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Abstract—Clinical implementation of quantitative computed
tomography-based finite element analysis (QCT/FEA) of
proximal femur (hip) fractures requires (i) to develop a bone
material behavior able to describe the progressive fracturing
process until complete failure of the hip. And (ii) to validate
the model with realistic test data that represent typical hip
fractures. The objective of the current study was to develop
and experimentally validate an accurate 3D finite element
(FE) model coupled to a quasi-brittle damage law to simulate
human proximal femur fracture considering the initiation
and progressive propagation of multiple cracks phases under
quasi-static load. The model is based on continuum damage
mechanics that can predict hip fracture in more adequate
physical terms than criteria-based fracture models. In order
to validate the model, ten human proximal femurs were
tested until complete fracture under one-legged stance quasi-
static load. QCT/FE models were generated and FE simu-
lations were performed on these femurs with the same
applied loads and boundary conditions than in the stance
experiments. The proposed FE model leads to excellent
agreement (R2 = 0.9432) between predicted and measured
results concerning the shape of the force–displacement curve
(yielding and fracturing) and the profile of the fractured edge.
The motivation of this work was to propose a FE model for
possible clinical use with a good compromise between
complexity and capability of the simulation.

Keywords—Proximal femur, Fracture, Finite element, Exper-

imental validation, Fracture pattern, Force–displacement

curve.

INTRODUCTION

The bones of elderly people with osteoporosis are
susceptible to traumatic fracture as a result of external
impact. Modeling the fracture behavior of bone tissue

will help researchers find proper treatments to
strengthen the bone in order to prevent such fractures.

Finite element (FE) analysis has proven to be a
useful method for studying the mechanical character-
istics of hip fracture. CT-based nonlinear FE analysis
that incorporates three-dimensional geometry and
bone density distribution has been shown to be a useful
method to predict hip fracture under given boundary
conditions (stance, side fall,…) with reasonable accu-
racy.12 However, simple and practical validated FE
models with a good compromise between complexity
and accuracy of the simulation considering a limited
number of model parameters are still needed for pos-
sible clinical use.

Quantitative computed tomography (QCT) pro-
vides 3D FE models considering the three-dimensional
(3D) proximal femur geometry and bone density dis-
tribution. Several QCT/FE models were proposed in
the past.18,36,38,43,58

Previous QCT/FE models have applied different
uncoupled fracture criteria including von Mises
equivalent stress, equivalent stress, maximum principal
strain criterion Hill’s criterion and Drucker–Prager
criterion in order to predict the onset of human
proximal femur fracture under excessive load. Such
criteria are limited in general to the prediction of the
initiation of local bone failure only. They do not take
into consideration the complete fracturing process of
proximal femur and the loss of bone material stiffness
generated by progressive damage accumulation prior
to fracture. Recently, several authors investigated the
fracture of cortical bone based on fracture mechanics
concepts2,44,61,65,66 but failed to predict the complete
fracture pattern of bone since these methods are re-
stricted to the problem of a single dominant idealized
planar crack. Recently, FE models based on contin-
uum damage mechanics (CDM) were developed to
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simulate human bone fracture.15,21–23 In spite of the
large number of FE studies dealing with bone fracture
under monotonic load there is still a lack of practical
and simple validated FE models that simulate the
complete bone failure and predict realistic and accu-
rate force–displacement (F/U) curves and fracture
patterns.12

Several studies showed that bone exhibits a quasi-
brittle material behavior5,14,29,30,39,55 or brittle behav-
ior28,42,57,69 depending mainly on the deformation rate
applied and the bone properties. Therefore, more
physical hip fracture FE models can be developed by
incorporating the CDM concept in order to predict
the progressive initiation and propagation of cracks,
leading to complete fracture of the bone.

