relatively high level of εapp (even ten times higher than the εapp at 
failure showed by F and H specimens) without showing any sign of 
brittleness, at least at a macroscopic scale (see Fig. 6); interestingly, 
most of the applied deformation was not recovered after the load 
removal. A typical σapp vs εapp curve of a FF specimen shows an initial 
linear region, followed by a non-linear region that gives rise to a very 
broad peak preceding a zone generally characterized by irregular broad 
oscillations around a quasi-constant level of σapp, extending up to the 
test interruption. The level of σapp reached at the broad peak is taken as 
representative of the stress at failure of the specimen, and it is indicated 
with σapp,f. At the macromechanical level, the FF specimens failure is 
quite similar to the one exhibited at yielding by a material with an 
elastic-plastic behaviour (see for example [32]). This suggests, with 
reference to FF, to talk about plasticity, whose specific characteristics 
are analyzed in the following. In this paper, the failure exhibited by FF 
specimens is referred to as a ductile-like failure. The levels of σapp,f of FF 
specimens can be even one order of magnitude lower than those of F and 
H specimens. The effect of the demineralization on the mechanical 
response of cancellous bone tissues was analyzed also by Chen and 
McKittrick [30], on tissues from bovine femur. The effect they observed 
is qualitatively consistent with that noticed in the present paper for the 
equine femur bone tissues. A comparison between the values of stiffness 
and strength measured in [30] and those measured here is presented 
below in this section. 

From a comparative analysis of darker and clearer curves in Fig. 5, it 
emerges that the testing direction (either parallel or orthogonal to the 
MPDDs) seems to produce only a weak effect on the σapp vs εapp curves. 
The data of stiffness (Young’s modulus, Eapp, see below) and strength 
(indicated with σapp,f) measured along the two different testing di-
rections are reported in Table 6 (mean values ± standard deviation). It 
emerges that, for each type of bone tissue, the mean values of Eapp and 
σapp,f measured along a direction parallel to the MPDD are higher than 

Fig. 4. Apparent Density, ρapp, of the bone tissue ( , , ) specimens under 
analysis (see Tables 3–5 for a complete recap of the symbol convention adop-
ted). The thick coloured lines show the mean ρapp value associated to each bone 
tissue, while the standard deviation band is represented by means of thin lines 
(with respect to the chromatic convention). 

Fig. 5. Apparent Stress, σapp, vs Apparent Strain, εapp, curves from compression 
tests on specimens belonging to the Cl10 series with structure of type 1Da of (a) 
, (b) and (c) bone tissue. For each tissue, darker/clearer curves refer to 

specimens tested in parallel/orthogonally to their MPDDs, respectively. A ver-
tical line at εapp = 1.9% (see text at Section 3.2.2) is traced as well. 
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those measured along a direction orthogonal to the MPDD. Nevertheless, 
considering the standard deviations, these differences can not be 
considered statistically significant. For the H tissue only, also the data 
coming from the tests carried out on the 2Da-type specimens, tested 
along the two different directions, were taken into account. 

For each type of tissue examined, the mechanical response exhibited 
under monotonic compression by the Cl10 specimens with structure of 
1Da (Fig. 5) is representative of the response showed by any other 
specimen with a different geometry and/or structure (see Section 2.2.3 
and Tables 3–5). A value of apparent elastic modulus, Eapp, index of the 
mechanical stiffness of the material, was determined from the slope in 

the initial linear region of the σapp vs εapp curve. Figure 7 shows a bi- 
logarithmic plot of Eapp as a function of the apparent density, ρapp, for 
all the specimens of the three tissues. The three series of data-points mix 
with each other, practically drawing one single linear trend. The fact 
that H and F data-points could result mixed with each other was ex-
pected, considering that the two tissues do not show significant differ-
ences in the morphological characteristics (at a macroscopic level) as 
well as in the mineral content. By contrast, the fact that FF data-points 
mix with those of the other two tissues was rather unexpected. This 
outcome seems to indicate that, after the demineralization treatment, 
the resulting material stiffness varies with ρapp with the same law as in 
the non-demineralized tissue. At small strain levels, FF behaves as a less 
dense F. Interestingly, the stiffness of the bone tissues here examined is 
governed by the tissue density, with specimen geometry and material 
structure only playing a secondary role. More specifically, with refer-
ence to the specimen geometry and dimensions explored (see Section 
2.2.3 and Tables 3–5), no evident “size” (for C specimens) or “height 
effect” (for SP specimens) is observed. For a given geometry, if speci-
mens with different structures are considered, no clear influence of the 
structure is detected. Further, where different loading directions are 
analyzed, by considering the ρapp-dependence of Eapp, even the “testing 
direction effect” appears overshadowed. 

