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Abstract
No agreement on the choice of the failure criterion to adopt for the bone tissue can be found in the literature among the ﬁnite element
studies aiming at predicting fracture risk of bones. The use of stress-based criteria seems to prevail on strain-based ones, while basic bone
biomechanics suggest using strain parameters to describe failure. The aim of the present combined experimental-numerical study was to
verify, using subject-speciﬁc ﬁnite element models able to accurately predict strains, if a strain-based failure criterion could identify the
failure patterns of bones.
Three cadaver femurs were CT-scanned and subsequently fractured in a clinically relevant single-stance loading scenario. Loaddisplacement curves and high-speed movies were acquired to deﬁne the failure load and the location of fracture onset, respectively.
Subject-speciﬁc ﬁnite element models of the three femurs were built from CT data following a validated procedure. A maximum principal
strain criterion was implemented in the ﬁnite element models, and two stress-based criteria selected for comparison. The failure loads
measured were applied to the models, and the computed risks of fracture were compared to the results of the experimental tests.
The proposed principal strain criterion managed to correctly identify the level of failure risk and the location of fracture onset in all the
modelled specimens, while Von Mises or maximum principal stress criteria did not give signiﬁcant information. A maximum principal
strain criterion can thus be deﬁned a suitable candidate for the in vivo risk factor assessment on long bones.
r 2007 Elsevier Ltd. All rights reserved.
Keywords: Subject-speciﬁc ﬁnite element models; Maximum principal strain; Failure criteria; Bone biomechanics; In vitro failure tests; Experimental
validation

