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Summary
Introduction: For years, the human femur has been extensively studied experimentally with in vitro
analysis. Nowadays, with computer advances, it can also be analyzed numerically. Some authors report
the usefulness of finite method in predicting the mechanical behavior of this bone. There are many pos-
sibilities using the synergy between the method finite element and experimental trials. In this paper, for
example, we study how they affect different osteoporotic simulations involving femur fracture loads.
The aim of this study is to predict hip fracture, both the load to which this occurs as the propagation of
the crack in the bone. By applying the finite element method to the field of bio-mechanics, simulation
can be carried out to show the behavior under different bone load conditions.
Material and methods: Using DICOM images, CT scan of the proximal end of the right femur of a male
has been obtained bone geometry. By a computer program they have been generated dependent mecha-
nical properties of the BMD each voxel, and then used a finite code to apply different load configura-
tions and study values   bone fracture elements. The numerical model has been validated in the literature. 
Results: Load breaking in lateral fall configuration is approximately half the load in the case of the nor-
mal position, which agrees with different experimental studies published.
In addition, we have studied various load conditions in everyday situations, where it was observed that
the load fracture is minimal in mono-podal position. Osteoporotic conditions have also been simulated
which confirmed that the load fracture has been reduced by decreasing mechanical properties.
Conclusions: By using the finite element method in conjunction with DICOM medical imaging, it is pos-
sible to study the biomechanics of the hip and obtain an estimate of bone failure. In addition, different
load configurations can be applied and vary the mechanical properties of bone to simulate the mechani-
cal behavior of low osteoporotic conditions.
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Introduction
According to recent information sources available
in Spain1, a total of 487,973 cases of hip fracture
were reported between 1997 and 2008. There is a
female predominance of 3 to 12 and the incidence
increases with age (in 1997, it was 78.07 years,
while in 2009 it increased to 80.46 years).
Proximal femoral fractures (PFF) imply high health
costs due to the long-term average stay (in 1997,
the average was 16.05 days, while in 2008 the
figure fell to 13.34 days) and the direct expenditu-
re this entails. In 2008, the overall cost of hospita-
lizations in Spain’s National Health System was
395.7 million euros. This was a 131% increase
compared with 1997. Individually, the cost per
patient rose from 4,909 euros in 1997 to 8,365
euros per patient in 2008. It should be noted that
the fracture also carries an acutely high mortality
rate of hospital care (4.71 to 5.85%) as well as a
year later (25-33%)3.

In this context, the need for predictive
methods of fracture arises, both at individual and
population-wide levels. The prediction of femoral
fracture is a challenge in the world of biomecha-
nics, with both doctors and engineers focusing on
the study of crack propagation in human bones.
For years there have been experimental analyses
of human femurs from donors. Today, with tech-
nological advances, computers are more sophisti-
cated and able to enhance this analysis, reducing
experimental study costs. At the same time, we
can better understand the processes of how crac-
king and fractures appear. With a finite element
model, scientists can study the mechanical beha-
vior of the femur under conditions of specific load
and therefore assess the normal biomechanics of
the hip and pathophysiological process fracture
with a correlation of about 90%4 despite a great
variability in the choice of the mechanical proper-
ties that apply to the different numerical models
studied to date5,6.

The main objective of our study is to develop
a PFF model using finite elements to analyze the
different configurations required under normal
and pathological load. As secondary objectives,
we want to evaluate the morphology and mini-
mum load configuration from which the depen-
dent load conditions fracture is initiated and
analyzed numerically how it affects osteoporosis
breaking load bone, due to the reduced mecha-
nical properties arising as a result of bone mass
loss7.

Material and method
Generation of model of finite elements
From computed tomography (CT) DICOM ima-
ges of the right PFF of a young adult male
without a known hip condition in the studied
side, the macro-structure geometry of the bone
was obtained. Medical images were obtained
with a radiation dose and standard clinical expo-
sure time enabling a resolution of 0.3 mm in the
transverse plane and 0.7 mm in the longitudinal
direction.