In the present work, an isotropic 3D QCT/FE
model coupled to a quasi-brittle damage law was
developed in order to simulate fracture of human
proximal femurs under quasi-static load and predict
the complete F/U curve and the final fracture pattern
of the proximal femur under one-legged stance load.
The element deletion technique was applied in order to
simulate the progressive fracturing process of bone.23

The use of a CDM is useful to describe fracture
propagation in a continuous-like material. However,
bone is a hierarchically organized material at different
length scales.40 Each element of the hierarchy has dif-
ferent stiffness and strength and the overall Young
modulus and ultimate strength results from the hier-
archic combination of these levels.19,24,27 The com-
plexity and heterogeneity of bone tissue require a
multiscale modeling to understand its mechanical
behavior.

Many researchers have recently developed analyti-
cal or numerical models to describe the multiscale
behavior of bone fracture.7,19,21,22 These models use
homogenization techniques and provide bone material
parameters averaged at macroscopic continuum scale.

Bone resists fracture through several mechanisms
depending on hierarchical scale ranging from fracture
of mineralized tropocollagen to whole organ frac-
ture.71 It has been reported these fracturing processes
depend on (i) intrinsic mechanisms that promote
plasticity at small length scales and (ii) extrinsic
mechanisms that shield the growing crack at larger
length scales.71 At lower scale mineralized collagen fi-
bril and the secondary osteon at the microstructural
level play main roles on the bone cracking resistance.71

At higher length he osteon has a central vascular cavity
that is concentrically surrounded by sheets of lamel-
lae.46 At its outer boundary, the secondary osteon
contains an interface (cement line), which represents an
weak region acting as a site where major microcracks
form and its alignment with the long axis of the long
bones is the primary cause of the anisotropic toughness

of cortical bone. It is through this hierarchical struc-
ture that human cortical bone is able to develop its
unique combination of strength and toughness.46

The current CDM isotropic strategy is motivated
by: (i) performing fracture FE simulations of a whole
bone organ considering its multiscale structure is very
complicated and requires a tremendous computation
time. (ii) Some published comparative studies claiming
that the assigned orthotropic material model has a
limited effect on the FE result at bone compared to the
isotropic one,4,53,67 and (iii) the complexity regarding
the assignment of the local anisotropic directions for
every FE of the mesh and their corresponding aniso-
tropic material properties.56,62

In order to validate the model, ten human proximal
femurs were tested until complete fracture under one-
legged stance quasi-static load. QCT/FE models were
generated and FE simulations were performed on these
femurs with the same applied loads and boundary
conditions than in the stance experiments.

The stance configuration has been shown in previous
studies to produce maximum shear stresses in the fem-
oral neck region in a manner consistent with clinical
subcapital fractures10,59 similar to the predicted one.

The predicted F/U curves and the fracture patterns
were compared for the ten specimens. The calibration
of the method was performed in a set of three of the
ten specimens, and validated on the remaining seven
specimens. The numerical calibration phase was used
to establish the relationship between the FE density
and the strain at fracture needed for the damage
growth description.

Excellent agreement (R2 = 0.9432) were obtained
between predicted and measured results which indicate
that the proposed FE proximal femur fracture model
in the quasi-static regime can capture the initiation and
propagation of the cracks within the femurs until
complete failure of the bone.

MATERIALS AND METHODS

Femur Samples

Ten human cadaveric femurs (seven females and
three males) were provided by the Institute of Anat-
omy (University of Paris V, Paris, France). Individuals
with bone diseases other than osteoporosis or osteo-
penia were excluded from the study.

Freshly drawn femurs were wrapped between all
processing steps in a cloth soaked in saline (NaCl
0.9%) in order to avoid dehydration. All samples were
defatted softly, without causing any damage to the
bone, by submerging each of them two hours in hot
bleach at 85 �C. This operation was repeated twice for
each specimen after cooling between two stages. The
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samples were stored in a refrigerator at a temperature
of 4 �C.

The characteristics of the selected femurs are pre-
sented in Table 1.

QCT Scanning

Each femur specimen was scanned perpendicular to
the diaphyseal main axis. The CT-scan acquisition
started 1 cm above the femoral head and ended at
about 30 mm distal to the lesser trochanter, requiring a
total scan length of approximately 150 mm.