1. Introduction
In general, the strength of a whole bone can be
characterised through internal (shape, bone tissue distribution and bone tissue properties) and external determinants
(namely, the loading conditions) (Cody et al., 1999). The
development of subject-speciﬁc ﬁnite element (FE) models
from computed tomography (CT) data is a powerful tool
to non-destructively investigate bone strength in vivo:
actually, subject-speciﬁc FE models are capable to include
most of the internal parameters which contribute to bone
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strength and simulate the inﬂuence of general and variable
external boundary conditions (Taddei et al., 2003, 2006).
Hence, in principle, subject-speciﬁc FE models of bones
could be able to predict a fracture risk of a speciﬁc
bone segment under any generic loading condition
(i.e., a measure of how far the structure is from failure).
However, this is still an open challenge.
So far, it has been proven that FE models perform better
than densitometric measurements in the explanation of
the failure load variability among different subjects (Cody
et al., 1999; Crawford et al., 2003), and consistent results
have been achieved in the prediction of the bone strength,
but only under a speciﬁc loading condition (Keyak et al.,
2005). These models may be prospectively useful in all
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cases where a comparative study is needed (e.g., screening
of a target population, as osteoporotic subjects, against an
average population (Testi et al., 2002), or to evaluate a
pharmacological treatment (Cody et al., 2000)). Their
principal limitation is however the lack of generality. In
fact, their aim was either to replicate the load-displacement
curve obtained in an experimental test (Keyak, 2001;
Keyak et al., 2005), or to predict the experimentally
determined failure load as a function of the global
model stiffness (Cody et al., 1999; Crawford et al., 2003).
In any case, the simulation strategies adopted were strongly
linked to the speciﬁc loading condition applied in the
experimental tests. More general models are needed to
predict and localise the fracture risk for a bone segment
under a generic loading condition (e.g., including muscles).
This implies implementing a bone tissue failure criterion
and a structural collapse criterion. Several authors
addressed this issue, but many of them did not include a
validation against experimental tests (Ford et al., 1996;
Oden et al., 1999; Pietruszczak et al., 1999; Taddei et al.,
2003), which is a mandatory step for clinical consideration
(Viceconti et al., 2005). Some studies reported a comparison with experimental measurements (Gomez-Benito
et al., 2005; Keyak and Rossi, 2000; Keyak et al., 1998;
Lotz et al., 1991a, b; Ota et al., 1999). However, no
conclusive answer on the methodology to apply can be
derived from those works: in (Gomez-Benito et al.,
2005) FE and experimental results could not be compared on a specimen basis since only one model was
used to represent a cohort of experimentally tested
femurs; in (Keyak et al., 1998; Ota et al., 1999) the failure
load prediction signiﬁcantly underestimated the actual
values; in (Lotz et al., 1991a, b) the failure load was
quite accurately predicted but neither the fracture location nor the failure behaviour were correctly identiﬁed
when a linear model was used; the non-linear modelling
procedure (Lotz et al., 1991b) succeeded in capturing
also the actual failure patterns but relied on a targeted
CT-scanning procedure, which included the specimen
rotation during the CT scan so as to align the femoral
axis and the CT-scan axis, and is therefore not clinically
applicable.
These studies, irrespectively of the modelling strategies
adopted, differed in the speciﬁc strength criterion chosen
for the bone tissue, that was however almost always based
on stress parameters. Keyak (2001) and Keyak et al. (1998,
2005) applied a distortional energy (von Mises stress)
criterion. Lotz et al. (1991a, b) used a von Mises stress yield
criterion for cortical bone in conjunction with an Hoffmann stress criterion, or a more complicated crushingcracking stress criterion for trabecular bone. Ota et al.
(1999) adopted a principal stress criterion. Finally, GomezBenito et al. (2005) proposed an anisotropic stress criterion
including fabric tensor information. Only two validation
studies on whole bones investigated the possibility of
applying strain-based criteria and compared their performance with stress-based ones (Keyak and Rossi, 2000;
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Lotz et al., 1991a). The outcomes were discordant: in (Lotz
et al., 1991a) the adoption of a von Mises strain criterion
improved the predictions, with respect to a Von Mises
stress criterion; in (Keyak and Rossi, 2000), the strain
criteria tested (Von Mises and maximum principal) led to
worse accuracy with respect to the homologous stress
criteria.
Recent advances in basic bone biomechanics proved the
effectiveness of strain-based criteria to describe yield or
failure of bone tissue (at least in normal bone, showing
normal degree of mineralisation and no genetic alterations): bone failure has been shown to be driven by
deformation (Nalla et al., 2003; Taylor, 2003), there is a
growing consensus on the substantial isotropy of yield
strain and on its invariance to density (Bayraktar et al.,
2004b; Chang et al., 1999; Cowin and He, 2005; Currey,
2004; Kopperdahl and Keaveny, 1998), and a strain-based
criteria managed to well ﬁt mono- and multi-axial
experimental data (Bayraktar et al., 2004a). Thus, it seems
advisable to implement strain-based criteria in FE
models of bone for the prediction of fracture risk. The
discordant results found for strain-based criteria performance in Keyak and Rossi (2000) and Lotz et al.
(1991a) may be explained by the limited strain prediction
accuracy of the models used (R2o0.7), that may have
hindered a correct evaluation of strength criteria. Therefore, there is the need to compare the performance of
stress and strain-based criteria in an independent study
on validated FE models. In a former study, the authors
have developed a subject-speciﬁc modelling procedure
capable to accurately predict (R2 ¼ 0.91, regression
slope ¼ 1.01, root mean square error ¼ 10%) strain
levels in long bones under a variety of loading conditions
(Schileo et al., 2007).
The aim of the present work is to verify the possibility
of using a maximum principal strain criterion to identify
fracture patterns in the framework of an automatic
modelling procedure for subject-speciﬁc FE models of
bones, and compare its performance with two stress-based
criteria derived from the literature. This aim was pursued
by comparing the results of previously validated subjectspeciﬁc FE models with measurements obtained on
three cadaver femurs loaded to fracture in vitro under a
loading scenario aimed at replicating spontaneous fractures
(Cristofolini et al., 2007).
2. Materials and methods
2.1. Specimen details and diagnostic assessments
Three cadaver femurs, harvested fresh (Table 1), were obtained (IIAM,
Jessup, PA, USA) (preserved wrapped in a cloth soaked with physiological
solution throughout all the experimental tests and kept at 25 1C when
not in use (Evans, 1973)).
All the specimens were CT-scanned (HiSpeed, GE Co., USA) (Table 2)
and subjected to dual energy X-ray absorptiometry (DEXA) (Eclipse,
Norland Co., USA). They fell in the range from osteopoenia to severe
osteoporosis (AJM, 1991) (Table 1).
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Table 1
Detailed donor data and specimen information
Specimen no.

