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Abstract : The direction of the applied load and displacement rate on the femur during falis may be an important
factors in the etiology of hip fractures. Nonetheless, previous studies did not consider these two factors simulta-
neously for falling condition. Therefore, in the present study, an impact test system is developed to simulate the
falling condition and the influence of impact angle on the deformation pattern changes of proximal femur is inves-
tigated. The results showed that a slight variation in impact angle quite affects deformation pattern of the proximal
femur. Along with bone mineral density and trabaecular morphology, the impact angle can be another important
factor affecting the structural capacity of the proximal femur.
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1. Introduction

Falling related injuries are categorized as the most
serious and common medical problems experienced by
the elderly. Hip joint fracture is one of the most serious
consequences of falling in the elderly, and accounts for
a considerable part of the disability, death, and medical
costs associated with falling. Since fracture represents a
structural failure of bone, I believe that such reductions
in fracture incidence can only be achieved through a
sound understanding of the biomechanics of fracture eti-
ology [1]. Early research on hip fracture biomechanics
focused primarily on loads associated with gait or one-
legged stance [2]. However, since spontaneous fractures
are rare and approximately 90% of hip fractures are asso-
ciated with a fall [3], the mechanics of the descent and
impact phases of a fall are of major etiologic importance
{4]. Although a fall appears to be a necessary condition
for hip fracture, it is not a sufficient condition [5], since
less than 5% of falls results in fractures [6]. Additional
importance elements in the etiology of hip fracture are
the severity of the fall and the structural capacity of the
femur.

The available energy, impact location, and muscle activity
during descent affect the severity of a fall, whereas bone
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density, architecture, and the geometry influence the struc-
tural capacity of the hip [7].

Femoral bone density (BMD) has proven to be an
effective predictor of fracture risk. By predicting a frac-
ture risk from an individual’s BMD, one can estimate
the denominator of the factor of risk. Other factors, which
are independent of density, might also affect the struc-
tural capacity of the femur. For example, Courtney er
al. [8] reported a 20% increase in failure load due to
high displacement rates. Testing at a lower displacement
rate, Lotz and Hayes [9] reported a lower average load
than Courtney er al. [10] for elderly femurs. However,
the direction of the applied load from Lotz et al. dif-
fered from that of Courtney et al. Thus, while density
appears to be an important determinant of fracture load,
loading angle and displacement rate may also be crucial
elements [1].

The direction of the applied load and displacement
rate on the femur may be an important factors in the
etiology of hip fractures. Nonetheless, in previous stud-
ies, there have not been attempts to match these two
factors to falling condition.

Therefore, primary aims in the present study are (1)
to develop the impact testing system to simulate the
falling condition; (2) to investigate the deformation pat-
tern changes of proximal femur to consider the influ-
ence of impact angle; and (3) to conduct the traditional
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static test simulating two-legged stance to compare with
deformation pattern caused by tke impact test.

2. Materials and Methods

Fresh right femur (male, age 31) was stored at -70°C
and thawed to room temperatuie prior to testing. To
prevent drying during thawing, preparation, and testing,
femur was periodically sprayed with distilled water.

In preparation for impact testing, the femur was cut
approximately 15cm away from the midgreater trochanter
to the distal end. A 7cm long ard 1cm diameter round
rod, fixed to a steel base connected to the pelvic compo-
nents of the surrogate-pelvis, was inserted in medullary
canal and cemented in place wita polymethylmethacry-
late, and then was instrumented with 8 strain gage
rosettes. The location of the gages was such that three
rosettes were coplaner at specified locations: subcapital
and basicervical, and two rosettes were at subtrochant-
eric. For measuring the strain in axial direction and trans-
verse direction, the gages stacked, 90-degree T rosettes
with an active gage length of 3.18 mm (AE-11-TS50N-
120-EL, CAS) were used. The axial direction was
determined along the long axis of the femoral neck.
The transverse direction was donz along the normal to
the axial direction. The bone surface was prepared and
gages bonded using the protocol of Carter et al. [11]
(Fig. 1, Fig. 2).

After gage preparation, the femur was imaged using
CT scanner (GE 9800, GE Corp). The scans were made
at the site of strain gaging in subcapital and basicervical
region for cross sectional geometry and gage locations
for analyses of geometric properties at the gaged section.
This enabled computation of the distribution of strains
normal to the bone’s cross secticnal plane, which was
useful for comparing strain patterns in each section. The
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Fig. 1. Anterior view of right femur.