The CT-scan slices were obtained using a multislice
device (Somatom Plus 4 Volume Zoom, Siemens, Er-
langen, Germany) at the following acquisition and
reconstruction parameters: 120 kVp, 160 mAs, image
matrix 512 9 512 pixels, and field of view of
150 9 150 mm. A high-resolution protocol with a slice
thickness of 0.7 mm was used with an in-plane spatial
resolution approximately 0.25 mm 9 0.25 mm.

Images were obtained in Digital Imaging and
Communications in Medicine (DICOM) format for
segmentation and analysis.

Each of the voxels defined by the QCT scan gives
the Hounsfield Unit (HU), which can be correlated to
the local density resulting in an inhomogeneous dis-
tribution, from which Young’s modulus and strain at
fracture were computed.

Each CT dataset was calibrated using a Phantom
(Osteo, Siemens, Erlangen, Germany) constituted of a
water equivalent plastic component and a bone-equiv-
alent plastic component (200 mg calcium hydroxyapa-
tite per milliliter) for individual conversion of HU to
equivalent mineral density qEQM. The following cali-
brated relation was established (R2 = 0.9987):

qEQM ¼ 6:932� 10�4 �HU� 5:68� 10�4 ðg/cm3Þ
ð1Þ

The ash density is expressed by Keyak and Falkin-
stein33:

TABLE 1. Femur samples characteristics.

Specimen Donor age Gender Side Neck aBMD (g/cm2) Total aBMD (g/cm2)

A 85 F Right 0.41 0.64

B Left 0.45 0.72

C 91 F Right 0.50 0.75

D Left 0.48 0.68

E 80 M Right 0.75 0.83

F Left 0.79 0.86

G 98 F Left 0.49 0.62

H 100 F Left 0.43 0.53

I 62 M Left 0.74 0.99

J 87 F Left 0.51 0.68

qash ¼ 1:22 qEQM þ 0:0523 ðg/cm3Þ ð2Þ

Stance Configuration Fracture Testing

After acquisition, the 10 human proximal femurs
were prepared for mechanical testing until complete
fracture, under a one-legged stance quasi-static load.
The femurs were fixed on the experimental apparatus
designed and built for this purpose. The distal portion
of each femur was fixed on the holder with epoxy resin
(SICOMIN Epoxy Systems, France). Once the resin
had been cured, the human femurs were installed in the
single limb set up (Fig. 1). The holder maintained the
orientation of the bone such that the neck was inter-
nally rotated 20� within the coronal plane following
previous studies performed on proximal femurs.6,33,51

Each proximal femur was placed in INSTRON testing
machine (model 4411, Instron Corp., canton, USA)
and quasi-static compressive loads were applied from
zero until complete fracture of the specimens with an
increased force of 50 N steps (Fig. 1) at a constant low
loading speed equal to 20 mm min21.

Finite Element Modeling

In the quasi-static regime, the isotropic stress–strain
relation of elasticity based damage mechanics is ex-
pressed by Hambli23,25 and Lemaitre41:

rij ¼ 1�Dð ÞCijklekl ð3Þ

where D denotes the damage variable, rij the stress
components, ekl the strains and Cijkl are the elasticity
tensor components.

The amount of micro-damage in an experimental
specimen has been positively correlated with applied
post-yield strain following a power law relation-
ship.3,50 Based on these results, an experimentally rel-
evant damage law can be expressed in the general
normalized form:
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D ¼ 0; eeq � ey

D ¼ Dc
eeq
ey

� �n
; ey<eeq<ef

D ¼ Dc; eeq � ef

8><
>:

ð4Þ

eeq, Dc, n, ey, and ef are respectively the equivalent
strain, the critical damage at fracture, the damage
exponent, yield strain (damage strain threshold when
damage starts) and the strain at fracture.

The equivalent strain eeq is expressed by:

eeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2

3
eijeij

r
ð5Þ

eij are the strain tensor components.

