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The human femur is subjected to an impulsive load at its distal end during daily life. Femoral bone
fracture caused by impact loading is common in elderly women. It is important to clarify the dynamic
response of the femur and to evaluate the change in its stress state during impact loading. A 3-dimen-
sional model of the femur was prepared in the present study, and the impulsive stress waves propa-
gating from the distal end of the femur were analyzed by the dynamic finite element method. This
model showed that the von Mises equivalent stress is large on the anterior and posterior sides of the
mid-diaphysis when the impact direction is different from that of the bone axis. As for the femoral
neck, the absolute value of minimum principal stress initially increases on the medial side; slightly
later the maximum principal stress increases on the lateral side. In this case, the absolute value of the
maximum principal stress was found to be larger than that of the minimum principal stress, and the
absolute value of the principal stress decreased as the impact angle increased. Further, the femoral
neck and the trochanter were shown to have a higher risk of bone fracture when the impact direction
is coincident with the bone axis.
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inite element analysis has long been used to

F examine human hip joints and femurs, and the
risk of femoral bone fracture has been studied using a
biomechanical approach [1-9]. Although there are
clinical cases of elderly people breaking a femur in
response to the impulsive load, the research has
mainly focused on the effects of static loads such as a
one-legged stance. The femur is subjected to an
impulsive load at its distal end during walking or when
going up and down the stairs. It is important to study
the femur’s response to such dynamic loads, especially
in people suffering from osteoporosis [10-12]. Of
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course, it is difficult to evaluate impulsive stress on
the femur experimentally in vivo.

We thus constructed a 3-dimensional model of the
femur using CT images and analyzed the dynamic
stress on the femur by employing the explicit finite
element method. We focused on the impulsive stress
wave propagating from the distal end of the femur and
analyzed the stress state in the diaphysis and the
stress concentration in the femoral neck. The impul-
sive load was applied for different directions at the
distal end of the femur, and we examined the influence
of the impact direction on the stress wave. The pur-
pose of this study was to evaluate the types of dynamic
stress that could lead to bone fracture and to deter-
mine where this stress wave propagates in the femur.
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Materials and Methods

The finite element model was constructed from CT
images of the right femur of an adult man. The con-
tour lines of the cortical bone and the cancellous bone
of the femur were extracted from CT images with
slices at a 5-mm pitch. The software Mimics 10
(Materialise) was used for the extraction of the con-
tour lines, and the results were output in IGES for-
mat. The solid model was created from the IGES data
divided into 4-node tetrahedral elements using the
software NX I-deas 5 (UGS). The generated finite
element mesh consisted of 3,305 nodes and 13,780
elements for the model. The cortical and cancellous
bones were modeled, and the length of the femur was
modeled at approximately 414 mm.

The bone was assumed to be isotropic in the elastic
deformation. The elastic moduli of the cortical bone
and the cancellous bone were 7GPa and 1GPa,
respectively, and Poisson's ratio was 0.3 for both
types of bone. The density of the bones was needed
for a dynamic analysis, and densities of 1,700kg/m’
and 1,100kg/m® were used for the cortical bone and
the cancellous bone, respectively. These values of
material constants were determined by referring to the
data book [13]; physiological parameters, e.g, of
different-age subjects, were not considered in this
study.

As shown in Fig. 1, a rigid wall was set horizon-
tally at the distal end of the femur and impact was
applied in the vertical direction by hitting the femur
against the wall. In this case, the approaching speed
of the femur was 1 m/sec for every impact angle. The
impact angle 6 was defined as the angle between the
impact direction and the bone axis in the sagittal
plane, and the angles used in the analysis were 0, 30,
60, and 90 degrees. These impact angles were set
considering the height of a stair step, for example.
The rigid wall was attached to several element sur-
faces including the lowest node of the model for each
impact angle. The displacements of the nodes facing
the wall were restricted for the stable impact; namely,
the displacements were fixed in the plane perpendicu-
lar to the impact direction.

The program used for the calculation was MSC.
Marc 2008 (MSC. Software), and the changes of the
stress state were evaluated using the dynamic explicit
method in finite element analysis. The calculation was
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Fig. 1 Boundary condition of dynamic finite element analysis.
Impact is applied by hitting the distal end of the femur against a
rigid wall with an approaching speed of 1m/sec. The angle
between the impact direction and the bone axis in the sagittal plane
is defined as the impact angle 0.

repeated until the elapsed time t =450 usec after the
start of hitting the femur against the wall at time
intervals of At=>5 % 10 %sec.