Sex

Age at death

Donor height (cm)

Body weight (N)

DEXA assessment (T-score)

1 (right)
2 (left)
3 (left)

Male
Male
Male

71
82
73

178
175
175

893
765
716

1.87
4.09
4.10

The donors had no reported history of muscle-skeletal diseases. The DEXA in the head-neck region is reported in terms of T-score, which is the number
(and sign) of standard deviations from the mean reference for young and healthy population.

2.3. Subject-specific finite element models generation

Table 2
The CT protocol details
Scanning mode

Helical

Slice thickness

1 mm from femoral head to little trochanter
5 mm in the diaphysis
1.3 from femoral head to little trochanter
1.5 in the diaphysis
1.3 mm from femoral head to little trochanter
5 mm in the diaphysis
0.59 mm
160 mA
120 kVp

Pitch
Reconstruction spacing
Pixel dimension
Tube current
Voltage

Peak voltage and tube current levels are typical of clinical examinations.
The femurs were immersed in water to prevent beam-hardening effects.

2.2. Experimental tests
Extensive reference is made to the work of Cristofolini et al. (2007) in
which the experimental fracture tests are described. Only the information
relevant to the coupling between experiments and FE computation is
explicitly reported below.
2.2.1. Loading scenarios
A load was applied at the femoral head, simulating the reaction force
acting at the hip joint. Load was applied tilting the specimens 81 in the
frontal plane (Fig. 1). This conﬁguration has shown to replicate clinically
relevant spontaneous fractures of the proximal femur (Cristofolini et al.,
2007).
2.2.2. Load application and measurement protocol
The femoral condyles were potted in a steel box with dental
cement (Cristofolini et al., 2007). A copy of each femoral head
was prepared with dental cement (covering 1/5 head diameter) to
allow uniform load transfer from the actuator to the head. Load
was applied, through a system of rails to avoid transmission of horizontal force components, at a constant displacement rate of 2 mm/s,
which resulted in the femurs failing within 2–4 s. Load and displacement were recorded at 1000 Hz by the testing machine (8502, Instron,
Inc., USA). The error affecting the measured failure load was
of 2.6%. This includes the intrinsic uncertainty of the testing machine
(o0.5%), as well as the errors caused by the transient recorded upon
failure.
To observe the location of fracture onset, a high-speed camera
(FastCam-X1024PCI, Photron, UK) operating at 3000–9000 frames
per second throughout each destructive test was used. The camera
monitored (with an average spatial resolution of 0.2 mm 
0.2 mm) directly the supero-lateral neck aspect and indirectly (through
two mirrors) the antero-medial and postero-medial neck aspects
(Fig. 1).

The generation of the FE models from the CT dataset was performed
similarly to Schileo et al. (2007) and Taddei et al. (2006). CT datasets
were segmented (Amira 3.1.1, Mercury Computer Systems Inc., USA),
resulting in the deﬁnition of bone geometry through faceted surfaces.
A mathematical description of the faceted surfaces was obtained with
NURBS (Non-Uniform-Rational-B-Splines) curves (Geomagic Studio v.
7, Raindrop Geomagic, Inc., USA) and ﬁnally FE unstructured meshes
(10-noded tetrahedra) (Fig. 2) were automatically generated using an
advancing-front algorithm (HyperMesh v. 7, Altair Engineering, Inc.,
USA). Analyses were performed using Ansys (v. 9.0, Ansys, Inc., USA).
Each CT dataset was calibrated using the European Spine Phantom
(Kalender, 1992). Inhomogeneous material properties were mapped onto
the FE models with the BoneMat_V3r (www.biomedtown.org/biomed_
town/B3C_Building/products/bonemat/) software (Taddei et al., 2007).
The elastic modulus was obtained from a density-elasticity relationship which has been shown to produce accurate strain prediction (Schileo
et al., 2007):
E ¼ 6:950r1:49
app