The femoral geometry was generated by image
processing software and ScanIP finite element
modeling (Simpleware, Exeter, UK). This allows us
to select the range of Hounsfield unit (HU) scale
necessary for proper display of CT images, appl-
ying volume/surface filters and generating an
identical geometry to the specimen resulting in a
numerical model with mechanical properties
dependent on bone mineral density (BMD) sup-
ported in the following equations8-11:

Through these expressions, a relationship is
established between the HU of each voxel, its
density and Young's modulus (E). In this case, the
model has 14 different materials in order to repro-
duce the maximum heterogeneity of real bone.
Using these equations, the bone will present iso-
tropic behavior, which does not really reflect rea-
lity, but, as has been shown in other studies, we
can simulate the behavior of the femur globally
through these expressions.

Loading conditions of the finite element
model
The finite element analysis of the PFF generated is
carried out using the Abaqus/Standard 6.12 pro-
gram. (Dassault Systems, Providence, Rhode
Island). The discretized mesh volume is formed by
198,764 second-order tetrahedral elements (C3D10
in Abaqus). The PFF area has a finer mesh of 2 mm
while the rest of the model elements are 3 mm in
size. The nodes of the bottom of the PFF are
embedded (prevented from displacement in any
direction). As shown in figure 1, it has been consi-
dered normal loading position that it assumes that
the load vector has an angle of 8° adducted with
the longitudinal axis of the hip in transversal
plane12. lateral fall is considered one that is a load
vector with a rotation of 20° in ante-version and 30°
to the longitudinal axis as pivot point13.

Validation of the numerical model
Results were validated by comparing values   obtai-
ned in two different configurations: normal and
lateral position with those obtained in similar con-
ditions in experimental work in a human corpse8.
To this end we assume that the initial bone break
occurs when a critical deformation of 0.006114 is
reached. The magnitude of the validation load is
470 N (75% of the individual’s weight).

Loading boundary conditions and patterns of
fracture in standing position and lateral fall
To analyze femoral fracture patterns in standing
position and lateral fall, the Extended Finite
Element Method (XFEM) implemented in Abaqus
was used. With this method, the start of a crack is
determined in the   maximum deformation area.
Then this field is spread depending on the stres-
ses and strains surrounding it. The parameters of
fracture toughness (density dependent) and the
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ρ(g/cm3) = 0.1259 + 1.15638  10-3 HU

E(MPa) = 6850  ρ1.49
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critical energy for propagation in different modes
are obtained in the literature, according to the
following formulas15,16:

Boundary conditions and breaking loads in
normal locomotor activities
For analysis of stresses in various daily life activi-
ties, the fixed shaft is considered. Calculations are
carried out according to the different angles at
which the load is applied in the PFF, as reported
by Bergmann17. In all, 9 different configurations
are analyzed: monopodal support, climbing stairs,
walking slowly down stairs, walking fast, regular
walking, standing, bending knees and sitting.

Boundary conditions and loads of simulated
fracture in osteoporosis
For stress analysis under simulated osteoporosis,
the BMD model has been decreased and therefo-
re a decrease of Young's modulus and overall
femoral stiffness. BMD variation is carried out in
different areas: in the PFF generally at the femoral
neck, trochanteric area in the upper area of   the
shaft and in the middle of the shaft. The loading
conditions are performed in the normal position
of the PFF analyzing how this affects a loss of tis-
sue stiffness, as that could be caused by osteopo-
rosis, the breaking load of the PFF. Figure 2 the
areas where BMD was varied and the boundary
conditions corresponding to the loading position
under study.

Results
Finite element model of the PFF
The finite element model of the PFF derived from
DICOM medical images is shown in figure 3. The
model was generated by ScanIP software; in figu-
re 3b the femoral surface was observed, and in
figure 3c, the heterogeneity model.

Validation of the numerical model
Table 1 shows the general properties assigned to
the numerical model and the results in stiffness
and breaking loads between the developed model
and the comparator chosen. The mechanical pro-
perties assigned are virtually identical to those cal-
culated in the experimental study that supports
this article8. It is noted that both overall rigidity
and fracture load in normal position are similar to
the experimental test, therefore the numerical
model may be considered validated. In figure 4
the strain field analysis obtained in this validation
is shown.

Standing fracture patterns and lateral fall
Figure 5 shows the pattern of fracture start under
the conditions described. It can be seen how the
breaking load in lateral fall configuration is lower
than in the normal position (around 50% lower, of

3,979 N to 1,890 N). In both cases the crack starts
at the top of the femoral neck, although in the
case of lateral crash onset is more posterolateral
neck.

