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ABSTRACT

A finite element model for the long bones of the human lower limbs that accurately reflects their anatomical structure
has been developed. The average values of the material properties of the bones as well as their strain rate dependency were
determined from an extensive survey of the related literature and were reflected in the model. The model has been validated
against published quasi-static and dynamic 3-point bending test results, confirming that it accurately predicts the peak impact
force. In addition, it was found that the strain rate dependency of the material properties has a significant effect on the

accuracy of peak force prediction.

1. Introduction

According to accident statistics, pedestrians account for
a high proportion of traffic accident fatalities in Japan, at
approximately 30%.® This accounts for the high priority
placed on pedestrian protection together with occupant
protection in the improvement of automobile safety. The
Pedestrian Crash Data Study (PCDS), a database of
pedestrian accident surveys in the United States, was used
to examine distribution of the site of injuries with the
Abbreviated Injury Scale (AIS) rating 2 or more. As shown
in Fig. 1, the lower extremity area was found to be the
most frequently injured body region. While not typically
life-threatening, lower limb injury is becoming an
increasingly important concern in terms of long recovery
time and social cost.

Pedestrian lower limb injuries, as shown in Fig. 2, can
be classified into two types: bone fracture and damage to
knee ligament. Working Group 17 of the European
Enhanced Vehicle-safety Committee (EEVC) has proposed
a component test procedure using a legform impactor for
evaluating these injuries.? However, recent studies have
shown that the biofidelity of the impactor and validity of
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Fig. 1 Distribution of AIS2+ pedestrian injuries by
body region (Source : PCDS database)

injury criteria should be further improved.® -® The test
procedure will require further study for application to lower
limb injury evaluation in car-pedestrian accidents. This
paper reports on the development of a finite element model
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Fig. 2 Distribution of AIS2+ lower limb injuries by
injury type (Source: PCDS database)

for the pedestrian lower limb with accurate anatomic
structure. The purpose of this development was to identify
the mechanism of injuries to the pedestrian lower limb and
to establish an improved methodology for evaluating these
injuries.

Large numbers of simulation models have been
developed in the past in order to reproduce lower limb
response in car-pedestrian accidents and identify the injury
mechanism. Yang and Kajzer® used the MADYMO
program to develop a three-dimensional multibody model
of the pedestrian lower limb with a focus on the anatomic
structure of the knee. Since the thigh and leg were each
modeled as single rigid segments, it was not possible to
simulate bone fracture. Yang et al. ® attempted to
reproduce bone fracture by adding a joint element to this
model in the upper part of the leg. The problem, however,
was that this required the location of the bone fracture to
be specified in advance. In these multibody models, the
ability to simulate deflection of the bony structure and bone
fracture is largely dependent on the modeling method, and
it is difficult to construct a model that can be used under
various different loading conditions.

Bermond et al.® @9 developed a three-dimensional finite
element model of the knee joint, but this has not been
validated for accuracy of dynamic response. Schuster et
al.®) developed a three-dimensional non-linear finite
element model for the pedestrian lower limb. The response
of the bony structure, however, has only been validated
under quasi-static conditions. Tamura et al.*? used a finite
element model of the human body to study the tibial injury
mechanism in passengers during a collision. However,
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quasi-static data were used for the material properties of
bones, and the repeatability of the dynamic response has not
been validated. Although the finite element models
developed in the past studies had broader applicability than
that of multibody models, no model has succeeded in
simulating the dynamic response of the bony structure
accurately.

This report describes the development and validation of
a bone model produced in the course of development of a
finite element model for the pedestrian lower limb. As noted
above, lower limb injuries to pedestrians are generally
categorized as bone fracture or ligament damage. Past
experimental studies showed that ligament damage rarely
occurs when bone fracture takes place.®™® A possible
explanation for this is that a bone fracture interrupts the
load path so that the force on the knee joint is reduced. In
this study, the development of a bone model consequently
incorporated a modeling method that was capable of
simulating the interruption of the load path due to bone
fracture. In order to accurately predict the dynamic response
of the lower limb, the model also incorporated strain rate
dependency of the material properties of bone that had not
been taken into consideration in previous studies. Validation
of this model was also carried out under dynamic
conditions.

2. Structure and Material Properties of Bone

The structure of long bones is shown in Fig. 3. The
surface of the epiphysis is covered by cortical bone, which
has high stiffness, while the interior is filled with trabecular
bone, which has a honeycomb-like structure and relatively
low stiffness. The diaphysis forms a tubular structure of
continuous cortical bone that grows progressively thicker
toward the mid-section of the bone. There is no trabecular
bone in the interior of the diaphysis, which is instead filled
with yellow bone marrow. Consequently, prediction of the
mechanical response of the bony structure requires the
model to separately characterize and incorporate the
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Fig. 3 Structure of long bones
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Fig. 4 Typical stress-strain curves for bone and parameters specified in the model
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properties of the cortical bone and trabecular bone in order
to take into account the difference in stiffness between these
bone components.

