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Abstract

Accident statistics have shown that automotive side impacts are a major safety problem. The side
impact dynamics of an occupant are very complex and difficult to investigate. Industrial research has
mainly focused on the impact dynamics of man-made side impact dummies, rather than on the
dynamics of real human bodies. Therefore fundamental research of the impact dynamics of real human
bodies is rare. The objective of this thesis has been to make a contribution to this research by

developing a computer-simulated model of the human body using the finite element technique.

Fundamental research has been conducted in the past to investigate the biomechanical impact
responses of the human body subjected to lateral impact. For obvious reasons, tests exceeding injury
levels are not performed with living humans and hence human cadavers were used. A pendulum mass
is usually used in impactor tests to impact the cadaver at different body regions with varying initial
velocities. Sled tests are another test procedure, in which cadavers are impacted against a rigid or

padded wall by means of a horizontally accelerated sled.

Since the number of cadaver tests is limited, mathematical models have been developed to further
investigate the dynamics of cadavers in impact tests. The simplest type of impact model is the one-
dimensional lumped mass model, which typically consists of five or six masses with spring-damper
mterconnections between each of the lumped masses. More advanced multi-dimensional lumped
parameter models are used to describe the three-dimensional motion of linked rigid bodies. These
bodies usually have a simplified geometry consisting of planes and ellipsoids. Finite element programs
have been used for some time to examine impact problems in many research fields. The impact effects
require dynamic capabilities, thereby adding inertial forces to internal stresses in the structure,
providing more complex material properties and geometry descriptions, and allowing large
deformation and self-contact of surfaces. Such models are expensive in preparation and computational

time.

The FE-model of the human body developed by the author consists of all relevant skeletal parts of the
human body, which have been modelled in detail using shell elements. The different joints and
ligaments, which connect the skeletal bones, display a high geometrical complexity. All major muscles
of the back, neck, abdomen and of the complex shoulder are included in the entire FE-model as
separate FE-models, and are not lumped together as in previous FE-models developed by other
authors. Furthermore, three techniques are used to model the different muscle groups. These three
different techniques make use of one-dimensional spring-damper elements, two-dimensional

membrane elements and three-dimensional solid elements respectively.
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The validation process comprises a visual comparison of the dynamics of the FE-model with cadaver
sled tests at two different initial velocities. Despite some minor differences in the observed dynamics

of the cadavers, the FE-model shows very similar dynamics compared to these sled test simulations.

A quantitative comparison is conducted, comparing the numerical responses of the FE-model
subjected to lateral impactor tests and sled tests with the corresponding responses measured in the
experiments. The FE-model shows its high level of biofidelity in the shoulder, thorax, abdomen and
pelvis impactor tests and in the sled tests. The experimental results are often defined by a response
corridor with an upper and lower limit, due to the fact that the cadaver responses often vary within a
wide range. The biofidelity of the FE-model is assessed by comparing the simulated responses to the
experimental corridors. The simulated force and deflection responses show good agreement with the

corresponding experimental results and generally are within the limits of the response corridors.

The dynamics of the head-neck complex are examined by comparing the FE-model responses to low
g-level volunteer sled tests and to high g-level cadaver sled tests. The FE-model performs very well

compared to the experimental volunteer tests and fairly well to the high g-level cadaver sled tests.

The FE-model shows that the shoulder, thorax and abdomen impact performance is mainly influenced
by the deformation of the rib cage. A high level of biofidelity depends strongly on the compliance of
the body. This is shown when comparing the simulated impact responses with the corresponding
experimental results of the present side impact dummies, which also demonstrates the deficiency of

biofidelity of the existing dummies.
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1. Introduction

1. Introduction

1.1 Background
1.1.1 Statistics of automotive side impacts

Automotive side impacts are a major safety problem. Approximately 18% of all injuries and 35% of
all serious and fatal injuries have been found to occur in crashes where the principal component of the
force on the vehicle is to the side [Lau91, Ou82, Ou90]. Accident investigations have shown the
complexity of the event when a car collides laterally with either another car or a rigid object.
Therefore it is no surprise that the statistical results vary within a wide range among different accident
investigations due to a lack of uniformity of the accident investigation methodology. However,
analyses of accident statistics have shown several similar trends in Europe and the USA. The
proportion of side collisions among all car accidents ranges from 20% to 40% [Ott90, Ott93, Rou85,
Kal86, Mil91]. Figure 1.1.1 a) shows the frequency of side collisions among all vehicle accidents and

Figure 1.1.1 b) shows the distribution of the impact angle of all vehicle side impacts.