Fig. 3. A drawing of a bone cross section showing the distri-
bution of normal strains.

computation was accomplished by a simple matrix oper-
ation on the measured strains based on strain gage loca-
tion [12]. (Fig. 3).
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And then each gage was connected signal condition-
ing amplifier (model 2311, Measurement Group). The data
were collected from A/D converter (DT7102, Data Trans-
lation) using a personal computer and commercial data
aquisition software (DT VEE, Data Translation).

To simulate the real falling condition, the impact sys-
tem is constructed, which is composed of surrogate-pel-
vis, impact tester, and data aquisition modules. This test
system was validated with matching its effective stiff-



ness and effective damping to the results of the pelvis-
release test conducted by Robinovitch er al. [13].

For impact test, I set the angle of the pendulum to
13°, which yields an impact velocity of about 1 m/s,
below the mean impact velocity of the hip during fall-
ing [14]. The object of this study is to investigate the
relationship between impact angle and deformation pat-
tern. Therefore, it needed to get the data from the same
location at each impact angle and the test was con-
ducted on the same specimen within the elastic range to
prevent its permanent deformation. The femur was posi-
tioned so as to simulate a fall on the greater trochanter
at three different impacting positions. The 15° loading
configuration was identical to that used by Courtney et
al. [10] and was typical body configuration at impact.
The angle of the femoral shaft with respect to the hor-
izontal (defined as femoral shaft angle) was 10° and in this
case the femoral neck was internally rotated (defined as
loading angle) by 15°. For the second loading case, the
impact angle was 0° simulating impact on the hip rolled
slightly forward. For the third case, the femur was internally
rotated 30°.

The femoral angle with respect to the vertical was
kept at 10° for all three cases. Local crushing of the
greater trochanter was prevented by soft tissue padding.
And a polyethylene acetabulum was also inserted between
the femoral head and pelvic component.

During impact, the acceleration of the pendulum head
was measured using an accelerometer (CXL04MI1, Cross-
bow) mounted on the pendulum weight. The impact
force was determined by the product of acceleration and
effective mass of the pendulum. Data were acquired at
a rate of 4 kHz for 500 ms. To eliminate high frequency
transients in the force signal observed at the instant of
impact. the data were filtered using a second-order low-
pass Butterworth filter with cut-off frequency of 50 Hz
(Matlab, The Math Works). And in order to eliminate
potential phase change effects of the filtering, data were
first filtered in the forward direction and then were run
back through the filter in the reverse direction. This fil-
tering process was observed to have little effect on either
the magnitude of peak force or the instance of peak force.

After impact test, the static test was conducted to com-
pare strain patterns in each case. In order to approximate
the loading condition in two-legged stance, the antever-
sion was set to 14° and the ideal geometric angle,
which is angle between the ideal axis (longitudinal) and
the axis through the center of the femoral head from
the inter-condylar notch, was set to 10°, and distal end
of femur was rigidly fixed. Using a hydraulic material
testing machine (Instron 8511, Instron Corp), a com-
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pressive load up to 245N was applied to the superior
aspect of the femoral head. The data were recorded at a
sampling rate of 10 Hz for 2 min.

3. Result and Discussions

In this study, fall impact simulation was conducted to
determine how impact angle influences the deformation
pattern in proximal femur. The gage locations applied in
femoral head and neck are presented with their abbrevi-
ations in Fig. 4 and Fig. 5, respectively. The axial and
transverse strain patterns at the corresponding locations
are presented with impact angles in Fig. 6 and Fig. 7,
respectively. The maximum impact force was 1051+35N
and the maximum velocity was 0.91£0.04 m/s. This max-
imum force is far below the mean fracture load (7200+1090N).
After testing, any defects in specimen were not observed.
From these points, it is proposed that the deformed
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Fig. 4. Gage locations in femoral head.
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Fig. 5. Gage locations in femoral neck.
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Fig. 7. Transverse strain patterns a‘ each impact angle.

state of the specimen is still within the elastic region
and the specimen doesn’t experience any local perma-
nent deformation.

The neutral axis to horizontal line in femoral head is
66.04°, 53.04°, 57.43° for imoact angle 0°, 15°, 30°,
respectively (Fig. 8). In femoral neck, it is -70.88°, 47.43°,

Fig. 8. Changes in neutral axis at femoral head.
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Fig. 9. Changes in neutral axis at femoral neck.