The typical stress-strain curves for cortical bone and
trabecular bone are shown in Fig. 4. To simplify modeling,
the stress-strain relationships were approximated with the
two phases shown by the blue lines, and the four parameters
of the Young's modulus (E), the yield stress (c,), the
ultimate stress (¢ ), and the ultimate strain (s) were
determined through extensive literature survey.®¥ - ® For
the trabecular bone, the properties of the plastic region were

anticipated that the material properties of the bones would
correlate with age when the survey results were compiled.
Therefore the values for each property were plotted against
age as the horizontal axis. The data set was not separated
by gender, since past studies have shown no gender
difference at the material property level.?

Fig. 5 shows the survey results for the Young's
modulus and ultimate stress of femoral cortical bone. The
data are presented under the categories of tension and
compression. Clinical findings indicate that bone fracture
is generally initiated in the portion subjected to tension.
Consequently, these figures show that bone has less strength
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Fig. 5 Tensile and compressive properties of femoral cortical bone as a function of age
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in tension than in compression, and the results are consistent
with the clinical observations. In this research, therefore, the
properties of bone in tension were used for the purposes
of bone fracture prediction. Fig. 6 shows the survey results
for the above four material properties with respect to
femoral cortical bone. The values for properties other than
the yield stress were divided into age groups at 10-year
intervals and the averages were taken (red circles), and
upper and lower limits were calculated (red squares) so as
to include 90% of the data on the assumption of normal
distribution. These were interpolated using a quadratic
function to establish a corridor for the properties as shown
in the graphs. For the ultimate strain, linear interpolation
was chosen due to the relatively small amount of data and
its wide variety. The only data obtained for the yield stress
were the average values for the 10-year age groups (red
circles) and the upper and lower limits (red squares).
Therefore the correlation with age was not taken into
account, and it was decided to use uniform averages instead.

Table 1 Differences in the material properties of the
cortical bone in the femur and tibia (age
20 — 89, average)

Material property Femur Tibia Ratio
Young’s modulus (MPa)| 16843 23843 1.42
Yield stress (MPa) 114 129 1.13
Ultimate stress (MPa) 132 157 1.19
Ultimate strain (%) 2.8 3.1 1.09
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It is apparent from these graphs that the values for bone
properties are affected even more by individual difference
than by age. Use of these collected figures makes it possible
to construct a model that incorporates the age and bone
strength level of the pedestrian to be analyzed. The only
data obtained for the tibial cortex were averages. Therefore,
as shown in Table 1, the ratio of the average value for each
property between the tibia and femur was used in order to
obtain the corridor for the tibia by scaling that of the femur.
No data at all were found for the fibula. The values for the
properties of the femur were therefore used as initial
estimates, and these were later adjusted to agree with test
results during the process of validation, described below.
Since there was also very little data on the properties of
trabecular bone, it was not possible to determine material
properties for each bone separately. The trabecular bone in
the femoral head was found to have high stiffness compared
to other regions, however, and this region was given
different properties, as shown in Fig. 7. The stiffness of
trabecular bone is about 1/10 that of cortical bone, and it
was anticipated that the contribution of trabecular bone to
the overall material properties of the bone is relatively
small. Therefore, considering the small amount of data
available, it was decided to use average values without
defining the correlation with age. The ultimate strain for
trabecular bone was set at 13.4%, using the only source that
refers to this property.®® A value of 0.315 was used as
Poisson’s ratio for cortical bone and trabecular bone in all
the bones, taken from an average of the small amount of
data available.® @0 @0
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Fig. 7 Material properties of the trabecular bone for the femoral head and other regions
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Carter and Hayes® 9 experimentally examined the
effect of strain rate on the stiffness and strength in cortical
bone and trabecular bone, and found that the stiffness and
strength of bone are proportional to the strain rate raised
to the power of 0.06 (Fig. 8). Based on these findings, the
relationship between the strain rate and dynamic factor was
defined as shown in Fig. 9. It is also apparent in Fig. 8
that a strain rate dependency exists with regard to the
Young's modulus. Therefore, this relationship was applied
to every region of the stress-strain curve, including the
elastic region.
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Fig. 9 Dynamic amplification factor versus strain rate
specified in the model