Mesh Dependence Regularization to Damage

In the constitutive law of conventional CDM there
is no intrinsic material characteristic length, which
means that crack propagation results are dependent on
the mesh size.49

An alternative and simple method to ensure the
objectivity of the numerical model in relation with the
physical cracking process and the mesh dependence
problem consists in weighting (linear form) the strain
at fracture (ef) as a function of a characteristic FE
length (LFE) and the crack length (Lfrx) in the form
(Abaqus 6.11)1:

eTf ¼ eTf�true
Lfrx

LFE

� �
ð6aÞ

eCf ¼ eCf�true
Lfrx

LFE

� �
ð6bÞ

where eTf�true and eCf�true denote respectively, the true
bone material measured strain at fracture in tension
and compression.

LFE is computed automatically and provided by
Abaqus code (Abaqus 6.11) at every numerical iteration.
In addition, average crack lengths found in bones are
typically about 50 to 100 microns.8,60,61 Therefore, the
characteristic length Lfrx was set to (Lfrx = 0.075 mm).

The proposed mesh-dependency regularization
method is recommended by the Abaqus code for crack
propagation problems to ensure non-dependency of
the fracture results on the FE mesh.

In addition, it has been reported that strain at
fracture is bone-site dependent and exhibits a power
law relationship vs. bone mineral density (BMD).18,64

Therefore, to perform personalized prediction of a gi-
ven patient, yield strain (etruef ) can be expressed vs. the
bone density in the form:

etrue�Cf ¼ acq
mc
ash in compression ð7aÞ

etrue�Tf ¼ at qmt
ash in tension ð7bÞ

ac, at, mc, and mt are material parameters which can be
assessed by experiments or numerical calibration pro-
cedures.

Crack Propagation Simulation

When the damage parameter reaches its critical
value Dc inside an element of the mesh, its stiffness
matrix is set to zero leading to the redistribution of the
stress state in the vicinity of the damaged zone.41 The
propagation of the damage through the specimens is
simulated by the accumulation of the completely
damaged elements of the mesh during the loading.
These concepts are illustrated by Fig. 2 in which the
propagation of cracks is illustrated.

In CDM, there is no difference between crack ini-
tiation and propagation. Both of them result from the
failure of an element of the mesh. Thus, crack initia-
tion and propagation are studied in a unified
approach.9,23,41,48 The technique developed here dis-
tinguishes between tension, shearing and compression
loading modes as follows21,22,52:

Dc ¼ 0:95 In tension

Dc ¼ 0:95 In compression and shearing

FE Mesh Generation

In the present case, the 3D FE models were gener-
ated in a semi-automatic way from the DICOM files of

FIGURE 1. Experimental set-up for the proximal femur
specimens’ tests.
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the femurs to obtain a set of slices by QCT using an in-
house software (Fig. 3). Previous studies that investi-
gated the model convergence recommended using an
element size of £3 mm to accurately capture the het-
erogeneous variations in the mechanical proper-
ties6,37,38 and to ensure a precise prediction of the
fracture path growth.23 To investigate the mesh con-
vergence problem and the regularization approach re-
lated to damage growth mesh-dependence problem,
each femur was meshed with three different charac-
teristic element lengths (LFE) that are designated as
coarse (LFE = 3 mm), medium (LFE = 2 mm) and fine
(LFE = 1 mm). First, the contours of the femur were
extracted from the CT scan. Based on these contours,
the surface of the bone was reconstructed, from which,
in a second step, FE meshes with about 20,000 to
155,000 tetrahedral elements were generated. The F/U
curves and fracture patterns were computed and
compared for all the specimens.

We applied the same loads and boundary conditions
than in the previously described experiments.

Assignment of Material Properties

Several empirical relationships between Young’s
modulus and bone ash density were proposed in the
published literature. In the current work, we used the
Keyak and Falkinstein relation33 which was shown to
provide the closest results when compared to in vitro
experiments63 to assign the Young’s modulus for the
human femur specimens:

