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Fall accidents are a common cause of femoral fracture in the elderly. The greater trochanter of the
femur is often subjected to impact loading by a sideways fall, and thus it is worth studying the impul-
sive stress waves propagating in the femur. In this study, the impulsive stress was analyzed by the
dynamic finite element method using a 3-dimensional model of the femur, and the influence of the fall
configuration on the stress was discussed. The stress was concentrated around the femoral neck dur-
ing the propagation of the stress wave, and the tensile maximum principal stress changed into com-
pressive minimum principle stress on the anterior and medial sides of the neck. On the other hand, the
compressive minimum principal stress changed into tensile maximum principle stress on the lateral side
of the neck. The largest maximum principal stress during the impact loading was always larger in the
neck than in the impact region. The largest absolute value of the minimum principal stress was found
in the neck or the impact region depending on the fall configuration. The largest absolute values of the
maximum and minimum principal stress were nearly equal, indicating that the bone fracture due to the
tensile stress may occur around the femoral neck.
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C omputational biomechanics is a very important

approach for clarifying the various behaviors of
the human body, and finite element analysis is consid-
ered to be one of the most useful methods for compu-
tational biomechanics. Many studies have analyzed the
biomechanics of the femur using the finite element
method [1-14], and in our previous paper [15], we
also examined the impulsive stress waves propagating
from the distal end of the femur. Femoral fracture in
the elderly mainly occurs due to a blow to the greater
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trochanter by a sideways fall, and therefore the bone
strength of the proximal femur subjected to a sideways
fall has been estimated analytically in biomechanical
studies [4, 12]. Quality of life is greatly impaired in
individuals bedridden due to bone fracture, so it is
important to find new ways for preventing fall acci-
dents, particularly in the current context of an aging
society. An important aspect of this research is evalu-
ating impulsive stress in the femur and determining
changes in the stress state during propagation of
stress waves.
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In the present work, the impulsive stress waves
propagating from the greater trochanter after a side-
ways fall were analyzed using a 3-dimensional model of
the femur created in our previous study [15]. The
dynamic finite element method was employed and the
propagation of the stress wave was discussed in rela-
tion to the fall configuration. The purpose of this
study was to evaluate the impulsive stress causing
femoral fracture after a sideways fall, and to deter-
mine where the greatest stress is concentrated in the
femur.

Materials and Methods

The finite element model was constructed and
described in detail in our previous study [15]. The
CT images of the right femur of an adult man were
prepared and the contour lines of the cortical bone and
the cancellous bone were extracted from them. The
solid model was then created and divided into 13,780
4-node tetrahedral elements with 3,305 nodes. The
model consisted of the cortical bone and the cancellous
bone, and was approximately 414 mm in total length.
The isotropic properties of the bones were assumed in
the analysis and the material constants for the elastic
deformation were taken from the data book [16], as
in the previous analysis [15]; the elastic modulus,
Poisson’s ratio, and density of the cortical bone were
7GPa, 0.3, and 1,700kg/m? and those of the cancel-
lous bone were 1GPa, 0.3, and 1,100kg/m’, respec-
tively.

A rigid surface was set horizontally and the lateral
fall configuration was defined by the 2 angles shown in

(A)
Fig. 1
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Fig. 1; 0 is the angle in the sagittal plane between
the bone axis of the femur and the surface, and ¢ is
the inclination angle of the femur from the vertical
direction. It was assumed that the femur is separated
from the pelvis by the articular cartilage; the trunk
drawn in the figure is not concerned with the analysis.
The angles used in the analysis were 8 =10, 20, and
30 degrees and ¢ =45, 60, and 75 degrees for a
sideways fall. Fig. 2 shows the positional relation
between the femur and the rigid surface in the cases
of 6=20°, d=45, 60, and 75 degrees. The impact
was applied in the vertical direction by hitting the
greater trochanter against the surface attached to the
several element surfaces including the lowest node of
the model. The impact region is shown as the black
element surfaces in Fig. 2 for each inclination angle.

The impact velocity was set at 1 m/sec for each fall
configuration and the displacements of the nodes facing
the rigid surface were fixed in the horizontal plane,
perpendicular to the impact direction, for stable impact.
The propagation of the stress wave was analyzed by
the software MSC.Marc 2008 (MSC.Software) employ-
ing the dynamic explicit method until the elapsed time
t =500 usec at the time intervals of At =5 X 10°® sec.