Based on the scientific literature [33], a linear trend in a 
bi-logarithmic chart was expected, and a power law best fitting curve 
was forced to the experimental data, without regard to tissue type, 

Fig. 6. Failure patterns of , and Cl10 representative specimens from monotonic (one-way) compression tests.  

Table 6 
Mean values ± standard deviation of Apparent Elastic Modulus, Eapp, and 
Apparent Failure Stress, σapp,f, from compression tests on Cl10 specimens with 
1Da only (F, ) and 1Da/2Da ( ) structure carried out with loading direction 
parallel (||) and orthogonal (⊥) to the MPDDs.  

Fig. 7. Apparent Elastic Modulus, Eapp, vs Apparent Density, ρapp, plot from monotonic (one-way) compression tests carried out on , and specimens (see 
Tables 3–5 for a complete recap of the symbol convention adopted). The black line represents the unique power law best fitting curve - whose equation and regression 
coefficient are reported as well - forced on all specimens, while the coloured dashed lines stand for the trends of the single bone tissues data-points. 
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specimen geometry and structure, and loading direction. The fitting 
equation and the correlation coefficient of the regression are reported in 
Fig. 7. Eapp can be expressed as proportional to ρapp raised to a power, n, 
of 1.86, which is included within the n-range expected for cancellous 
bone tissues (n = 1÷3), as predicted by the applications of the models 
developed to describe the elastic response of cellular solids [33]. Rice 
et al. [34], who worked on experimental data, pointed out that, statis-
tically, Eapp is proportional to the square of ρapp (n = 2) for cancellous 
bone. Such outcome is still well established in the scientific literature 
[25,35]. Even though the variation of ρapp observed for each tissue 
examined is rather limited, a power law best fitting curve was forced to 
the experimental data-points of each tissue as well. n-Values of 1.80, 
1.55 and 2.54 were obtained for F, H, and FF tissue, respectively. In spite 
of small differences, all these n-values are well included within the range 
expected for cancellous bone tissues [20,34,36,37]. 

Fig. 8 shows the σapp,f data plotted as a function of ρapp for all the 
specimens of the three different tissues, in a bi-logarithmic chart. The 
data-points of F and H tissues mix with each other, practically drawing 
one single linear trend, whereas FF data-points, still outlining a linear 
trend, keep separate from the others. This evident separation might be 
related to the two different failure types observed for the specimens of 
the F and H tissues on one side (brittle-like failure), and for the FF 
specimens (ductile-like failure) on the other. The results indicate that 
the material density governs not only the material stiffness, but also the 
material strength (here represented by σapp,f). Specimen geometry and 
structure, and loading direction only play a secondary role. For the 
specimens of F and H with the highest density levels, with structure of 
type 1Db, 2Db or 3D, a possible contribution of shear on the material 
strength could not be completely ruled out [33]. For these structures, 
under compression, the loading direction was not aligned with the 
principal material direction and this could result in potential coupling 
with shear. No significant difference is noticed between the strength 
measured on structures of type 1Da or 2Da (loaded along a direction 
parallel/orthogonal to that of trabecular orientation) and the strength 
measured on structures of type 1Db, 2Db or 3D, as data points mix with 
each other. This seems to suggest that in the structures of the latter type, 
if shear contributed to the mechanical failure, its contribution remains 
overshadowed. Based on the scientific literature [33], a linear trend in a 
bi-logarithmic chart was expected for strength vs apparent density data. 
A power law best fitting curve was forced to the two different series of 
data (F and H data on one side and FF data on the other). The fitting 
equations and the correlation coefficients of the regressions are reported 
in Fig. 8. 