E ¼ 33; 900q2:20
ash for qash � 0:27 ð8aÞ

E ¼ 5307qash þ 469 for 0:27<qash<0:6 ð8bÞ

E ¼ 10; 200q2:01
ash for qash � 0:6 ð8cÞ

The Poisson’s ratio is kept constant m = 0.3.
A calibration of the method was performed in a set

of three of the ten specimens consisting in performing
parametric FE simulations with several model
parameters to obtain optimal mapping of projection
density values to strain at fracture (Eqs. (Eqs. 7a, 7b)
using optimal parameter identification based on a
trial and error optimization procedure. An in-house

optimization procedure based on Gauss–Newton
search algorithm developed in Python and coupled
with Abaqus code were applied during these simula-
tions in order to minimize the error between the pre-
dicted F/U curve and the experimentally recorded.20

Finally, we found that the best fit is given by a yield
strain (ef

true) relationship expressed by:
Cortical bone:

etrue�Cf ¼ 0:0854q�0:19ash in compression ð9aÞ

etrue�Tf ¼ 0:00575 q�0:21ash in tension ð9bÞ

Trabecular bone:

etrue�Cf ¼ 0:0218 q0:43
ash in compression ð9cÞ

etrue�Tf ¼ 0:00867 q0:45
ash in tension ð9dÞ

Equations (9a)–(9d) were then used in the FE fracture
simulations for the 7 remaining femurs of the valida-
tion set.

Sensitivity Analysis to Critical Damage at Fracture

Because of uncertainty concerning the critical
damage at fracture parameters (Dc

T and Dc
C), a sensi-

tivity analysis (SA) was performed to investigate the
impact of the sensitivity of these factors on the femur
fracture force. In the current work, a limited pre-
liminary one-factor SA analysis was performed where
only one model parameter (Dc

T or Dc
C) value was varied

by a given percent (Table 2) while the other parameter
were kept at their reference values. For each parameter
change, a fracture simulation was performed for every
specimen and the proximal femur fracture force was
computed. SA analysis consists of 120 runs (12
cases 9 10 femurs) for every critical damage parameter
change (Table 2).

RESULTS

A mesh convergence analysis of a representative
femur (specimen G) (Fig. 4) was performed for three
different mesh sizes (coarse, medium and fine). The

FIGURE 2. Illustration of damage initiation and propagation concept (damaged elements are presented in black).
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convergence indicators retained here are the shape of
the predicted F/U curves (Fig. 4a) and the fracture
patterns (Fig. 4b).

Predicted results indicated that the models were
fully converged at element size< 3 mm. Little differ-
ence can be observed concerning the F/U curves during
the post fracture behavior with a maximum fracture
force error less than 2%. Nevertheless, for fine mesh, a
rapid drop of the curve after the occurrence of the first
cracks indicates that fine meshes could lead to an
increase of the softening rate during the fracturing

process (cracks propagation speed increases with the
mesh refinement). These results reveal that very limited
mesh dependence remains during the damage propa-
gation stage. Nevertheless, this limited effect has no
influence on the predicted apparent ultimate stress and
strain at fracture (maximum of the curve and onset of
the fracture are not changed). In addition, it can be
observed that the fine mesh generated a more localized
fractured region compared to coarse one.

Taken together, the mesh dependency analysis
showed that the overall fracture behavior of the

FIGURE 3. Overview of FE model generation: (a) QCT scan of a femur (specimen G). (b) Model segmentation. (c) FE model. (d) FE
mesh using parabolic tetrahedral elements. (e) A cross section showing the heterogeneous material properties assignment (Young
modulus and strain at fracture). (f) Application of boundary conditions consisting in: (i) application of nodal displacements of a set
of selected nodes located at top surface of the femur head (red line) with an orientation of 20� from the shaft axis until complete
fracture and (ii) the distal portion of the model was restrained. Movement perpendicular to the applied displacements was per-
mitted. (g) Prediction of fracture pattern.

TABLE 2. Six selected values of critical damage at fracture to investigate the model sensitivity on the predicted mechanical
response.