Frontal impact

522%
9.0 %
Driver Passenger
side impact side impact
182 % 138%

T

Rear end impact
15.6 %

a) Frequency of side collisions b) Distribution of impact angle

Figure 1.1.1: Side impact statistics (redrawn from [Ou93])
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In 60% of all side impact collisions the passenger compartment is affected [Ott93, Rou85, Mon77].
The oblique frontal impact at angles between 30° and 120° is the most frequent situation [Dan76,
Rou85] as shown in Figure 1.1.1 b). The intrusion of the side panel into the passenger compartment is
considered to be one of the main causes of serious injuries, so that nearside occupants have a 2 to 4
times higher risk of serious and fatal injury than the farside occupant [Ces76, Tho87, Rou85, Dan76,
Ott84].

The severity of injuries is classified into 6 groups by an Abbreviated Injury Scale (AIS). AIS 1 covers
minor injuries while AIS 6 is not survivable. Classification criteria have been changed over the past
20 years which makes a comparison between different accident investigation reports even more
difficult. Table 1.1.1 shows the results of an analysis of the American National Crash Severity

Study (NCSS), illustrating those body regions which are seriously injured in lateral impacts.

AlS 3-6 4-6 5-6 6
Head [%] 12.2 287 34.5 32,0
Neck [%] 8.7 04 18.1 46.6

Abdomen [%] 156 24.2 21.0 0.1
Chest [%] 38.3 242 245 19.4
Other [%] 27.3 - - 0.1

Table 1.1.1 Injuries in vehicle side impact [Rou85]

When all serious injuries with AIS between 3 and 6 are considered, chest injuries are most prevalent,
whereas head and neck injuries dominate if only immediately fatal injuries (AIS 6) are closer

examined more closely.

1.1.2 Side impact tests and regulations

In 1990 regulations for a test procedure, with regard to establishing the protection of occupants in side
impacts was issued in the USA by the National Highway Transport and Safety Administration
(NHTSA). It applies to passenger cars from the model year of 1997 and Multi Purpose Vehicles
(MPV) from the model year of 1999. The test configuration is shown in Figure 1.1.2 a).
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capabilities of the respective dummy used. These injury criteria are described in more detail in

Section 2.2.

Eurosid-1 SID

Head Head injury criterion -
Head protection criterion
HIC/HPC - 1000

Thorax Rib deflection — 42 mm Thoracic Trauma Index
Viscous Criterion - 1.0 m/s TTI - 85 g front

TTI - 90 g rear

Abdomen Abdominal force — 2.5 kN -

Pelvis Pubic symphysis force — 6 kN Pelvic acceleration — 130 g

Table 1.1.2 Test dummy injury criteria

As illustrated in Table 1.1.2 the SID injury criteria are acceleration based, while the Eurosid-1 also
incorporates force and deflection criteria. SID was designed to measure only the acceleration of the
ribs, spine and pelvis to compute thoracic and pelvic injury criteria [Epp84]. The rib and spine
accelerations are combined into a single injury criterion called the Thoracic Trauma Index (TTI(d) -
(d for dummy)), which has an 85 g limit for 4-door passenger cars and all Light Transport Vehicles
(LTV). The TTI(d) limit for 2-door passenger cars is 90 g. The pelvic acceleration (PelvicG) has a
130 g limit.

EUROSID-1 has additional measurement capabilities, including force and displacement, as well as
acceleration-based readings. The EU regulations allow for a limit of five dummy criteria to determine
the vehicle safety in side impact. The head protection criterion (HPC) specified is that which is
generally used for frontal impact protection and is derived from head acceleration over a head contact
time duration and must remain below 1000. A rib deflection criterion (RDC) permits a maximum of
42 mm of deflection in the thorax. A soft tissue viscous criterion (VC), computed from combined rib
deflection and velocity, is given a proposed limit of 1 m/s. The abdominal peak force (APF) is limited
to 2.5 kN. Finally, the pubic symphysis peak force (PSPF), which is in the pelvic region, must be less
than 6 kN.