In Fig. 9, the specific strength (σapp,f normalized over ρapp) is plotted 
against the specific stiffness (Eapp normalized over ρapp). Interestingly, 
the data points, associated to different failure mechanisms (brittle- and 
ductile-like failure, for F/H and FF, respectively), draw a unique trend. 
The only exception is represented by the data points of F and H corre-
sponding to specimens with the highest length (SPh30 series), which tend 
to keep separate from the others. The results, represented in this way, 
suggest that the use of specimens with a relatively high height-to-width 
ratio (3:1) leads to observe a decrease in the specific compression 
strength for cancellous bone tissues exhibiting a brittle-like failure. 

A comparison of the values of stiffness and strength of the bone tis-
sues here examined with those of other mammalian cancellous bone 
tissues (data from literature) can be of interest. Chen and McKittrick 
[30] measured data of stiffness and strength on bovine femur bone tis-
sues, both demineralized and not. The fact that they used mechanical 
testing conditions very similar to those adopted in the present experi-
mentation allows a direct comparison of the data (at given levels of 
density). For the density level corresponding to the average value 
measured for the specimens of the F tissue (see Fig. 4), stiffness and 
strength of the bovine tissue result of 690 MPa and 13 MPa, respectively, 
whereas they are 340 MPa and 7 MPa for the equine F tissue, respec-
tively (data from fitting line equations). By comparing the data of 
stiffness measured after demineralization - and leaving apart the 
possible difference in the degrees of demineralization of the two tissues - 
the difference observed is strongly reduced: 66 MPa for the bovine 
against 48 MPa for the equine FF tissue (data from fitting line equa-
tions). A wide series of data of stiffness and strength of cancellous bone 
tissues collected from several literature papers, of bovine and human 
origin, is reported by Gibson and Ashby [33] in a graphical form. These 
data refer to trabecular bone tissues coming from different anatomical 
sites and tested in a variety of different conditions, including tempera-
ture, strain rate and environment. By comparing the values of stiffness 
and strength measured in the present work (for F, FF and H) with those 
reported in [33], a good agreement is observed between the two sets of 
data. This outcome indicates that, at least from the mechanical point of 
view, the equine bone tissues here examined can be regarded as valid 
substitutes for the human cancellous bones. In [20], data of stiffness for 
bovine, equine and human cancellous bone tissues (non-demineralized) 
are reported. In this case, only an approximate comparison with the data 
measured on the equine bones tissues here examined can be done. 
Indeed, data from [20] were measured under compression but using 
testing conditions significantly different from those adopted here - with 
reference to testing temperature and humidity. The stiffness measured 

Fig. 8. Apparent Failure Stress, σapp,f, vs Apparent Density, ρapp, plot from monotonic compression tests carried out on , and specimens (see Tables 3–5 for a 
complete recap of the symbol convention adopted). The blue dashed line represents the power law best fitting curve to data-points, while F and H are described by 
a unique trend (orange dashed line). The equation of the curves and the regression coefficients are reported as well. 
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for the F tissue turns out to be smaller - to an extent that is 30%, 46% and 
38% - than that measured on bovine, equine and human tissues, 
respectively. 

In consideration of the peculiar response exhibited by the FF tissue 
under compression, which shows a sort of plasticity at the macro-
mechanical level, its large deformation behaviour was further investi-
gated by resorting to a more local approach. A FF specimen belonging to 
the C series (Cl30 with 1Da-type structure) was selected and a nearly 
rectangular area (reference area) was marked in black on one of its 
lateral faces (parallel to the loading direction), as reported in Fig. 10. A 
picture of the reference area, representative of the material in the un-
deformed state, was taken by means of the DMS 300 Leica microscope 
(Fig. 10a). Then, the specimen was subjected to the compression test, 
following the usual testing procedure, and it was rapidly unloaded after 
reaching a level of εapp ≈ 30%. Only a small part of the applied defor-
mation was recovered after load removal. After 30 minutes, a second 
picture of the reference area, representative of the material in the per-
manent deformed state, was taken (Fig. 10b). The borders of some cells 
were marked with a colored line to facilitate the comparison between 
the two pictures, from which the effects of the deformation history un-
dergone by the specimen could be deduced. It emerges that the per-
manent character of the deformation observed at a macroscopic scale, 
which is at the basis of the apparent plasticity exhibited by FF tissue, is 
associated with a pronounced size variation of the cells accompanied by 
distortion of the cell borders. Localized breakage of single trabeculae can 
even occur, as it clearly emerges at the border between the orange- and 
blue-marked cells, where fracture seems to originate from a local defect 
in the cell wall. 