ðfemoral neck specimensÞ;

where elastic modulus (E) is expressed in GPa (Morgan et al., 2003), and
apparent density (rapp) in g/cm3. Ash density data obtained from the
calibration were normalised to apparent density with a ratio of 0.6
between ash and apparent density, within the range 0.55–0.63 identiﬁed in
the literature (Goulet et al., 1994; Keyak et al., 1994). A Poisson ratio of
0.3 was assumed (Wirtz et al., 2000).

2.4. Choice of the failure criterion
The primary requisites for the failure criterion to be implemented in the
FE models were

 reproducing to the maximum extent possible the elastic limit behaviour
observed experimentally for bone tissue;

 being simple and automatic to implement in an inhomogeneous FE
model.
A maximum principal strain criterion, including asymmetry in the
tensile/compressive limit values, was selected because

 it incorporates many of the fundamental bone elastic limit character-



istics reported in the literature: isotropy in mono-axial loading
conditions (Chang et al., 1999), invariance with respect to density
(Kopperdahl and Keaveny, 1998; Keaveny et al., 2001), at least for the
same anatomical site (Morgan and Keaveny, 2001), and tensile/
compressive asymmetry (Keaveny et al., 2001; Niebur et al., 2000);
it can be easily implemented in an automated subject-speciﬁc FE model
maintaining the highest possible degree of automation.

The tensile and compressive elastic limit strain values adopted (Table 3)
were the mean values reported in a recent study on cortical and trabecular
tissue (Bayraktar et al., 2004b), applying a well-standardised protocol that
minimises experimental errors.
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Fig. 1. On the left, a sketch of the loading condition applied (81 tilting in the coronal plane). On the right, a sample image of the experimental set-up for
the failure tests. From top to bottom, the cross-railed head of the loading machine, the cement mould used for load-transfer, the two mirrors used to make
the video investigation span the whole neck, strain gauges wires (not used for this study) wrapping down the femoral shaft. The distal constraint and the
wedge used to align and tilt the specimen are not shown.

Fig. 2. The ﬁnite element models. From the left, the whole models of specimens #1, #2, #3, and a sample enlargement, shown for specimen #3, of the
external posterior aspect and a coronal section of the proximal region. Each model was trimmed at the level of inclusion in the distal cement pot. The
average size of superﬁcial elements was 3 mm on the diaphyses and 2 mm on the metaphyses. The FE models ranged from 104020 to124592 nodes and from
69272 to 80508 elements.
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Table 3
Details of the failure criteria implemented
Criterion

Limit values

emax (max principal strain)

a
Compressive: C
lim ¼ 0:0104;
a
T
Tensile: lim ¼ 0:0073

sVM (Von Mises stress)

3 b
slim ¼ 137r1:88
ash ðrash o0:317 g=cm Þ

slim ¼

137r1:72
ash

Implementation
1. Each element is assigned a tensile or compressive
predominance: emax ¼ sup(|e1|, |e3|)
2. The corresponding tensile or compressive elim is chosen
3. RF is computed as RF ¼ emax/elim

3 c

ðrash o0:317 g=cm Þ

1. slim value is chosen upon element density, computed by
BoneMat
2. RF is computed as RF ¼ sVM/slim

No compressive/tensile distinction
smax (max principal stress)

Compressive:
3 b
1:88
sC
lim ¼ 137rash ðrash o0:317 g=cm Þ
3 c
1:72
sC
lim ¼ 137rash ðrash o0:317 g=cm Þ
Tensile:

sTlim ¼ 0:8nsC
lim

1. sC
lim value is chosen upon element density, computed by
BoneMat
2. Each element is assigned a tensile or compressive
predominance smax ¼ sup(|s1|, |s3|)
3. The corresponding tensile or compressive slim is chosen
4. RF is computed as RF ¼ smax/slim

a

Bayraktar et al. (2004b).
Keyak et al. (1994).
c
Keller (1994).
b

Fig. 3. A sample load-displacement curve (specimen #2) extracted from the loading machine during the failure test. The load is the one measured by the
load-cell; the displacement refers to the vertical movement of the loading head-plate.