Results

The stress distributions of the cortical bone sur-
face in the anterior view of the model are represented
in Fig. 2. The von Mises equivalent stress was
employed here, and the results of the impact angle 0
=0, 60 degrees at t=100, 200, 300, 400usec are
shown in the figure. The propagation of the stress
wave was confirmed, and the wave reached the femo-
ral neck at t =300usec. The stress distribution in the
case of 0=0° was different from that of 6=60°,
indicating that the propagation of the stress wave was
dependent on the impact angle. The stress states of
the femoral mid-diaphysis and the proximal femur with
the impact angle of 8 =0° were compared with those
of 8 =160° in the following results.

The distributions of the equivalent stress in the
femoral mid-diaphysis at t =200, 300usec are shown
in Fig. 3, where the distributions were those in the
cross section perpendicular to the bone axis. The
stress of the cortical bone was large compared with
that of the internal cancellous bone in the case of O =
0°, and the stress was distributed uniformly in each
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Fig. 2  Propagation of the stress wave in the cortical bone surface of the femur in the case of 6 =0° (A), 60° (B). Distributions of

equivalent stress at t = 100, 200, 300, 400usec are shown.
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Distribution of equivalent stress in the femoral mid-diaphysis in the case of 0 =0° (A), 60° (B). Stress distributions are repre-

sented in a cross section perpendicular to the bone axis at t =200, 300usec. The green area shows the mid-diaphysis in the femur used

to represent the stress distribution.

bone. Meanwhile, the stress distribution depended on
the selected cross section and the elapsed time in the
case of 8=060°. A large equivalent stress was found
distinctively on the anterior and posterior sides at t =
300 usec.

The stress of the diaphysis fluctuated with the
elapsed time during the impact loading. The change of
the stress in the cortical bone surface is shown in Fig.
4(A). Namely, the time histories of the equivalent
stress of the nodes located on the anterior, posterior,
medial, and lateral sides of the mid-diaphysis were
evaluated. The nodes used were located around the

cross section of the mid-diaphysis shown in the figure.
The stress on the anterior side at around t = 330 usec
was very large, except for at 8 =0°, and the stress on
the posterior side also became large for 6= 60" and
90°. Fig. 4(B) represents the similar time histories of
the maximum and minimum principal stress for the
same 4 nodes used in Fig. 4(A). The difference in the
stress on the 4 sides was relatively small in the his-
tory of 6 =0°. However, the difference in the abso-
lute values between the maximum principal stress on
the posterior side and the minimum principal stress on
the anterior side at around t=330usec became
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Time history of stress in the cortical bone surface of the mid-diaphysis. Changes of equivalent stress (A) and principal stress

(B) with elapsed time are evaluated for 4 nodes located around the cross section of the mid-diaphysis shown in the figure.

remarkable as the impact angle increased.

The distributions of the equivalent stress in the
proximal femur at t = 280, 380usec are shown in Fig.
5. The stress wave reached the medial side of the
femoral neck at t =280usec and reached the lateral
side at t =380usec. A large stress was found in the
cortical bone surface, as is shown by the distribution
in the cross section. The stress in the results of 0=
0° was larger than that of 6 =60°. The stress of the
femoral head and the greater trochanter was small
compared with that of the femoral neck and the lesser
trochanter.

The stress concentration was found in the femoral
neck, as mentioned above, so we examined the time
history of the equivalent stress in the cortical bone
surface around the femoral neck. Fig. 6(A) shows the
changes of the stress on the anterior, posterior,
medial, and lateral sides of the neck. The stress

became large at around t= 270usec, except for the
lateral side in the case of 6 =0°. The stress on the
lateral side increased again after t = 270usec, and the
stress at t=380usec was the largest of the 4 sides. As
the impact angle increased, the change in the level of
stress became small on every side of the femoral neck.
Corresponding to Fig. 6(A), Fig. 6(B) represents the
changes in the maximum and minimum principal stress.
As shown in the results of 6 =0°, the minimum prin-
cipal stress was compression on the anterior and
medial sides, and the absolute value of the minimum
principal stress was larger than that of the maximum
principal stress. The compressive principal stress
changed into tensile stress during the propagation of
the stress wave on the posterior side. The maximum
principal stress on the lateral side was always tensile,
and was the largest tensile stress in all reference
nodes, including the mid-diaphysis shown in Fig. 4(B).
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Distribution of equivalent stress in the proximal femur in the case of 6 =0° (A), 60° (B). Stress distributions in the cortical bone
surface and those in the cross section at t =280, 380 usec are shown.

10
Femoral neck | Femoral neck
0¢ 08
-10 O Anterior
‘ ‘ e 10 @ Posterior
O Anterior 0 =30 %
@ Posterior =
é 0( )0000000000000000008
=3
x
g Medial
= 10 O Meaia
‘ ‘ % 10 W Lateral
O Medial 6 =60 =
B Lateral ©
o
6 0( )000000000000000000¢
£
a
10—
" nor—
6=90"
0¢
-10

Time usec
(A) Equivalent stress

0 100

200
Time usec

300 400

(B) Principal stress

Time history of stress in the cortical bone surface of the femoral neck. Changes of equivalent stress (A) and principal stress (B)
with elapsed time are evaluated for 4 nodes located around the cross section of the femoral neck shown in the figure.