3.2.2. Cyclic tests 
Fig. 11 shows representative load vs displacement curves, with the 

displacement properly corrected for the curve “foot zone” (see Section 
2.2.3), from compression cyclic tests carried out on a FF (Fig. 11a) and a 
F specimen (Fig. 11b). FF and F clearly show a different response in 
terms of load and displacement levels achieved (F specimens exhibited 
breakage generally after no more than 15 cycles). In Fig. 12 the residual 
apparent deformation recorded after the unloading phase of each 
specimen, εapp,res, is plotted as a function of the maximum apparent 
deformation applied, εapp,max,appl, in each cycle (see Section 2.2.3 for the 
data processing details). The apparent stress read at the maximum 
apparent deformation applied, σapp@εapp,max,appl, is also plotted against 
εapp,max,appl. The values of ρapp of the various specimens are indicated in 
the figure. 

A clear similarity emerges between the trend of a generic σapp vs εapp 
curve obtained from a monotonic (one-way) compression experiment 
(see Fig. 5) and the trend outlined in Fig. 12 by the σapp@εapp,max,appl 
data plotted against εapp,max,appl. For F specimens, a pronounced vari-
ability of the response with ρapp can be clearly observed: the higher the 
density, the higher is the stress reached at a given level of εapp,max,appl. A 
qualitatively similar observation also applies to FF, even though the 
effect of ρapp is less pronounced, and it emerges less clearly due to the 
graph scale. 

The analysis of the data coming from the cyclic tests is based on the 
idea that the εapp,max,appl applied to the specimen during a generic cycle 
can be seen as the sum of two contributions: a recoverable contribution, 
which is recovered at load removal, and a residual strain contribution, 
which is “stored” in the specimen and is represented by εapp,res. In 
consideration of the viscoelastic nature of bone tissues (see [38–42]), a 
possible effect of the strain history experienced by the material under 
investigation in an experiment aimed at separating the residual strain 
contribution from the recovered one should not be completely ruled out. 
Therefore, the results obtained in the cyclic experiments carried out in 
the present work should be related to the specific strain history expe-
rienced during the test. Further, taking into account that, for these 
materials, strain recovery is expected not to be an instantaneous event 
but a time-dependent process, a possible effect of the procedure adopted 
for the determination of the values of εapp,res cannot be excluded. In 
connection with this, a comprehensive study of the viscoelastic response 
of the bone tissues examined is at present being carried out by the 
authors. 

From Fig. 12 it emerges that FF and F data of εapp,res plotted against 
εapp,max,appl tend to overlap (with the only exception of the FF specimen 
with the highest ρapp), practically drawing one single trend, with εapp,res 
equal to 0 if εapp,max,appl is less than ≈ 2%. Interestingly, no appreciable 
difference is observed in the response, at least up to F specimens 
breakage. These results seem to point out not only the negligible effect of 
tissue density on the εapp,res vs εapp,max,appl relationship, but also that the 
differences between FF and F do not produce any appreciable variation 
on the residual strain accumulation process, in a cyclic test with an 
increasing level of applied strain. By considering that FF and F differ 
slightly for the morphology (at least at a macroscopic scale), but largely 
for the mineral content, it is reasonable to think that the mineral part of 
the material does not control the residual strain accumulation process in 
this kind of tests. Interestingly, the strain storage process, which should 
be in charge of the collagenous part, seems to be unaffected by the 
weight fraction of collagen in the bone tissue. The ability of F tissue to 

Fig. 9. Specific Apparent Failure Stress (Specific Strength), σapp,f/ρapp, vs Specific Apparent Elastic Modulus (Specific Stiffness), Eapp/ρapp, plot from monotonic 
compression tests carried out on , and specimens (see Tables 3–5 for a complete recap of the symbol convention adopted). Data points referring to specimens 
with the highest height-to-width ratio (3:1) exhibiting a brittle-like failure (F, H) are outlined in purple. 
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accumulate unrecoverable strain before the specimen brittle breakage 
seems to indicate that the term plasticity could be used in its own right 
with reference to this brittle-like tissue as well. This observation is in 