Experimental tests {L.au89] have shown that it cannot be concluded that vehicles designed to meet the
EU regulations will also automatically meet the U.S. regulations. The performance of the SID cannot
be compared directly with the Eurosid, because they have different measurement capabilities. In
impactor-, drop- and sled-tests [Via95, Ben91] the performances of the present dummies have been

examined in comparison to the corresponding cadaver tests. The results showed some lack of



1. Introduction

biofidelity for both the SID and the Eurosid. The international safety community has for a long time
recognised the need for international harmonisation of side impact requirements and the potential of
added safety benefits that would result from this. Car-manufacturers have also stated that the existing
differences lead in fact to different vehicle designs, thus posing financial burdens in terms of dual
development, testing and manufacturing of vehicles in various markets. Car-manufacturers have also
stated that the existing differences lead in fact to different vehicle designs, thus posing financial
burdens in terms of dual development, testing and manufacturing of vehicles in various markets.
Therefore the Worldsid project, initiated under the auspices of the International Organization for
Standardization (ISO), is supported by automotive manufacturers, suppliers and governmental
organizations around the world. A major part of the work of the EC funded program SID-2000 is
being contributed to WorldSID and constant coordination with the International Harmonized Research
Activity (JHRA) ensures that the dummy developed will be suitable for use in future worldwide
regulatory test procedures as well as in advanced research and development work. Target date for
completion of the total WorldSID Development Program is early 2004. A fundamental understanding
of the occupant dynamics and injury mechanisms is essential for the development of a new, more

biofidelic, side impact dummy.

1.2 Thesis Objectives

Accident statistics, which were shown in the previous section, have demonstrated the importance of
continued research in the field of vehicle side impacts. Existing side impact test procedures, which
include the side impact dummies, have been used extensively by car manufacturers in their research in
the area of side impact testing. These test procedures are necessary, because production cars need to

fulfil the existing safety requirements.

Industrial research has mainly focussed on the dynamics of man-made dummies rather than on the
dynamics of real human bodies. Therefore fundamental research of the impact dynamics of human
bodies in vehicle side impact is rare. This is unfortunate, because the impact dynamics of real human
bodies differ significantly from the impact dynamics of dummies, mainly because the dummies do not

possess the required biofidelity.

The objective of this thesis is to make a contribution to this research by means of computer
simulations. More specifically, the objective is to build an advanced FE-model of the human body in
order to investigate the dynamics of the human body in lateral impact scenarios. This FE-model should
be accurate enough to model the biofidelity of the human body. The degree of accuracy is measured

by comparing the simulated side impact dynamics with those obtained from cadaver tests. In a
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and sled tests are quantitatively presented by comparing the simulated responses with the
corresponding experimental results. Subsequently the validation results of the head-neck region are

illustrated, followed by the validation results of the thoracic, the abdominal and the pelvic region.

In the fifth chapter the validation results are critically discussed and compared with the measured
responses of the existing side impact dummies. Conclusions drawn from these comparison and

recommendation for future work complete this chapter.

1.4 Statement of Originality

The entire development and validation of the FE-model of the human body is the author’s own work.
A highly novel aspect of this work is the high complexity of the FE-model. Never before has a
FE-model of the human body been developed with such a high level of refinement, in order to be used

in vehicle impact simulations.
The FE-model developed by the author distinguishes itself from other models in following aspects:

e All relevant skeletal parts of the human body are modelled with shell elements in greater detail

than in other models

¢ The different joints and ligaments of the human body are represented by FE-models, which

display a higher geometrical complexity than those in previous models.

e Most importantly, this work introduces the combination of three modelling techniques for the
different muscles groups of the human body. These three different techniques are one-dimensional
spring-damper elements, two dimensional membrane elements and three-dimensional solid

elements respectively.

e Different muscle groups are modelled separately, whereas other, previous FE-models have lumped
different muscle groups together. Thus all major muscles of the back, the neck, the abdomen and

of the complex shoulder are included in the entire FE-model of the author as separate FE-models.