414 Sarai et al.

Acta Med. Okayama Vol. 66, No. 5

O Femoral neck

® Trochanter

O Proximal diaphysis

m Mid-diaphysis

<& Distal diaphysis
I N

Principal stress (max & min) MPa

—]

—

hd

-10 &
30

60 90

Impact angle 6  deg

Fig. 7

Influence of impact angle on the largest absolute values of the maximum and minimum principal stress during propagation of the

stress wave (t = 0-450usec). The largest values are obtained in the 5 regions of the femur shown in the figure.

The absolute value of the principal stress in the femo-
ral neck became small when the impact angle increased.

We evaluated the largest absolute values of maxi-
mum and minimum principal stress during the propa-
gation of the stress wave (t = 0450 usec) in the femo-
ral neck, trochanter, proximal diaphysis, mid-diaphysis,
and distal diaphysis. The relations between the larg-
est absolute values of these 2 types of stress and the
impact angles are shown in Fig. 7, where the refer-
ence region of the femur is represented in the figure.
The maximum and minimum principal stress of the
femoral neck and the trochanter were dependent on the
impact angle, and the maximum principal stress in the
case of 8 =0° was the largest for all impact angles.
The influence of the impact angle on the minimum
principal stress of the diaphysis was relatively small,
and the minimum principal stress was not much
affected by the location in the diaphysis. The maxi-
mum principal stress of the diaphysis was larger than
that of the femoral neck for the large impact angle,
and, especially, the maximum principal stress of the
proximal diaphysis was larger than that of the neck
and the trochanter in the case of 6 =60°.

Discussion

There is a difference in stress distributions in the
mid-diaphysis between the results for 6 =0° and 0 =

60°, as shown in Fig. 3. At 8=0° the relevant stress
is compressive stress, and the absolute value of the
stress is large in the cortical bone. This is due to the
difference of the elastic modulus; in this case the
modulus of the cortical bone is larger than that of the
cancellous bone. The impact direction is coincident
with the bone axis in the case of 8 =0°, so an almost
uniaxial stress state is caused by the compressive
impact. On the other hand, the impact direction is
different from the bone axis in the case of 0=60°,
and the impact bending is additionally applied to the
diaphysis. Therefore, the stress is compression on the
anterior side and tension on the posterior side, as
seen in Fig. 4(B). As a result, the impact bending
results in the distribution of equivalent stress at t =
300 usec as shown in Fig. 3(B).

As for the proximal femur, the stress concentra-
tion is found around the femoral neck. The maximum
principal stress indicates a large tensile value on the
lateral side when the impact angle is small. It appears
that the stress wave is reflected in a complicated
fashion around the femoral head and the greater tro-
chanter, and the tensile stress is due to the reflection
of the stress wave. The tensile strength of the femur
is generally low compared with its compressive strength
[14]. As shown by the results with the small impact
angle in Fig. 6(B), the absolute value of the maximum
principal stress on the lateral side of the femoral neck
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is larger than that of the minimum principal stress on
the medial side. Bone fracture due to tensile stress
may be found on the lateral side even when the frac-
ture does not occur on the medial side. The direction
of principal stress which may cause bone fracture is
nearly coincident with the direction of the bone axis at
the diaphysis. The direction at the femoral neck is
almost parallel to the axis of the neck. These direc-
tions are roughly perpendicular to the fracture sur-
faces of the bone frequently observed in clinical set-
tings.

As shown in Fig. 7, the largest tensile stress is
found in the femoral neck and the trochanter when the
impact is applied in the direction of the bone axis. In
this case, the region of the trochanter does not include
the greater trochanter, judging from the results
shown in Fig. 5(A). The tensile stress is the largest
at the proximal diaphysis in the case of 6 =60°, indi-
cating that this region has a higher risk of bone frac-
ture than that of the femoral neck or the trochanter.
The location of the largest tensile stress in the femur
is determined by the impact angle.

The value of impulsive stress is generally propor-
tional to the impact velocity. The bone strength of
osteoporosis patients is low compared with that of
healthy adults. These patients have a risk of bone
fracture even when the impact is not very severe. The
femoral bone has isotropic properties in the deforma-
tion, and the cancellous bone is treated as bulk tissue
in the analysis. The present model should be improved
considering the elastic anisotropy of the bone and the
trabecular structure of the cancellous bone. The
anisotropic properties of the bone have not been pre-
cisely evaluated; the creation of a finite element model
of trabecular structures is very challenging.

10.
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