Results

The von Mises equivalent stress distributions of the
cortical bone surface in the lateral view of the femur
are shown in Fig. 3; the results for 6 =20°, ¢ =60°
at t =100, 200, 300, 400, 500 usec are represented
in the figure. The stress wave propagated from the
greater trochanter and eventually reached the femoral
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(B)

Sideways fall configuration. 0 is the angle in the sagittal plane between the bone axis of the femur and a horizontal rigid surface

(A). ¢ is the inclination angle of the femur from the vertical direction (B).
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Fig. 2  Positional relation between the femur and a rigid surface
in the cases of 6 =20°, ¢ =45, 60, and 75 degrees. Black ele-
ment surfaces show the impact region, i.e., the position of impact
of the greater trochanter, for each inclination angle.
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Fig. 3  Propagation of the stress wave in the cortical bone sur-
face of the femur in the case of 6 =20°, ¢ =60°. Distributions of
the equivalent stress in the lateral view of the femur at t =100,
200, 300, 400, 500 usec are shown.
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neck, diaphysis, and distal femur.

Large equivalent stress was observed around the
femoral neck during the propagation of the stress
wave, as shown in Fig. 3. The change of the stress in
the cortical bone surface around the cross section of
the neck was evaluated; the time histories of the
equivalent stress of the nodes located on the anterior,
posterior, medial, and lateral sides of the neck in the
cases of 6=20°, $=45, 60, and 75 degrees are
shown in Fig. 4. The change of the stress differed
according to the location around the neck. The stress
on each side increased and decreased twice until
t =500 usec and became very small at around t = 260
usec. The stress on the lateral side was largest, and
was much greater than the stress on the other sides.

The large equivalent stress was observed twice in
Fig. 4, so the distributions of the maximum and mini-
mum principal stress of the cortical bone surface in the
proximal femur at t=100, 400 usec in the case of
0=20°, $=60° are shown from two different view-
points in Fig. 5. The maximum principal stress was
concentrated on the medial side at t =100 usec and on
the lateral side at t =400 usec, respectively. On the
other hand, the absolute value of the minimum princi-
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Fig. 4  Time history of the equivalent stress in the cortical bone
surface around the femoral neck in the cases of 6 =20°, ¢ =45,
60, and 75 degrees. Changes of the stress with the elapsed time
were evaluated for 4 nodes located around the cross section of the
femoral neck shown in the Figure.
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pal stress became large on the lateral side at t =100
usec and on the medial side at t =400 psec. The dis-
tributions of the maximum and minimum principal
stress in the inclined cross section are shown in
Fig. 6, in correspondence with the data in Fig. 5. A
large absolute value of the principal stress was found
in the cortical bone, and the value was small in the
internal cancellous bone.

Fig. 7A shows the time histories of the maximum
and minimum principal stress around the femoral neck
in the case of 6 =20°, $=60°, where the reference
nodes are the same 4 nodes used in Fig. 4. Fig. 7B
presents similar results in the impact region for
8=20°, $=45 60, and 75 degrees. Within the
impact region, the node having the largest absolute
value of the maximum or minimum principal stress
during the impact loading was chosen for each ¢. The
maximum principal stress increased at the beginning of
the propagation, and after that the absolute value of
the minimum one increased on the anterior and medial
sides of the neck. In contrast, the absolute value of
the minimum principal stress increased at first and
then the maximum one became large on the lateral
side. The largest absolute values of the maximum and
minimum principal stress during the propagation were
larger on the lateral side than on the medial side. The
pattern of change in the stress in the impact region
was simpler than that in the neck. The absolute value
of the minimum principal stress increased until at
around t=100 usec and the maximum one became
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(A) Maximum principal stress

Fig. 5
cases of 0 =20°,  =60° at t = 100, 400 usec.
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large at around t =400 usec. The minimum principal
stress in the impact region differed according to the
inclination angle.

As shown in Fig. 7A, the principal stress on the
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Fig. 6  Distributions of the maximum (A) and minimum (B)
principal stress in the inclined cross section of the proximal femur
in the cases of 6 =20°, $ =60° at t =100, 400 usec; these data
correspond to those in Fig. 5.
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(B) Minimum principal stress

Distributions of the maximum (A) and minimum (B) principal stress in the cortical bone surface of the proximal femur in the
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Time history of the principal stress in the cortical bone surface around the femoral neck in the case of 6 = 20°, ¢ =60° (A) and

that in the impact region in the cases of 6 =20°, ¢ =45, 60, and 75 degrees (B).

anterior, posterior, medial, and lateral sides of the
femoral neck fluctuated with the elapsed time. The
largest absolute values of the maximum and minimum
principal stress during the impact loading were evalu-
ated on the 4 sides around the neck. Fig. 8 shows the
relation between these largest values and the inclina-
tion angle in the case of 8 =20°. The absolute value
of the principal stress was largest on the lateral side
and was small on the anterior and posterior sides for
any inclination angle.