Extensive work has been conducted by the author to validate the FE-model by comparing it to relevant
lateral cadaver impactor tests and sled tests. This work has verified that a highly complex FE-model is
necessary to achieve the required biofidelity, which is essential for a high quality of the simulation
results. This important aspect has also been verified by comparing the FE-model with the present side

impact dummies, which have been shown to back the required biofidelity.

Despite its complexity, the FE-model developed by the author operates numerically stable, even under

severe impact conditions.
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2. Review of Research

The investigation of accident statistics provides important information about the injuries suffered by
an occupant in a car crash. Although some progress has been made in terms of accident reconstruction,
the exact circumstances of complex accidents can only be examined to a certain extent. There are too
many unknowns; for instance, it may only be able to estimate the initial impact velocity and the
resultant occupant dynamics. In vehicle crash tests, on the other hand, the mechanical input, as well as
the output in the form of dummy dynamics, can be measured accurately. In order to be able to use
“such human surrogates, it is essential that these substitutes behave exactly like the original: this is
called biofidelity. Further, in order to examine the biofidelity of such human substitutes, one has to
know precisely how the human body does in fact behave under impact conditions in terms of
kinematic behaviour and injuries. The final aim of this biomechanical research is to establish the
relationship between a mechanical input to the human body and the resulting dynamics and injury
thresholds. For obvious reasons biomechanical tests exceeding injury levels cannot be conducted on
living human beings. Therefore, with respect to human-like behaviour, human cadavers are the best
test subjects. On the other hand, the fact that the results of cadaver tests are so inconsistent with each
other, leads one to the conclusion that there is no such thing as a "typical” human response. Such
wide-ranging results are caused by a whole range of factors, each of which significantly affects the test
subject’s condition, for instance age, mass, height, bone condition and other parameters. In order to
reduce the influences of different sizes and masses among the cadavers, Merz [Mer84] developed a
method of normalisation, which has been used for most of the following described tests. An example

of this normalisation procedure is illustrated in Appendix B.

2.1 Experimental Tests

This chapter reviews the experimental tests that have been conducted to examine the biomechanical
behaviour of cadavers under impact. In the first group of impactor tests it is usually the case that a
free-flying mass with a predefined initial velocity hits a relatively small area of a resting body. The
most important responses of these tests are reaction forces and deformations. The advantage of this
type of test is that the body region, which is being impacted, is closely associated with the specific
input loading, which thereby minimises any interaction between other body regions. The linear
impactor makes a localised thoracic impact and can give a more direct biomechanical response to the
impact, in contrast to the sled test, which simultaneously loads several body regions (shoulder, thorax,
abdomen and pelvis), depending on impacted wall topologies [Chu98]. In the sled test the cadaver is
placed on a seat which in turn is placed on a moveable sled. The sled is accelerated to a predefined

velocity and stopped abruptly, so that the cadaver impacts a wall as it continues travelling off the
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decelerated sled seat. The impact force, as well the acceleration and deformation responses of the body

are measured and define the reference range of response of a particular test procedure.

The International Standard ISO TR 9790 [ISO89] defines technical aspects of experiments dealing
with human and surrogate human testing, and procedures for collecting and reporting biomechanical
data. Recommended practices regarding measurements, instrumentation and reporting of results are
outlined. Parts 1 to 6 of the ISO standards describe the biomechanical response requirements, which
are needed to assess the biofidelity of the dummy (or the mathematical model) with regard to lateral
impacts to head, neck, thorax, shoulder, abdomen and pelvis. These requirements are the result of a
critical evaluation of data selected from past experiments. Results of these experiments are reviewed
and summarised by means of the ISO-requirements. Furthermore, the results of additional cadaver sled
and impactor tests that are not included in the ISO standard supplement the biomechanical response
database used for the validation of models. The responses and injuries, which resulted from these
impactor tests will be reported in chapter 3 together with the corresponding validation results of the
FE-model.

2.1.1 Cadaver impactor tests
Shoulder impactor test — ISO-requirements

ISO TR 9790 part 4 describes the requirements for a shoulder impactor test based on impact tests
conducted by the Association Peugeot-Renault [APR]. The cadaver was seated on a horizontal

hardwood surface with a vertical backrest, as depicted schematically in Figure 2.1.1.