Fig. 4. Three frames from the high-speed movie (frame rate 7500 fps) of specimen #1 (posterior aspect shown, as reﬂected from the left mirror), showing
the progressive separation of fracture surfaces, from crack opening on the left to complete fracture on the right. The elapsed time is reported.
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2.4.1. Other criteria used for comparison
In order to compare the results with published works, two stress-based
failure criteria were selected (Table 3):

 a Von Mises stress (sVM) criterion used to identify failure or yield in a


series of works (Keyak, 2001; Keyak and Rossi, 2000; Keyak et al.,
1998) aimed at predicting femoral strength;
a maximum principal stress (smax) criterion, used in several FE studies that
investigated failure in femoral bones (Gomez-Benito et al., 2005; Keyak
and Rossi, 2000; Ota et al., 1999). Since in (Gomez-Benito et al., 2005; Ota
et al., 1999) the criterion parameters (tensile/compressive asymmetry,
stress-density dependence) were not explicitly deﬁned, the limit-stress vs.
density relationship was taken from (Keyak and Rossi, 2000). The tensile/
compressive asymmetry could not be taken from the same study, being
one of the variables investigated, and it was set to 0.8, analogously to what
proposed in Ford et al. (1996) and Taddei et al. (2003).

2.5. Fracture simulation approach
2.5.1. Preliminary experimental results
Based on the high-speed movies and the load-displacement curves, it
could be stated that the specimens failed for a tensile effect and with
fracture patterns resembling brittle fracture. In fact,

 a sudden fracture process was detected (sharp decrease of load after


reaching the maximum value) and no noticeable decrease in the curve
slope suggesting the presence of generalised yielding (Fig. 3);
fracture propagation was very fast and the thorough separation of the
fracture surfaces lasted few milliseconds (Fig. 4). In addition, in all
specimens the crack ﬁrst propagated in the upper cortical layer (within
1 ms) and then in the more resilient inner trabecular network.

A similar failure behaviour showing a sudden structural collapse was
reported by Link et al. (2003) and Yang et al. (1996).
2.5.2. FE analyses settings
Since quasi-brittle failure was observed experimentally, a linear analysis
was chosen, because the aim was not to investigate the whole fracture
process, but verify if a certain criterion can reproduce the conditions at the
Table 4
The experimentally determined failure loads and the models superﬁcial
area showing RF higher than one for the application of the failure load
Specimen
ID

#1
#2
#3

Experimental
failure load (N)

8041
6443
5916

Model area failed at the
experimental failure load (mm2)
emax

smax

sVM

118
58
265

1577
1167
1655

1128
1282
1619

Results are shown for each specimen (rows) and each criterion (columns).
Two rings of elements around the loading nodes were excluded from this
analysis to avoid artefacts due to concentrated load application.

361

onset of failure. The ﬁrst local maximum of the load value derived from
the load-displacement curve was applied in the ﬁnite element analysis. The
node closest to the nominal load application point was identiﬁed in the
model by a spatial registration. The load was evenly distributed among
the vertex nodes adjacent to the nominal point of application. The cement
mould of the femoral head used to transmit load in the failure tests was
not modelled. The models were fully constrained at the distal cement level,
where they were trimmed. The distal pot was not modelled.

2.6. Models spatial registration
The models were spatially registered, similarly to Schileo et al. (2007)
and Taddei et al. (2006), with the experimental laboratory reference
system. A digitiser (MicroScribe 3DX, Immersion Corporation, San Jose,
CA, USA) with 0.2 mm resolution, and an iterative-closest-point
algorithm (Besl and McKay, 1992) were used. The registration error
ranged from 0.5 to 0.8 mm for the different femurs.