3. Model Description

The external shape of the bone model was obtained
from the H-Dummy™ &9 finite element model of the human
lower limb developed by Nihon ESI. The shape of this
model is anatomically accurate since it is based on the
human bone model from the Viewpoint Datalab™ that was
generated from scanned images of the human body.®” The
configuration of the bone model is consistent with that of
human long bone shown in Fig. 3. As shown in Fig. 10,
the epiphysis is modeled with a two-layered structure that
uses shell elements for the surface cortical bone and solid
elements for the internal trabecular bone. The diaphysis is
modeled using solid elements for the cortical bone in order
to simulate the internal cavity. A closer look inside cortical
bone, as shown in Fig. 11, shows the existence of

Cortical bone
(Shell element)

Cortical bone

Trabecular bone (Solid element)

Cortical bone
(Shell element)

Fig. 10 Structure of femur model

Haversian canal

Outer basic lamellae

Fig. 11  Structure of cortical bone

Haversian lamellae enclosing large numbers of Haversian
canals through which blood vessels pass. On the surface of
the Haversian lamellae are outer basic lamellae that have
even greater stiffness.®® The material property of cortical
bone found in the literature is related to these Haversian
lamellae. Therefore, further shell elements were added to
the outside of the diaphysis, where the cortex is thick and
the outer circumferential lamellae are considered to have a
significant effect. In this way the geometric moment of
inertia of the diaphysis was corrected. As the literature did
not contain quantitative data on the material properties of
the outer circumferential lamellae, however, the data for the
Haversian lamellae were used for this layer instead. The
thickness of the lamellae was determined so that the
geometric moment of inertia was identical to that calculated
by applying beam theory to the published load-deflection
curves from quasi-static 3-point bending tests conducted for
each bone.

For the purpose of bone fracture modeling, material
model Type 16 (solid element) and Type 105 (shell
element) in PAM-CRASH™ were chosen for bones since
they have fracture modeling functions. The Element
Elimination option in these material models was applied in
order to simulate bone fracture. This option steps the
stiffness of certain elements down to zero when the
elements reach the value set for the ultimate strain. For the
strain rate dependency of material properties, the
relationships in Fig. 9 were incorporated into the model
using the PAM-CRASH™ |ogarithmic interpolation
method.(? €0

4. Model Validation

The bone models were validated under quasi-static
conditions against the results from quasi-static 3-point
bending tests with human long bones conducted by Y amada
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et al.®» Though the test conditions are not described in
detail in Yamada et al., they are assumed to have been as
shown in Fig. 12. The literature contains |oad-deflection
properties for human long bones, including such bones of
the lower limb as the femur and tibia, in the form of
average values. A model as shown in Fig. 14 was created
and used for comparison of load-deflection curves. The
computer simulations were run utilizing PAM-CRASH™,
Since this computer program is for dynamic analysis,
settings for the strain rate dependency of material property
were excluded in order to simulate quasi-static conditions.
The tests conducted by Yamada et al. used bones from
persons aged 20 — 39 years. Therefore, average values
calculated for the corresponding age group from the age
corridor determined above were used. The materia property
values used in the computer simulation are shown in Table
2. A comparison of the simulation and test results for load-
deflection properties of the femur, tibia, and fibula is shown
in Fig. 15. The test results show slightly higher loads as
compared to the simulation results when deflection is in the
vicinity of approximately 5 — 10 mm, while the load and
deflection at the point of bone fracture show excellent
correlation for every bone.
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Fig. 12 Assumed quasi-static 3-point bending test
setup for long bone
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Fig. 13 Load-deflection curves for human long bones
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Fig. 14 Schematic diagram of femur model

Table 2 Material property of bones used in the model for quasi-static validation (for age 20 — 39, average)

) Young's Yield Yield Poi , Ultimate Ultimate
Material Name Dken3|t3y modulus stress strain o:s?_on S| stress strain
ka/m) | (mPa) (MPa) (%) atio (MPa) (%)
Femur cortical 1850 14317 114.1 0.80 0.315 123.3 2.0
Tibia cortical 1850 20033 129.0 0.63 0.315 138.1 1.5
Fibula cortical 1850 17406 103.2 0.59 0.315 107.0 0.9
Trabecular 600 295 3.7 1.25 0.315 3.7 13.4
Femoral head trabecular 600 792 9.1 1.15 0.315 9.1 13.4
Femur Tibia Fibula
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Fig. 15 Comparison of load-deflection response of bone in quasi-static 3-point bending
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The bone model should also be validated under dynamic
conditions since the impact between the pedestrian lower
limb and the vehicle during an accident is a dynamic
phenomenon. Dynamic validation of the bone model was
carried out using the results from dynamic 3-point bending
tests on many of the lower limb bones conducted by Kress
et al.®@ Kress et al. used the test setup shown in Fig. 16
to obtain average peak forces occurring when an impactor
weighing 50 kg is made to impact with the bone at a
velocity of 7.5 m/s. Table 3 shows the test conditions and
the average peak forces. The simulations employed the
material properties corresponding to the average age for
each set of conditions as calculated from the corridor. The
tests applied impact to the femur and tibia from two
directions, Lateral-Medial (L-M) and Anterior-Posterior (A-
P), while the fibula only had L-M impact applied.