)

Figure 2.1.1: ISO shoulder impactor set up
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The cadaver’s hands were placed on its lap, and the arm on the side to be impacted was suspended as
if supported by an armrest. The impact was delivered laterally by a 23 kg impactor with a flat surface
150 mm in diameter at impact velocities between 4.4 and 4.6 my/s. The resulting forces recorded during
the impacts of different cadavers define a response corridor for the shoulder impactor test. The
maximum shoulder deflection relative to the thoracic spine showed an average value of 37.5 mm.
Allowing approximately 10% deviation from this value gives a proposed range of 34 to 41 mm for a

maximum shoulder deflection.

Thorax impactor test — ISO-requirements

ISO TR 9790 part 3 describes requirements for thoracic impactor tests, based on a test series
conducted by the Highway Safety Research Institute (HSRI)/ Michigan [Epp78]. The impactor was
aimed at the lateral aspect of the chest and centred on the rib structure, while the cadavers were seated
in an upright position with one arm raised. The impact was delivered at 4.3 m/s by a 23.4 kg (51
pounds) flat rigid pendulum mass with a diameter of 150 mm (6 inches). The acceleration of the
impactor was measured during the impact. The response of the human thorax was measured by an

array of accelerometers developed by Robbins et al. [Rob76] shown in Figure 2.1.2 b).

Accelerometer

STERNLIM

a) Front view b) Rear view

Figure 2.1.2: Locations of thoracic accelerometers in the HSRI impactor tests

The ISO TR-9790 lateral impact requirements include the acceleration response of the impactor and
the first thoracic vertebra. The measured cadaver responses differ within a response corridor that

defines the upper and lower limit of acceleration values. The acceleration-time histories of some of the
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other measurement points shown in Figure 2.1.2 b} can be found in [Epp78], but are not included in

the ISO-requirements.

Pelvis impactor test — ISO-requirements

ISO TR 9790 part 6 defines impactor response requirements to the pelvis that are based on cadaver

tests conducted by Onser [Ces80, Ces82]. Figure 2.1.3 shows the test set up.

Figure 2.1.3 Pelvis impact test set up

A 17.3 kg impactor was used to strike the pelvic region at the greater trochanter level with initial
velocities between 6 mvs and 10 m/s. The unbelted cadavers were seated without lateral support as
shown in Figure 2.1.3. The impactor had a rigid spherical segment face with a radius of 175 mm.
Accelerometers were placed at the sacrum of the cadaver pelvis to monitor the acceleration response
during the impact. The impact force was determined from the impactor acceleration multiplied by the
impactor mass. A scatter plot of the impact velocity versus normalised peak forces shows an almost
linear relationship between impact force and velocity. The ISO requirements define a response
corridor of peak impact forces vs. impact velocity. These results will be shown in section 4.6.1 in

comparison with the FE-model responses.

Viano pendulum tests

Viano [Via86, Via89] conducted a test series in which cadavers were subjected to blunt impacts at the
thorax, abdomen and pelvis. The pendulum impactor was freely suspended by guide wires and
accelerated to impact speeds of 4.5, 6.7 and 9.5 m/s respectively by a pneumatically charged cylinder

with a thrust piston. The cadaver was suspended in an upright position, with the hands and arms
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Test Conditions Biomechanical Response Data
Shoulder ISO/APR 23 kg; 4.5 m/s impact force - time history
90°-lateral shoulder deflection: 34 to 41 mm
Thorax ISO/HSRI | 234kg; 43 m/s impact force — time history
90°-lateral T1 — acceleration - time history
| Viano 234 kg, 4.4; 6.5; | impact force - time history

o, .
9.5 m/s 60 lateral force — deflection, VC, vertebrae acceleration

Chung / 4.3 m/s; 90°lateral, | impact force - time history
WsU limited stroke force — deflection, Rib + vertebrae acceleration,
YV, TTI
Abdomen | Viano 234 kg, 4.8, 6.38; impact force - time history