general agreement with the scientific literature (see for example [26, 
43]) which, with reference to non-demineralized cancellous bone tis-
sues, ascribes the elastic-plastic behaviour exhibited by the tissue at the 
macromechanical level to the cellular structure of the material, whose 
trabeculae are, by contrast, made of perfectly brittle material. By means 
of a computer-based extrapolation procedure, the value of εapp,max,appl at 
which a residual deformation starts accumulating, indicated with εapp, 

max,appl,i, was determined for each specimen tested. From the values of 
εapp,max,appl,i obtained for the various specimens, irrespective of the tis-
sue type, an average value was calculated and resulted of (1.9 ± 0.43)%. 

By resorting to a different procedure for the determination of εapp,res 
(see Section 2.2.3), in which the residual deformation was calculated 
from the loading phase curve of the cycle subsequent to the one under 
examination, different (smaller) levels of εapp,res were obtained (the 
maximum difference between the data of εapp,res determined with the 
two different data elaboration schemes is ≈ 10%). This is the proof of the 
ability of the materials under investigation to exhibit a gradual strain 
recovery over time after specimen unloading. Interestingly, even if 
slightly different data of εapp,res were determined from the application of 
this second procedure, the value of εapp,max,appl,i resulted unchanged by 
considering the standard deviation of the data, thus suggesting that this 
parameter might result independent of the time allowed for strain 
recovery. 

The ρapp-dependence of the stress at which residual deformation 
starts accumulating in the monotonic (one-way) compression tests was 
also investigated. εapp,max,appl,i was assumed to be independent of spec-
imen geometry and structure, and loading direction, and the stress value 
corresponding to εapp = 1.9% (which is the average value of εapp,max,appl, 

Fig. 10. Pictures of the lateral face of a specimen in (a) the undeformed state 
(before a compression test) and in (b) the deformed state (30 minutes after the 
load removal). The specimen belongs to the Cl30 series. A specific portion of the 
specimen - on which the attention is focused - is framed in black. Coloured 
outlines are used to highlight the cells of the bone tissue and to point out the 
changes in shape and size due to the test. 

Fig. 11. Output loading curves from cyclic compression tests performed on (a) and (b) specimens belonging to the Cl10 series. The specimen compliance lines are 
represented in black (see Fig. 2c). 

Fig. 12. Stress at Maximum Apparent Deformation, σapp@εapp,max,appl, (X) on 
the left axis, and Residual Deformation, εapp,res, (•) on the right axis, as a 
function of the Maximum Apparent Deformation, εapp,max,appl, plots from the 
cyclic compression tests carried out on four different specimens of and 
tissues. The values of the ρapp of the various specimens are also indicated. 
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i) was read on the σapp vs εapp of each specimen (see Fig. 5). These stress 
data were then represented as a function of the specimen ρapp in a bi- 
logarithmic chart (graph not showed) and it was observed that F and 
FF data points mixed with each other to draw a trend that could be 
considered linear, and a power law best fitting curve was forced to all 
the experimental data. A value of n = 1.88 was obtained. The fact that 
the data-points drew a single linear trend, with a n-value quite close to 
that of the power law expression obtained for the Eapp data plotted as a 
function of ρapp, was expected by considering that the level of εapp at 
which residual deformation starts accumulating is quite close to, or even 
within, the initial linear region of the σapp vs εapp curve (see Fig. 5). 

3.3. Mechanical response in bending 

Fig. 13 shows the Eapp,f data plotted as a function of ρapp for all the RP 
specimens of the three different tissues examined, in a bi-logarithmic 
chart. It can be observed that the 15 data-points tend to draw one sin-
gle linear trend. Following what was done for the compression stiffness, 
Eapp, data (see Section 3.2.1), a power law best fitting curve was forced 
to the experimental data without regard to tissue type and specimen 
structure (fitting equation and correlation coefficient of the regression 
are reported in Fig. 13). The exponent, n, of the power law expression (n 
= 2.08) is not significantly different from the exponent of the Eapp vs ρapp 
power law fitting curve (n = 1.86), also traced in Fig. 13 as a dashed 
black line. Even though all the data-points of Eapp,f keep above the Eapp 
vs ρapp fitting line, the difference between Eapp,f and Eapp at a given level 
of ρapp is very small, especially by taking into account the scattering 
observed for Eapp vs ρapp data-points (see Fig. 7), reported as black dots 
in Fig. 13. This seems to indicate that the mechanical stiffness is the 
same in tension and compression. Further, in the case of the tissues 
presenting a brittle-like failure (F and H), the relationship between the 
flexural stress at failure and the apparent density was studied as well. 
The data-points obtained perfectly overlap on those from compression 
tests (graph not showed). Thus, for F and H, and also for FF with 
reference to the stiffness, no significant difference is observed in the 
mechanical response in the two test configurations. These are interesting 
results by considering that: (i) in a bending test on a cellular material the 
stress state experienced by the material is expected to be particularly 
complex; (ii) the specimen used in the flexural tests carried out in the 
present work was not slender (see Section 2.2.3). 