2.7. Definition of models accuracy
The fracture risk resulting from the application of the experimental
failure load was computed for each element according to Table 3. To
check the models ability in identifying the actual failure risk level, the
superﬁcial area of ‘‘failed’’ (i.e., showing RFX1) elements was computed.
An accurate model would predict a minimal amount of bone surface
failing for the application of the actual failure load (since brittle fractures
were observed). To graphically represent the risk estimate for a given load
value, the cumulative ‘‘failed area’’ was plotted against load, linearly
scaling the results obtained for the experimental failure load.
The location of fracture onset was visually identiﬁed on the high-speed
images by three skilled operators and reported on the 3D femur models
with the DataManagerr (Viceconti et al., 2007) software (three
repetitions, 5 mm precision). To check the models accuracy in identifying
the location of fracture onset, all failed elements were selected; the distance
between their centroids and the location of fracture onset was computed,
descriptive statistics calculated, and histograms of the percentage of failed
elements against distance from the location of fracture onset obtained.

3. Results
3.1. Experimental measurements
Failure load values are reported in Table 4. The analysis
of high-speed images (see supplementary on-line material
in Cristofolini et al. (2007)) made it possible to verify that
all the specimens failed for a tensile effect. Failure initiated
in the supero-lateral aspect of the neck (#1 and #3;
Fig. 5) or on the posterior edge of the articular cartilage
(#2; Fig. 5). The initial cracks always opened in mediolateral direction yielding a neck (#1 and #3) or a transcervical fracture (#2).

Fig. 5. The frame of the high-speed video showing the ﬁrst detectable crack opening for the three specimens (left, #1; middle, #2; right, #3).
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3.2. Comparison between models and experiments
All the FE models predicted a predominantly tensile
stress state at the actual failure locations (s3 close to zero,
and often low values of s2, too), while a predominantly

compressive state was found on the medial metaphysis. The
RF results of the FE models were similar in the three
specimens within each failure criterion, but signiﬁcant
differences emerged between the strain-based and the two
stress-based criteria for each specimen.

Fig. 6. Plots of the superﬁcial area expected to fail as a function of the applied load, according to the different criteria implemented (specimens #1, #2, #3
from top to bottom). The vertical dotted line represents the experimental failure load.
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Fig. 7. Risk factor contours shown as element results on the superior aspect of the neck, calculated with three different algorithms for the three failed
specimens when the experimental failure load was simulated. Areas where RF values exceed the maximum contour are shown in grey (colour version) or
white (greyscale version). The out of scale area visible on the head of all models was an artefact due to the load application procedure, documented in the
M&M section.

The plots and values of cumulative failed area against
load are reported in Fig. 6 and Table 4. For all specimens,
the emax RF identiﬁed a small failed area (from 58 to
265 mm2) consequently to the application of the experimental failure load. A failed area about one order of
magnitude larger was found for the application of smax
(from 1167 to 1655 mm2) or sVM criteria (from 1128 to
1619 mm2). The different extension of the area at RF
higher than one can be noticed also in Figs. 7 and 8.
As to failure localisation (Fig. 9), the median rather than
the mean value was chosen for a synthetic data representation since the distributions were multi-modal. The median
and maximum distance values were always roughly
doubled for the stress-based criteria with respect to the
emax criterion. The variance indicated a signiﬁcantly higher
data dispersion for the stress-based criteria with respect to
emax criterion in specimens #1 and #3, while for specimen
#2 variance was higher but still comparable. Moreover, the
distance distributions for the emax criterion showed a
concentration of failed elements next to the actual fracture
onset location (in all specimens 75% of the failed elements
fell within 21 mm distance). Signiﬁcant clusters of failed
elements were instead present at higher distances either for
smax and sVM criteria.
4. Discussion
The aim of the present study was to verify if a strainbased failure criterion could identify the failure patterns
of bones when implemented into subject-speciﬁc FE
models able to accurately predict strain levels. To this
aim, a combined numerical-experimental study was performed. Three cadaver femurs were tested to failure in a