0—
94 mfs 60 lateral force — deflection, VC, vertebrae acceleration

Pelvis ISO/Onser | 17.3kg; 6 10m/s peak force — impact velocity
90°-lateral

Viano 234 kg, 4.3; 6.5; | impact force - time history, force ~deflection

9.8 m/s 90°lateral . .
compression, vertebrae acceleration

Table 2.1.1 Lateral impactor test data used for the FE-model validation

2.1.2 Low and High g-Level Lateral Sled Tests
Head-neck sled test — ISO-requirements

In order to assess the biofidelity to lateral neck impacts, the ISO requirements include both low and
high g-level lateral sled tests. The low g-level tests are based on the volunteer sled tests conducted by
Ewing et al. [Ewi76, Ewi77] at NBDL, whereas the high g-level tests are based on the cadaver sled
tests conducted by Bendjellal et al. [Ben87] at LPB/APR. These tests focus on the dynamic behaviour

of the head-neck complex, subjected to lateral acceleration without impact to the head.

Volunteer Tests

In the volunteer tests the subjects were seated in an upright position on a pneumatically driven
accelerator sled. The test set up is shown in Figure 2.1.6 a). The subject was restrained by shoulder
straps, a lap belt and an inverted pelvis strap tied to the lap belt. To limit the upper torso motion, the
subject was positioned against a lightly padded wooden board. The thrust vector of the sled was
nominally directed from the right to the left shoulder. The sled was accelerated using a defined

acceleration-time profile, as illustrated in Figure 2.1.6 b), with a maximum acceleration of 7g to a
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2.2 Injury Criteria

It is obvious that mechanical loads to the human body cause injuries if they exceed injury limits.
However the actual severity of the injury is influenced by many different factors. The magnitude,
direction, location and time-history of the load are all important aspects. The kind and severity of
injuries depend strongly on the individual injury thresholds of the human body. These thresholds are
influenced by material properties of the impacted organs and tissue, the mass of the impacted body
parts and their interaction. The body mass and size, fat volume and the size and shape of body parts,
such as the rib cage for example, ail influence the body’s biomechanical response to impact.
Furthermore the mechanical properties of biological tissue can also be influenced by age or illness.
This complexity shows that one cannot expect to find a simple relationship between mechanical load
and the severity of injuries: the same load may not necessarily cause the same injury to different
bodies. Injury criteria are intended to predict the severity of an injury by means of measured
biomechanical response values. A classification of injuries into an injury scale assists in finding such a
relation, although not without problems. The internationally recognised AIS (Abbreviated Injury

Scale} classifies injuries in following categories:

Scale Description
0 none

L1 minor

L2 moderate
3 serious
4 severe (life threatening — survival probable) :
5 | critical (survival uncertain) :
6 i not survivable (currently untreatable) |

Table 2.2.1 Classification of the AIS (Abbreviated Injury Scale)

These classifications, as is evidenced by the numerous revisions (AIS 1976, 1980, 1985, 1990), are not
as clearly defined as it appears. The limits of a quantitative classification of injuries into a scale that
can be used to find a correlation to mechanical load are also illustrated by the following example. If
the neck of an impacted occupant hits the shattering glass of the side windows, the injuries suffered
can be either relatively harmless, when for example only the neck musculature is affected, or they can
be severe, if for example the aorta, which is located only a few centimetres away, is injured. In both

cases, the mechanical load might be almost identical but the AIS ranking would differ significantly.

Therefore it is unlikely to find a simple injury criterion that would be suited for all regions of the body.
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Figure 2.2.2 shows the velocity response of the twelfth thoracic vertebra, which is obtained by
integration of the measured spine acceleration. ASA10 is taken between 10% and 90% of the peak
spine velocity and ASA1S between 15% and 85%. It is calculated by:

ASA = —
T
ASA considers the rate of change of the spine velocity over time and appears to reflect the rate of

change of energy or momentum transfer into the body [Cav93].

Force criteria

Force criteria generally define force limits and injuries are caused when these are exceeded. Force
criteria are used in the European side impact standard, in which abdominal and pelvic forces are
measured using the Eurosid dummy. The limit for the abdominal force is 2.5 kN and the pubic
symphysis force for the pelvis is 6 kIN. A thoracic force criterion, proposed by Tarriere et al. [Tar79],
defines a maximum normalised thoracic force of 7.40 kN for AIS 0 and 10.20 kN for AIS 3.