4. Conclusions 

In this work, the mechanical behaviour of three cancellous bone 
tissues used for the manufacturing of commercial heterologous bone 

grafts, obtained from equine bones (femur and humerus) after specific 
treatments, was investigated. Both small and large strains (at failure) 
were explored, by means of compression tests in quasi-static conditions. 
Three point bending tests were also carried out. 

Compression tests pointed out that, when the mineral content in the 
tissue is unmodified with respect to the bone of origin, a brittle-like 
behaviour is observed, irrespective of the anatomic site, whether 
femur or humerus. If the tissue (femur) is markedly demineralized to 
obtain a material suitable for the manufacturing of highly compliant 
grafts, a completely different behaviour, recalling the response of an 
elastic-plastic material, at least at the macromechanical level, is 
observed. At small strains, the material stiffness evaluated under 
compression is governed by the apparent density of the tissue according 
to a power law relationship, with the data-points coming from the three 
different tissues practically drawing a unique trend. The structure of the 
tissue (classified according to a criterion based on the evaluation of 
possible main orientations of the macro-pores), the loading direction 
with respect to that of the macro-pores (in specimens with a clearly 
oriented macro-structure), and the specimen geometry and dimensions 
turned out to play only a secondary role. In connection with this, it is 
worthwhile to remark that, for each type of tissue, the specimens tested 
could differ largely for the structure (macro-porosity orientations); 
however, the effect of the structure on the tissue stiffness turned out to 
be rather limited. The general agreement observed between the data of 
stiffness evaluated under compression and those coming from three- 
point bending tests seems to indicate that, interestingly, this latter 
type of test might be considered as a reliable approach for the study of 
the small strains response of the tissues under analysis. This observation 
holds in spite of the more complex state of stress intrinsically associated 
to a solid with a cellular structure subjected to bending, and further 
increased by the non-slenderness character of the specimens available. 

The different failure types exhibited under compression by the non- 
demineralized tissues (femur and humerus) on one side, and by the 
demineralized tissue (femur) on the other - a brittle-like and a ductile- 
like failure, respectively - relate with two clearly different trends 
when the stress at failure of the tissue (index of the material strength) is 
plotted against its apparent density. For each series of data, the trend can 
be successfully described by a power law function, with macro-structure, 
loading direction and specimen geometry and dimensions playing also 
in this case only a minor role. 

Cyclic tests carried out on the tissues obtained from femur high-
lighted that plasticity can occur under compression, irrespective of 
whether the tissue has undergone the demineralization treatment or not. 
Interestingly, the residual (permanent) strain accumulation process 
appears independent from the mineral content of the tissue, and 

Fig. 13. Apparent Flexural Modulus, Eapp,f, vs Apparent Density, ρapp, plot 
from bending tests carried out on , and RPL50 specimens (see Tables 3–5 
for a complete recap of the symbol convention adopted). The orange line 
represents the unique power law best fitting curve - whose equation and 
regression coefficient are reported as well - forced on all RPL50 specimens. The 
black dashed line is the Eapp vs ρapp power-law best fitting curve forced on all 
the data-points (black dots) coming from monotonic (one-way) compression 
tests (see Fig. 7).   
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therefore from its apparent density. This strain accumulation process 
starts when the apparent deformation applied to the material exceeds 
the threshold value of ≈ 1.9%. 

The outcomes of the present paper form the basis for a subsequent 
work (already in progress) on the study of the structural integrity of the 
tissues here examined, under the framework of the fracture mechanics. 
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