single-stance loading scenario. A maximum principal strain
criterion was implemented in the subject-speciﬁc FE
models derived from CT data, and two stress-based criteria
selected for comparison from a literature review. The
measured failure loads were applied to the FE models, and
the computed risk of fracture results were compared to the
experimental data collected.
The results corroborate the research hypothesis formulated. The proposed principal strain criterion neatly overcomes the two stress-based criteria in deﬁning a failure risk
level consistent with the experimental ﬁndings.
The load at which the ﬁrst superﬁcial elements were
expected to fail was close to the actual failure load for the
emax RF; thus, for the application of the experimental
failure load, the emax RF showed values higher than 1 in a
small portion of the surface (Table 4; Fig. 6). When instead
smax or sVM RF were used, a large failed area was
predicted at the experimental failure load and many
elements failed far below it.
When using emax RF, the most part of failed elements
stood within few millimetres from the actual fracture
location (Fig. 9). The largest area at high RF was
univocally identiﬁed in the supero-lateral neck aspect for
emax RF, where fracture actually occurred (Fig. 7), and the
computed emax RF was markedly lower in all other regions
(Fig. 8). The tensile mode of failure was also correctly
identiﬁed by the FE models implementing the strain-based
criterion: almost all the elements failed for the application
of the actual failure load had exceeded the tensile and not
the compressive limit.
It is difﬁcult to compare the outcome of the present work
with the literature, because despite the growing evidence
of strain-based nature of fracture in bone, strain-based
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Fig. 8. Risk factor contours on the postero-medial aspect of the epiphysis
and metaphysis, calculated with three different algorithms for the three
failed specimens when the experimental failure load was simulated. Areas
where RF values exceed the maximum contour are shown in grey (colour
version) or white (greyscale version).

criteria have been seldom used in subject-speciﬁc FE
models to predict fracture in bones. To the authors’
knowledge, the only work in which a maximum principal
strain criterion was chosen is Oden et al. (1999), but no
conclusion on its accuracy can be derived since no
validation was presented. The results reported in the
present study seem to conﬁrm that the failure load would
be underestimated if a sVM or smax criterion were adopted,
as reported by Keyak et al. (1998) and Ota et al. (1999). It
may be argued that since only the onset of fracture in the
outer cortical layer is modelled, a strain or its corresponding stress-based criterion should perform similarly, provided appropriate limit values are chosen, because cortical

bone elastic modulus should be almost constant. However,
signiﬁcantly different bone elastic moduli were mapped in
the neck and in the diaphyseal region for the surface
elements representing the cortical layer, likely because of
the combined action, in the neck, of partial volume effects
due to thinness of the cortical layer, that was in some cases
as thin as tenths of millimetre, and of increased bone
porosity, that can reach values higher than 30% in the
femoral neck cortex of osteoporotic subjects (Bell et al.,
1999). As a result, a strain or stress-based criterion could
behave similarly (once a ﬁt of limit values had been
performed) if a single region (neck or diaphysis) is
considered, but likely not when a comprehensive evaluation of risk is performed on the whole bone segment. In
fact, the stress-based criteria (Figs. 7 and 8) predicted
similar risk values in some spots of the medial metaphysis
(no failure observed) and the supero-lateral neck (failure
observed); a single risky region between these would hardly
be discriminated changing the reference stress limit value.
A similar co-presence of areas at high risk of failure in the
neck and the metaphysis for stance loading was reported
also in Ota et al. (1999), using a maximum principal stress
criterion. On the contrary, the strain criterion correctly
isolated the highest risk in the supero-lateral neck.
Moreover, the results seem to support, on a ‘‘whole
bone’’ structural level and in clinically relevant loading
conditions, the appropriateness of strain-based parameters
to identify failure, already pointed out for bone tissue
(Niebur et al., 2000) and regularly shaped small specimens
(Bayraktar et al., 2004a, b; Kopperdahl and Keaveny,
1998). The appropriateness of a strain-based criterion
can be supported also because it has received a better
experimental characterisation and directly descends
from experimental observations on the invariance of limit
strain with respect to density, while the adoption of a
stress-based criterion in an inhomogeneous model implies
the inclusion of another empirical relationship (between
limit-stress and density), which may bring in further
uncertainties.
The main limitation of the present study is that only
three femoral specimens were used, and a single loading
condition applied. The small sample size hindered the
possibility of a rigorous statistical analysis of the results
obtained. However, the aim of the present work was
limited to the investigation of the performance of different
failure criterions for bone tissue and the results should be
interpreted only as an indication of a likely appropriate
criterion. More work is needed to directly predict the
ultimate load by means of a criterion for the structural
failure, with a larger sample size so as to perform a
complete statistical analysis. However, the uniformity of
response found for the application of the proposed criteria
supports the suitability of a strain-based criterion to
investigate bone failure in the relevant loading conﬁguration considered (Cristofolini et al., 2007). The bone quality
of the tested specimens, in the range from osteopoenic to
severely osteoporotic, was indeed representative of the
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Fig. 9. The models evaluation of the location of fracture onset. Histograms of failed elements (y-axis, % of the total) as a function of the distance from the
actual fracture location (x-axis, mm) and descriptive statistics are reported. Results are shown for each specimen and each criterion. Two rings of elements
around the loading nodes were excluded from this analysis to avoid artefacts due to concentrated load application.