-36.46° for impact angle 0°, 15°, 30°, respectively (Fig.
9). These data indicate that the strain distribution of
proximal femur is sensitive to variations in impact angle
which might occur from different falls on the hip. This
phenomenon is concerned with variations in moment
arm between the loading point and the mid-neck. With
a longer moment arm, the same impact force produces
more deformation in the femoral neck. Regardless of
impact angle, a larger deformation (-2000~1000 ue) was
found in femoral neck compared to femoral head
(-800~200 pg) as shown in Fig. 10 and Fig. 11. From
this finding, it is suggested that the neck fracture may
be one of the most typical hip fractures.

A significant difference in strain distribution and mag-
nitude between impact test and static test was found.
The neutral axis in static test was 29.05° in femoral head
(Fig. 8), and -80.36° in femoral neck (Fig. 9). As shown
in Fig. 12 and Fig. 13, the extend of strain distribution
was -200~200 pe in femoral head and -300~200 pe in
femoral neck. These results indicate that a off-axis load-
ing was occurred in proximal femur by fall, that is, bone
matrix (trabaecular bone) is so loaded obliquely relative
to primary loading orientation that it fails at less strain
level. Therefore, the present findings may provide another
explanation for the reason why the hip fracture occurs
more frequently during fall than in normal physiological
loading conditions such as walking, standing, and so on.

One of the characteristics of this study is that it is the
impact test to investigate specifically the effect of impact
direction on the deformation of the proximal femur dur-
ing fall. Unlike previous mechanical test protocols {8, 9,
10, 15], the impact test system composed of impact
pendulum and surrogate pelvis was developed in the
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Fig. 10. Strain gradient at femoral neck for impact test: (a)
impact angle 0°, (b) impact angle 15°, (c) impact angle 30°.

present study. It is an essential aspect that the test sys-
tem accurately simulates the dynamic response of the
body during a fall on the hip. So, I adjusted the test
system to simulate effective mass, stiffness, and damp-
ing of a typical male pelvis during a fall on the hip.
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Fig. 11. Strain gradient at femoral head for impact test: (a)
impact angle 0°, (b) impact angle 15°, (c) impact angle 30°.

The result well agreed with the previous study [16],
which showed that impact direction affects a failure
load of the femur tested in vitro. This investigation is
reasonable and further emphasizes the importance of
fall biomechanics in hip fracture. Another feature of the
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Fig. 12. Strain gradient at femoral head for static test: two-
legged stance.
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Fig. 13. Strain gradient at femoral neck for static test : two-
legged stance.

present study is that, based on these data, more accurate
finite element model will be constructed to predict the
failure of femur. Because of fiw experimental data to
validate models, earlier computational models have not
been developed enough to predict hip fracture. So, the
present findings will be very h:lpful. Finally, the infor-
mation for the deformation petterns computed in this
study is clinically useful. The computed strains are con-
sidered to be more useful in comparison between injury
occurrences and biomechanical responses. Furthermore,
fundamental mechanics of iniuced compression and
bending due to a primarily impact can be analyzed in
regard to the various modes of femoral fracture.

This study also has some lmitations. One involves
the assumption that the large local deformation is con-

cerned with failure of bone. Load-bearing is one of the
most important functions in skeletal system. In this
repect, trabaecular bone may particularly play an impor-
tant role in femur. Trabaecular bone failure can be fun-
damentally explained as a function of the strain that
bone experiences. Therefore, the strain in the cross sec-
tion was computed to investigate the relationship between
impact angle and deformation pattern. However, the test
was conducted within elastic range so that it could not
be verified that bone failure started in region where the
largest deformation occurred. More studies for the rela-
tionship between fracture pattern and strain distribution
are needed. Secondly, there may be other impact angles
that occur during falls, and perhaps the deformation pat-
tern would be different at other angles. A better method
to assess the appropriate loading condition in vivo may
be to use magnetic resonance imaging or computed
tomographical imaging for the hip in a fall configura-
tion and analyze the images to estimate the angel at
impact. A third limitation is the fact that there are three
independent strain components about the principal cent-
roidal axes (compression-elongation, anterior-posterior,
lateral-medial responses). These components are useful
for biomechanical studies of bone injury. Because of the
porosity, principal axis and moment of inertia in cross
section were not determined in this study.

4. Conclusions

The impact test system simulating a fall on the hip
was developed in the present study. It was shown that a
slight variation in impact angle affects deformation pat-
tern of the proximal femur. Along with bone mineral density,
geometry, and trabaecular morphology, the impact angle
is also another important factor affecting the structural
capacity of the proximal femur. Since the impact angle
is mere the consequence of the direction of the fall
unlike the intrinsic property of bones, the present study
provides additional informations for the etiology of hip
fracture in fall biomechanics.
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