Compression criteria

The wide range of cadaver responses is illustrated again by the different injury thresholds in terms of
body compression found in different cadaver tests. Stalnaker et al. [Sta79] examined the thoracic
force-deflection response in cadaver drop tests from heights of 1 to 3 m onto padded and unpadded
force plates. Based on these tests a criterion of 35% chest compression relative to the half chest width
was proposed, while Tarriere et al. [Tar79] suggested a criterion that limits the chest compression to
30% relative to the whole chest width. In Viano’s [Via89] pendulum impactor tests compression was
found to be a good predictor of thoracic injuries. A compression of 38.4% of the whole chest width
and 44% compression of the whole abdomen width was determined as a tolerance level for a 25%

probability of serious injuries.

The European side impact standard defines a maximum chest deflection of 42 mm as a thoracic injury

criterion, which translates to a 24% compression of the 50" percentile male thorax.

The compression criterion for the pelvis defines 27% compression for the 25% probability of pubic

ramus fractures.
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Viscous criterion

Viano and Lau [Via86, Lau86] proposed this criterion to assess viscous injuries of soft biological
tissue. The viscous criterion (VC) is defined as the product of the time-dependant compression C(t) or

deformation D(t) and the rate of this deformation as illustrated in Figure 2.2.3 and Figure 2.2.4.

Figure 2.2.3 Body Deformation under impact [Lau86]

. VC () = D{t) * V(1)
:
° [VClrm
a) Time N
//
%’ p\/\‘_\ ) Time
3
W\J
b) Time

Figure 2.2.4 Definition of the Viscous Criterion [Lau86]

Subsequent tests [L.au89] verified that serious injury occurred at the time of peak VC, which is earlier

than the peak compression which can be seen in Figures 2.2.4 a) and c).
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Figure 2.2.5 Torso injury mechanisms [ Pra96]

Figure 2.2.5 summarises torso injury mechanisms associated with impact deformation. For low speeds
of deformation, the limiting factor is the risk of crush injury from high compression of the body. For
deformation speeds above 3 m/s, a similar level of injury risk is determined by the peak viscous
response. Both mechanisms can occur during impact. At extreme rates of loading, injury occurs with
less than 10-15% compression by a high-energy transfer to the body. A tolerance level of 25%
probability of serious injury was determined with VCyx of 1.5 m/s for the chest and 2.0 m/s for the

abdomen.

2.3 Mathematical Models of the Human Body in Lateral Impact

Mathematical modelling has long been a tool to investigate problems in the field of vehicle safety.
Among the most important advantages of computer simulation is the detailed investigation of crash
dynamics, many details of which are difficult to examine experimentally. Once a model has been set
up and validated against experimental results, parameter studies can be conducted to improve the
understanding of the crash process. This information may lead to more effective testing procedures
and it contributes to cost reduction. Therefore different model techniques have been used to
investigate the side impact dynamics of the human body, which have been experimentally examined in
various cadaver and volunteer tests as described in the previous sections. Modelling techniques can be

divided into four different groups:

1. Analytical models

2. Lumped mass models

3. Multi-dimensional rigid body models

4. Finite element models
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In the following section these four groups are described, which of the FE-models are discussed in

more detail.

2.3.1 Analytical models

Lau et al. [Lau91] presented an analytical model that is helpful in explaining some important
differences between the frontal and side impact occupant dynamics. Since the occupant dynamics of a
real impact scenario are very complex, this analytical model inevitably simplifies many of the aspects

that are involved in both crash processes.