Value 1 Value 2 Value 3 Value 4 Value 5 Value 6

Critical damage at fracture in tension: Dc
T 0.95 (Reference) 0.76 0.8 0.855 0.9 1

Critical damage at fracture in compression: Dc
C 0.5 (Reference) 0.4 0.45 0.55 0.6 0.65

Force at fracture (kN) 8.2 6.55 7.4 8,77 9.18 11.2

Dc
T were varied with 220, 215, 210, 25, 0 and +5% (Dc

C kept equal to 0.5) and Dc
C were varied with 220, 210, 0, +10, +20 and +30%

(Dc
T kept equal to 0.95).
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trabecular bone samples was very little affected by
mesh size suggesting that the proposed mesh regulari-
zation technique is reliable.

Typical experimental F/U curves of three tested
specimens are given in Fig. 5. The calculation time
for a femur was about 20 min using a 8 Gb computer.

Force–displacement curves.
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FIGURE 4. (a) Predicted F/U curves for specimen G for three different meshes (coarse, medium and fine). (b) Predicted fracture
patterns obtained by coarse, medium and fine meshes from different angles.
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The predicted curves in the present study for all spec-
imens showed the same trend for curve shape and
onset of yielding and fracture as the measured experi-
mental one. The FE-based curves exhibited a linear
increase until bone yielding followed by a nonlinear
behavior and drop in force during failure that was
observed during all mechanical testing.

The current FE proximal femur fracture model
provided excellent agreement between predicted and
experimentally measured ultimate force at fracture
with a correlation for the entire data set (R2 = 0.9432)
as shown in Fig. 6.

An example of the experimental and predicted
fracture sequences of a femur (G) is given in Fig. 7.

In the yielding stage (b), the crack is initiated locally
at the superior cortex located at the maximum shearing
strain generated by the gradient displacement between
the femur head and the subcapital region. After the

yielding phase, the crack continues to grow rapidly,
following a perpendicular path to the superior cortex
(c to d). A second crack initiates at the inferior cortex
which corresponds to a local combined maximum
shear stress superimposed on the compressive stress
generated by the applied vertical displacement
and leading to complete separation of the proximal
femur (e).

FIGURE 5. Predicted and experimental F/U curves of three
specimens. Point B indicates the occurrence of yielding. Point
C indicates the occurrence of numerical fracture. From C to D,
the cracks propagate rapidly, leading to the drop of the curve
(complete fracture of the femur).
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FIGURE 6. Correlation between measured and predicted
ultimate force at fracture for the ten specimens.

(a)           

(b)          
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FE prediction Experiment

FIGURE 7. Predicted and experimentally measured crack
propagation sequences within the femur for different head
vertical displacements (specimen G).
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An example of the experimental and predicted
complete fracture patterns of two femurs with two
different fracture patterns is given in Fig. 8.

For a given femur, the predicted fracture pattern
corresponds to the path of the cracks after total sep-
aration of the fractured FEs of the mesh. For example,
we predicted a fracture pattern with an oblique line
with an angle to the horizontal plane greater than 60�
(Pauwels type III) for specimens E and a subcapital
fracture for specimen G. The results reveal that
excellent agreement is obtained between predicted and
experimental fracture patterns indicating that current
CDM based FE model could be applied as a diagnostic
tool in clinical applications that can detect osteopo-
rotic fracture for aged patients in an early stage and
predict bone strength accurately in individual patients.

Sensitivity Analysis

The results obtained from the SA analysis simula-
tions are plotted in Fig. 9.

The results revealed that the variation of the critical
damage generates a maximum variation of the fracture
force of about 20%. Increase of the critical damage
leads to increase of the fracture force. This can be re-
lated to the fact that the critical damage value plays a
main role on the onset of crack initiation and propa-
gation within bone tissue. Lower values of critical
damage lead to an early cracking process and then to a
decreased force at fracture. On the other hand, an in-
crease of these parameters generates an increased
resistance to fracture and therefore an increase of the
fracture force. Predicted results revealed that the
fracture patterns were very similar, not being signifi-
cantly affected by the variation of parameters. Never-
theless, the rate of crack propagation increased with
decreasing critical damage suggesting that bone frac-
ture may range from quasi-brittle to brittle patterns
depending on its material properties.