Fig. 9 shows the largest absolute values of the
maximum and minimum principal stress in the femoral
neck area and the impact region during the impact
loading; the values are plotted against O for each
inclination angle. The area of the neck used for the
stress evaluation is represented in the figure and the
largest absolute values were obtained by the time
histories in this area. The influence of O was rela-
tively small and the absolute values of the principal
stress increased as ¢ increased in the neck. In this
case, the maximum principal stress was a little larger
than the absolute value of the minimum one for the
same fall configuration. The maximum principal stress
was larger in the neck than in the impact region for
every fall configuration. The minimum principal stress
in the impact region was affected by the inclination
angle, and the absolute value for ¢ =45° was larger
than the values for § = 60 and 75 degrees. The abso-
lute value of the minimum principal stress for ¢ = 45°
was larger in the impact region than in the neck,
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Fig. 8 The largest absolute values of the maximum and mini-
mum principal stress in the cortical bone surface around the femoral
neck during the propagation of the stress wave (t = 0—500 usec).
The relation between the largest values and the inclination angle in
the case of 6 =20° is shown.

especially in the case of 6 =30°.
Discussion
The equivalent stress around the femoral neck

increased and decreased twice and became very small
on every side at around t = 260 psec. Corresponding
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Fig. 9 The largest absolute values of the maximum and mini-

mum principal stress in the femoral neck area and those in the
impact region during the propagation of the stress wave (t = 0—500
usec). The relation between the largest values and 0 for each
inclination angle is shown.

to the equivalent stress, the maximum principal stress
on the medial side and the absolute value of the mini-
mum one on the lateral side were large till t= 260
usec, and the opposite state of the principal stress was
observed after t =260 usec, as seen in Fig. 7A. In
the case of a sideways fall, the impact bending occurs
due to the greater trochanter hitting a rigid surface.
As a result, the stress on the lateral side is compres-
sive and that on the medial side is tensile at the first
step. After the stress wave reached around the neck,
it appears to have reflected in a complex way at the
cortical bone surface, such that the opposite type of
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stress wave propagated after t = 260 usec. The impact
is applied in the vertical direction at the greater tro-
chanter, so that the absolute values of the maximum
and minimum principal stress are larger on the medial
and lateral sides than on the anterior and posterior
sides of the neck. The large absolute value of the
principal stress in the cortical bone, shown in Fig. 6,
can be explained as generated by the impact bending
and the high elastic modulus of the cortical bone.

The deformation of the femur during the impact
loading can also be evaluated by the finite element
analysis. The red lines in Fig. 10 show the shapes of
the proximal femur at t =100, 200, 300, 400 usec in
the case of 8 =20°, ¢ =60° (the displacements of the
nodes were extended 100-fold for purposes of com-
parison). The initial shape is also indicated by the
black lines for comparison. The femoral head dis-
places downward, and then moves upward, resulting
in the time histories of the principal stress in the
femoral neck shown in Fig. 7A.

As shown in Fig. 9, the influence of the fall con-
figuration on the principal stress was relatively small
in the femoral neck. The influence on the minimum
principal stress was remarkable in the impact region
and the absolute value of the stress for ¢ =45° was
larger than that for the other cases. This was due to
the difference in the position of the greater trochanter
upon impact, since the position in the case of ¢ =45°
was different from that in the cases of $ =60 and 75
degrees. The absolute values of the maximum and
minimum principal stress in the neck were nearly
equal, and these values were close to the largest
absolute value of the minimum principal stress in the
impact region. The large absolute value of the com-
pressive stress was found a little earlier in the impact
region than in the neck at the beginning of the propa-
gation, as shown in Fig. 7, indicating that the greater
trochanter is at risk of fracture when the stress is
larger than the bone strength. According to the refer-
ence [17], the tensile strength of the bone is gener-
ally lower than the compressive strength; thus bone
fracture may occur on the medial or the lateral side of
the neck even if it does not occur in the trochanter.
These results will of course be affected by the shape
of the individual femur, but this influence should not
be very large, provided the shape is not highly differ-
ent from that of the model used in the analysis.

In our previous paper [15], the impulsive stress
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Fig. 10  Deformation of the proximal femur during the impact
loading in the case of 6 = 20°, = 60°. Displacements of the nodes
were extended 100-fold for purposes of comparison. The shapes of
the proximal femur at t =100, 200, 300, 400 usec are indicated
with red lines and the initial shape is also shown using black lines
for comparison.

waves propagating from the distal end of the femur
were studied and it was clarified that the femoral neck
and the trochanter are at risk of bone fracture when
the impact is applied in the direction of the bone axis.
For our present analysis, we set the impact velocity
to be equal to that used in the previous study. The
largest maximum principal stress obtained in the pres-
ent study was 1.5 times larger than that obtained in the
previous one. It follows that the application of this
impact load to the greater trochanter would lead to a
higher risk of bone fracture than the impact at the
distal end of the femur; a sideways fall can thus cause
a serious femoral fracture when the impact velocity is
no greater than that generated by walking or going up
and down stairs.
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