diseased population prone to these kinds of fractures.
More work is needed to verify if the same results may apply
to other loading conditions typically leading to a fracture
of the proximal femur (such as a fall to the greater
trochanter) and other bone segments that may undergo
different multi-axial stress states.
The well-assessed anisotropic behaviour of bone tissue
was not considered in the present work. The inclusion of
this information in the model is likely to improve its
accuracy. However, it is still not clear how bone anisotropy
at the tissue level (in terms of anisotropy degrees and
principal axes) can be derived from clinical CT dataset,
whose resolution is in the order of 1 mm. Moreover, the
issue of anisotropy should mainly charcaterise the diaphyses of bones while a lower degree of anisotropy can be
expected the femoral proximal epiphysis, as reported also
in a paper that introduced bone anisotropy in FE
simulations (Gomez-Benito et al., 2005). A recent work

(Peng et al., 2006) reported non-signiﬁcant differences in
the evaluation of femoral stress states under a single leg
stance condition for an isotropic or an orthotropic material
property assignment, but more studies are needed to
quantify the uncertainties introduced in a FE model with
the assumption of bone isotropy.
A further objection could be made to the load
application rate applied in the experimental tests, with
respect to in vivo conditions, where typically fractures occur
as a consequence of impacts or sudden ‘‘error’’ loads. The
adopted load application rate was however similar, or
higher, than those commonly used for testing whole bones
(Alho et al., 1988; Keyak et al., 2005; Ota et al., 1999).
Under the adopted experimental set-up, the maximum
strain rate can be estimated in the range of 0.002–0.005 e/s,
since fracture took place in about 2–4 s and the maximum
predicted strain from the validated models was around
0.01. This strain rate is comparable to the 0.005 e/s applied
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in the experimental tests from which the density-elasticity
relationship (Morgan et al., 2003) and the strain limit
properties (Bayraktar et al., 2004b) were derived, hence no
correction factor was needed. Anyway, strain-rate dependent mechanical properties in the proposed modelling
procedure could be easily included, e.g., for what concerns the elastic modulus by adding a strain-rate power
factor to the density-elasticity relationship used (Carter
and Hayes, 1977).
In summary, the proposed maximum principal strain
failure criterion, though fairly simple, has proven to
correctly identify fracture patterns on femoral bones
subjected to stance loading. Perhaps the key of its good
performance lies in the models’ accuracy in the prediction
of strain levels. A maximum principal strain criterion,
which has the advantage of being fairly simple, does not
require calibration, and well adapts to be included in
subject-speciﬁc FE models derived from CT data, can be
thus deﬁned a suitable candidate for the in vivo risk factor
assessment on long bones. Further work is needed to
quantify the accuracy of the proposed method in directly
predicting the actual failure load.
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