DISCUSSION

Predicted F/U curve shows a same trend as
observed experimental ones concerning the curve
shape and onset of the yielding and fracture.32 The
curves shows a linear phase followed by a nonlinear
behavior post yielding caused by damage initiation and
growth which can be shorter or longer depending
mainly on bone geometry, intrinsic properties, viscos-
ity, specimen preparation (fresh frozen, embalmed),
aging (decrease of toughness of bone) and the load
testing speed. The damaging phase is followed by
a sharp drop in force during failure that was
nearly always seen during mechanical testing (Fig. 5).

Schileo et al.57 loaded proximal femurs in single-leg
stance at high rate loads. The specimens were failed
with a sudden fracture process (sharp decrease of load
after reaching the maximum value) without noticeable
post-yielding phase in the curve suggesting the presence
of generalized yielding (fracture patterns resembling
brittle fracture). A similar failure behavior showing a
sudden structural collapse was reported in Link et al.42

and Yang.69 Previous femur fracture FE studies were
able to predict the ultimate force at fracture. Never-
theless, these studies failed to predict the complete
F/U curves until complete failure. A more physical
approach to determine the value of the fracture force is
to consider the maximum force from the F/U curve
before the drop due to propagation of the cracks.

Excellent agreement is obtained between measured
and current F/U curves (Fig. 5) for different femur
states (osteoporotic, osteopenic and healthy) suggest-
ing that CDM present a suitable framework to develop
accurate and robust hip fracture models.

The predicted fracture patterns for the ten speci-
mens showed that the fracture start at the superior
cortex suggesting that the entire superior surface would
be more prone to failure than the inferior surface
during a stance configuration for the tested femurs.
Mayhew et al.47 used QCT to demonstrate that the
superior cortex was significantly thinner in older than
younger individuals, while the inferior cortex was sig-
nificantly thicker in older than younger individuals. In
the current study, all the specimens were harvested
from elderly people. Therefore, the entire superior
surface would be more prone to failure than the infe-
rior surface and would thus constitute a relatively
weak region in the proximal femoral structure.

Limited number of FE studies has compared the
predicted and experimentally obtained final fracture
patterns.6,12,18,35,51 Due to the nature of the uncoupled
fracturing approaches applied on these works, these
models were able to predict only the initial failure
location but failed to predict the progressive propa-
gation of the fracture which generate the final fracture
pattern of the specimen. Keyak et al.35 reported that
the predicted fracture locations (subcapital fracture in
all specimens) agreed well with the experimental ones
for 13 out of 18 hip specimens under a stance config-
uration. However, precise correspondence of the frac-
ture site was not provided. Bessho et al.6 developed a
CT/FE model to predict hip fracture under stance load
and compared accurately the experimental fracture
sites based on reconstructed CT scans of the specimens
that had undergone mechanical testing. The authors
compared the experimental fracture sites with the
locations of the failed FE of the mesh. They applied a
fracture criteria based on Drucker–Prager equivalent
stress. Cristofolini et al.12 predicted the point of
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fracture initiation using a 3D FE model based on a
principal strain criterion.

Although the inaccuracies related to the specimens
scanning, segmentation, FE mesh generation and
applied boundary conditions, excellent agreement was
obtained between experimental and predicted fracture

patterns indicating that proposed simple hip fracture
QCT/FE model is robust and accurate to simulate
human proximal femur progressive fracture until
complete bone failure under quasi-static load. The
model allows for the prediction of the F/U curve and
the fracture pattern of the hip.

10 femur specimens were tested in stance loading
conditions for validation and the predicted fracture
loads and fracture profiles were compared with the
experimental ones. The proposed FE model leads to
excellent agreement (R2 = 0.9432) between predicted
and measured results concerning the shape of the F/U
curve (yielding and fracturing) and the profile of the
fractured edge. Most previous QCT/FE femur fracture
models applied uncoupled bone fracture criteria based
on local strain and/or stress components. Stress-based
failure criteria are sensitive to the accuracy of the as-
signed material properties since the stress depends
mainly on the Young modulus value. Inaccuracy of the
computation of the Young modulus will generates
inaccurate estimation of local applied stress. The strain
based criteria overcome these problems because the
strain is a kinematic measurement of the deformation
alone. Nevertheless, uncoupled stress/strain fracture

Specimen E

Specimen G
Experiment FE prediction

FIGURE 8. An example of experimental and FE predicted complete fracture patterns of a proximal femur (specimen G).
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criteria are not able to describe the physical damage
initiation and its progressive propagation leading to
complete failure because the damage variable acts as a
stiffness reduction factor. For increasing damage, the
effective stiffness moduli (1 2 D)Cijkl decrease leading
to the redistribution of the stress state in the vicinity of
the damaged/fractured zone.