Impactor

/(M=50kg, $41.3)

\ 4 T ‘
V=7.5m/s
O

Support

Fig. 16 Test setup for dynamic 3-point bending

Table 3 Test results of dynamic 3-point bending

Speci Impact plane Age Peak force
pecimen pactp (Average) n (kN)
L-M 71.0yr 21 | 5.48 (SD 1.17)
Femur
A-P 69.2yr 50 | 5.70 (SD 0.46)
L-M 74.3yr 33 | 4.07 (SD 1.22)
Tibia
A-P 69.9yr 95 | 4.85 (SD 2.08)
Fibula L-M 72.5yr 21 | 0.57 (SD 0.28)

* A-P : Anterior to Posterior / L-M : Lateral to Medial

I Experiment
Femur

Simulation models of the kind shown in Fig. 17 were
created for all 5 of these cases and the peak forces were
compared. The figure also shows deformation diagrams for
the time of bone fracture, and the elements that exceed the
ultimate strain threshold specified in the PAM-CRASH™
Element Elimination option are set not to be displayed. The
mass of these elements is distributed in the surrounding
nodes, and consequently they are conserved even after
exceeding the threshold. The stiffness, however, diminishes
to zero, so that load transmission does not take place in
these elements to either side. In reality, butterfly-type
fracture patterns are often observed in bone fractures caused
by bending. However, in the simulation results in Fig. 17,
the elements in the row immediately under the impactor are
subject to Element Elimination. Therefore, this model is not
capable of simulating the microscopic mechanism of actual
bone fracture. This kind of model can, however, reproduce
the interruption of the load path due to bone fracture, which
is important for the analysis of pedestrian injury. A
comparison of the peak forces between the simulation
results and the test results is shown in Fig. 18. In the
simulations, two models were employed: one with and one
without strain rate dependency, in order to clarify the effect
of the strain rate dependency of the material properties in
dynamic loading conditions. It was found that the
simulation results from the model without strain rate
dependency showed a peak force of 1/2 of the test results

Bone model
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(Fixed)
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Fig. 17 Femur model setup for 3-point dynamic
bending
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Fig. 18 Comparison of peak force between experiment and simulation
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or less, while incorporation of strain rate dependency
yielded results that were closer to the test results. This
suggests that it is essential for the model to incorporate
strain rate dependency of the material properties of bone
in order to reproduce the injury mechanism of the
pedestrian lower limb under dynamic conditions.

This research showed that the bone model developed
was able to accurately predict the peak impact force in
quasi-static and dynamic 3-point bending. In actual
pedestrian accidents, however, the bumper frequently
impacts the pedestrian lower limb immediately below the
knee joint. Therefore, it is possible that the distribution of
shear force and bending moment differs from 3-point
bending. In addition, due to the microscopic internal
structure of the long bone as illustrated in Fig. 11, the
material properties are different in the axial and transverse
directions.®® A material model that simultaneously
incorporates the anisotropy of a material, the strain rate
dependency, and a fracture model is currently not available
in PAM-CRASH™. Therefore, the model developed in this
study focused on reproduction of bone fractures and
assumed isotropic material properties. Future study should
focus on the development of a material model that takes
the above three elements into account simultaneously and
the model validation should occur under conditions that
more closely approximate actual pedestrian accidents.

5. Conclusion

A finite element model of the long bone of the human
lower limb was developed that accurately represents the
anatomic structure of the bone and incorporates material
properties determined through extensive survey of the
literature. The model was validated against test results from
quasi-static and dynamic 3-point bending. The following
conclusions were reached as a result:

(2) 1t was found through survey of the literature on material
properties of bone that stiffness and strength are lower in
tension than in compression. In relation to age, stiffness
and strength tend to be at their peak around the age of 40,
while individual difference has a greater effect even than
agein terms of the amount of variation.

(2) The bone model developed in this study was found to
correlate very well with test resultsin terms of the load and
displacement magnitude at the time of bonefracturein quasi-
static 3-point bending, and in terms of the load at the time
of bone fracture in dynamic 3-point bending.

(3) It was found to be essential for the model to incorporate
strain rate dependency of the material properties, which was
not taken into consideration in previous research, in order
for it to accurately simulate the dynamic response of bone.

(4) The reflection of anisotropy in the material properties of
the bone model and the model validation under conditions
more closely approximating actual accidentswereidentified
asissues for the future.
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