Boundary conditions and breaking loads in
normal locomotor activities
Figure 6 shows the breaking load for each of the
analyzed configurations discussed above. The
load at which the critical strain is reached and at
which fracture occurs is ordered from lowest to
highest for easy viewing of data.

This clearly shows how the most critical confi-
guration is corresponding to the lateral drop pre-
viously studied, followed by the normal position.
The other positions have a higher breaking load,
though not much variation as the lateral fall. In the
configuration of the lateral fall, load value decrea-
ses considerably, assuming at least half load in the
remaining cases.

Boundary conditions and simulated loading
fracture in osteoporosis
Under the conditions described osteoporosis
simulated by a percentile decrease of mechanical
properties in different areas of the PFF weakening
that occurs in bone structure by reducing the stiff-
ness of this because of osteoporosis objective.
Figure 7 shows the breaking load according to the
decrease in BMD (has decreased to 50% of initial
density).

This indicates how the most critical decline is
related to the changed properties in the overall
PFF, but also shows how the decreased BMD only
in the neck area, the variation that the breaking
load suffers is virtually identical to the general
case. The trochanter area also proves be critical,
although not as much as those already mentioned,
while in areas of the diaphysis the reduction prac-
tically does not affect the breaking load, due to its
distance from the neck area and the analyzed
boundary conditions in particular. It shows how
the BMD decrease is a great variation in the frac-
ture load, reducing it by more than half for a 50%
BMD decrease.

Discussion
In this study, a complete finite element model has
been developed to predict the PFF failure and
simulate the fracture that occurs depending on
load conditions. The breaking load at different
positions was also obtained for everyday life.
These were compared to those of the lateral fall
along with the effect of decreasing BMD and load
necessary for breaking. Thus we have developed
a computational model that allows experimental
study of the proximal femur.

The method of developing the geometric
structure from medical imaging has been used in
other published studies8-11. Choosing a young
adult patient is justified in order to obtain a pro-
per numerical value transfer of bone density that
represents a proximal femur under physiological
conditions, and suitable from the biomechanical

K(N m-1.5) = 0.7413   106 ρ1.49

K2(1 – v2)
E

GIIC /GIC = GIIIC /GIC = 0.33

. .

G(J m-2) =
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point of view. The choice of a patient of advan-
ced age would seem a more clinically realistic hip
fracture problem, but would not represent the
standard physiological pattern of the proximal
femur.

Having a geometric numerical model allows
for changes in load conditions, intensity and vec-
tor, boundary conditions and mechanical strength
properties. We believe that the 470 Newton load

chosen for analyzing the different configurations is
appropriate because it corresponds to the estima-
ted value of a young adult who is the starting
point of the model described. The vector load
application in the standing position is admitted to
several experimental studies, as is the vector
application in lateral fall.

As in any numerical model, proper validation
is required to ensure that that results achieved are
close to reality. We believe that the proposed vali-
dation compared to experimental test results made
by other authors, is appropriate because these
mechanical stresses involve different human
femurs and study their overall stiffness and brea-
king load in the normal position. The results
Analysis of the results obtained it can be conclu-
ded that the model reasonably reproduces reality,
and other results can be obtained by modifying
boundary conditions, properties, etc. In addition,
the maximum deformation occurs in the upper
femoral neck. Several other studies reached this
same conclusion8,18.

The model shows that in both standing and
lateral fall, the crack starts in the upper region of
the femoral neck. As described in the literature,
this actually shows that the bone better supports
compression loads than those of traction. In the
femoral neck in standing position this happens. In
the lower area, compressive loads occur while in
the upper region, they are related to traction. We
believe that the similarity between the mathemati-
cal prediction and the one expected reinforces the
validity of the methodology used. The femoral
neck is not circular but oval, with the largest cor-
tical thickness at the bottom rather than at the top.
In our case, being a young adult, there is a big dif-
ference in the starting point between the normal
position and lateral fall, because the difference
between cortical thickness between the upper and
lower areas is not very high. Probably if we had
used images for an elderly patient, the starting
fracture point in lateral fall would have been even
more posterolateral in the femoral neck. 

Figure 1. Boundary conditions in normal position12 and fall lateral13

Figure 2. Areas of decreased mechanical properties
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The breaking loads for normal position and
lateral fall within a usual range have been
demonstrated experimentally in other studies4,8,19,20.
The values   for the breaking load fall on the side
are 50% lower than in the normal position, consis-
tent with experimental results4,8. Failure criteria
considered are able to detect the area where the
numerical model fracture starts. We also consider
the presence of the crack and predict its spread by
XFEM, although it is true that a complete femoral
fracture due to problems of convergence in the
solution is not achieved.