The results predicted from FE simulations in the
present study should be interpreted in accordance with
the limiting assumptions of the model. The first limi-
tation of the present study is that only one loading case
(stance) was investigated for and did not for the mo-
ment explore other relevant positions such as the fall
on a side, which is under study. Even if most of the
clinical fractures are observed after a fall,13,26 Keyak31

reported a strong correlation between the fracture load
values in stance and lateral configurations, indicating
that the load in one configuration might be a predictor
of the behavior in the other position. In addition, the
prediction of hip fracture in stance configuration is
necessary to study the incidence of spontaneous frac-
tures.11,68

The second limitation is associated with the rela-
tively slow loading rate of 20 mm min21. The slow
strain rate may generate a less pronounced brittle
behavior of bone, making the damage and cracks
accumulation larger compared to those obtained by
applying physiological rates of about 2 mm s21.11 FE
hip fracture constitutive equations and damage law
considering the strain-rate effects have to be further
investigated in future research activities.

A third limitation lies in the application of the iso-
tropic homogeneous hypothesis. It is well known that
human femur is anisotropic and heterogeneous.
However, the determination of anisotropic material
orientations from clinical QCT scans remains an open
question and is difficult to apply in the framework of
daily clinical applications. In addition, several investi-
gations showed that in the case of one-legged stance,
only local differences (strains, stresses and displace-
ment) were observed and that the whole mechanical
response of the femur (fracture force and fracture
location) was quite similar.34,45,67,70

The fourth limitation is related to the specimens’
number. Only ten femoral specimens were tested in the
present study. Additional work is needed with a larger
samples number to perform a complete statistical
analysis. However, the aim of the present study was
limited to the development of a FE fracture model with
experimental validation.

The fifth limitation lies in the application of the
quasi-brittle model of bones without considering the
material hereditariness that have been neglected since
the bone preparation eliminated the water component
of the bone. However, material hereditariness may be

very important in presence of non-monotonic loads, as
well as in crack sensitivity to the speed of load appli-
cation. In this regard, several advanced model of
material hereditariness may be coupled and used in
conjunction with the quasi-brittle damaged one.16,17

These limitations do not detract from the impor-
tance of the proposed CDM based femur fracture
simulation. There will still be a need to perform FE
simulations to predict the fracture conditions of
human proximal femurs under a given boundary risk
(stance, side fall). This study exemplifies that the cur-
rent CDM approach is an enhanced, practical and
simple model that can be applied in clinical computer-
aided decision making. Further experimental tests are
needed for validation and to investigate the anisotropic
mechanical behavior of human femur, as well as reli-
able numerical mapping methods to assign anisotropic
directions and the corresponding heterogeneous
material properties. Also, before potential clinical
implementation, further SA and validation is needed
by performing several experiments with different bone
samples and boundary conditions.

From a clinical point of view, it is also important to
remark that a better knowledge of the fracture mech-
anism and the identification of the most probable
fracture region would aid to prevent them and to de-
sign better hip protectors and rehabilitation treat-
ments.72 A diagnostic tool that can detect osteoporotic
fracture for aged patients in an early stage and predict
bone strength accurately in individual patients is
indispensable to prevent hip fractures.54 The advan-
tage of the proposed CT-based FE hip fracture model
is that it could allow patient specific prediction of
possibly fracture force and fracture site. Before
potential clinical implementation, further validation
with ex vivo experimental results by performing sev-
eral experiments with different bone samples and
boundary conditions and clinical fracture observations
is needed.
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