The breaking loads in the femur for different
positions of everyday life whose load angles were
obtained in the work of Bergmann et al.17 had not
been studied so far, and is a new source of infor-
mation and study.

The results show how the femur is optimized
for loads under physiological conditions; morpho-
logy and anisotropy make major stresses and
strains converge towards alignment, allowing it
greater load support. Instead, under an abnormal
load, as is the case of a lateral falls, the charges are
not aligned with the direction of the femoral sup-
port21. So we see how the fracture load for actions
of everyday life is much higher than for non-
physiological conditions, such as a lateral falls as

there is logical to think that the femur is adapted
to the loads of daily life.

From the macroscopic point of view, the 3 fac-
tors that most affected PFF strength are its geo-
metry, bone mineral density and traumatic load
fall. It is obvious that reducing the BMD of the
model entails a lower breaking load to produce
fracture, as indeed happens in reality. The ability
to reduce the density globally or in specific areas
opens a new line of research that may correlate
the experimental work in which it is known that
the trabecular bone provides much less bone
strength in the PFF than the cortical bone.

Almost most clinical hip fractures occur in the
trochanter area or neck. Interestingly, these two
areas are the most sensitive to the simulated
decrease in zonal BMD values. This means that
the breaking loads are significantly lower and the-
refore there is a high clinical prevalence. These
findings reinforce the validity of the model deve-
loped in predicting fracture.

We are aware of the limitations of the work;
the model represents the analysis of a single
patient and their particular conditions. This is
especially interesting in individual predictions but
we cannot infer age correspondence with other
groups, morphotypes or gender. Furthermore, the

Table 1

Figure 3. a) scanner employee at work; b) geometry obtained by ScanIP; c) finite element mesh and different
materials

Current study
(finite elements)

Specimen nº 1 Ali et al.8

(experimental trial)

ρmean (g/cm3) 0.934 0.933

Emean (MPa) 6187.4 6174.5

Overall stiffness (N/mm) 1,454 1,448

Fracture load in normal position (N) 3,979 4,555

a) b) c)
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model does not provide any lateral fall of existing
dampers in reality, such as static because soft tis-
sue or due to dynamic osteo-tendinous reflection.
Undoubtedly, adding these dampering factors to
the numerical geometric pattern would corres-
pond to a higher correlation with reality, but their
absence does not invalidate the findings.

We believe that the proposed model represents
the first step of our research group and has allowed
us to define the procedure for the experimental and
numerical study of the proximal end of the femur.
In the future human femurs will be studied under
normal conditions and compared to other senile
groups, to analyze the influence of aging bone, both
in the breaking load and its corresponding pattern.

Conclusions
• Using the finite element method and a compu-
ter program able to get the geometry and distribu-
tion of mechanical properties using a CT scan, we

can predict failure with valid PFF results in diffe-
rent load configurations.

• By studying different loading configurations,
we see how the most critical load corresponds to
the lateral fall (50% lower than in the normal posi-
tion). Other positions of daily life have a load gre-
ater than previous fracture. This is because the geo-
metry of the femur has evolved to support common
loads (normal position and the remaining positions
of daily living) instead of lateral falls.

• By simulating conditions in different areas of
osteoporosis, we observed how uniformly decrea-
sing properties are most critical in terms of the
breaking load. The next most critical area is that of   
the femoral neck, which shows that it is vital in
the PFF structure. The area of   the shaft has been
the least influential in this study.

Competing interests: The authors declare no
conflict of interest in connection with this work.

Figure 4. Deformation field validation under 470 N in normal position

E, Max. Principal
(Avg: 75%)

+8,601e-04
+7,817e-04
+7,034e-04
+6,250e-04
+5,466e-04
+4,682e-04
+3,899e-04
+3,115e-04
+2,331e-04
+1,547e-04
+7,638e-05
-1,997e-06
-8,037e-05

Figure 5. Patterns of fracture and breaking load: a) normal position; b) lateral fall

Tensile strength:
3979N

Tensile strength:
1890N

a) b)
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Figure 6. Tensile strengths in different load configurations
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Figure 7. Tensile strength of the EPF in the femoral neck by decreasing BMD
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