A frontal crash event involves two impact scenarios. The first impact occurs when the vehicle strikes
the barrier or another vehicle, which in turn causes the front end to crush. The kinetic energy of the
vehicle is partially absorbed by deforming the vehicle’s structure. The occupant continues to move
forward as a free-flying mass and strikes the vehicle’s interior, causing the second impact after loading
the restraint system. Some of the kinetic energy of the occupant is expended in deforming the
vehicles’ interior or the restraint system and deforming the occupant’s torso. The remaining kinetic
energy is dissipated as the occupant decelerates with the vehicle. Without describing the injury pattern
in detail, injury occurs while the occupant is loading the interior or the restraint system. If there is a
large differential velocity between the occupant and the interior, then much of the kinetic energy must
be dissipated during the impact with the interior. If this second impact is of short duration, then the
resulting forces on the occupant can exceed human tolerance levels. Improvements in front impact
safety are achieved by using energy absorbing materials (belts, airbags, etc.) that provide two
important benefits. Firstly, they enhance the ‘‘ride down” and secondly, they absorb some of the
energy of the second impact. These absorbing materials can be designed to crush at forces below
human tolerance levels, thereby absorbing energy as they are crushed. Because of this crush, the

occupant’s differential velocity with respect to the interior is reduced over a longer period of time.

According to Lau et al. {Lau91] a side impact is more appropriately characterised by a single event, in
which the moving barrier or vehicle strikes the side of the car. The struck door infrudes into the
occupant compartment and strikes the stationary occupant directly. Thereafter, barrier momentum is
transferred to the centre of gravity (CG) of the struck car away from the door, and the door decelerates
to the car’s CG velocity. Typical velocity-time histories of the door, the striking car, the struck car

and the driver’s spine are shown in Figure 2.3.1.
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2.3.2 Lumped mass model

The simplest type of numerical model is the one-dimensional lumped mass model. The phrase "one
dimensional” implies that the motion is confined to a single direction and that rotation is not
considered, which in turn reduces the complexity of the motion. Typically, such a whole body model
would have five lumped masses representing the main body parts, which are the pelvis, abdomen,
thorax, shoulder and head. These lumped masses are connected by spring-damper systems that define
the deformation characteristics of the model. When it is feasible, the spring-damper characteristics are
obtained by experimental quasi-static testing, otherwise a “guess first — validate later” method is used.
After supplying a set of initial conditions, the system of equations is solved by numerical methods,
thereby obtaining values for the displacement, velocity and acceleration of the lumped mass. Force-

time histories can also be obtained, as well as the dissipated and kinetic energy of the system.

Viano [Via87a] presented a modified one-dimensional lumped mass model for side impact
investigations that was initially developed by Lobdell [Lob73] for frontal impact simulations of the
thorax. Chen et al. [Che88] presented a similar one-dimensional lumped mass model of the thorax,
which was used to investigate the influence of padding material in a lateral thorax impactor test. This
model is also based on the Lobdell model. Figure 2.3.4 a) shows Chen’s model, where M1 is the mass
of the impactor, M2 is the effective interior mass which includes the arms, and M3 is “the remaining
mass”. K12 is the stiffness of the skin and the muscle between the impactor and the ribcage, and K23
is the stiffness of the ribcage. C23 includes all inner-thoracic damping. The results of impact
simulations that were obtained with this model have shown that the response of the model, subjected

to an impactor load, showed decreasing thorax deflection and acceleration with increasing padding

thickness.
ol
=
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a) Chen's thorax model b} Mack’s Thorax-Pelvis model

Figure 2.3.4 One-dimensional models of Thorax and Thorax + Pelvis

A similar approach was chosen by Mack et al. [Mac89], who added a pelvis model to the thorax model

shown in Figure 2.3.4 b). This model was validated against thoracic and pelvic impactor tests and
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combination was used to simulate the soft tissue covering for these masses, which in turn are also
connected to the main torso mass by springs and dashpots. The validation results in the form of force-
time histories at different body levels and thorax compressions showed good agreement with the
experimental counterparts for rigid and padded wall tests. This model was then used to examine the
influence of padding material and therefore the loss of airspace between the occupant and the
intruding door. The velocity-time history of the entire door, relative to the occupant, was computed
from car-to-car test data, and then integrated and used as input for the model. The simulation results
showed that padding material that takes up all the free space between the side door and the occupant,
needs to be extremely soft before it can be effective in reducing thoracic force and deformation.
Baudrit et al. [Bau96] extended King's model to simulate Viano’s cadaver pendulum impact tests
[Via89a, Via89b] and Heidelberg-type sled tests, in order to compare deflection and viscous criterion,
Since the Viano pendulum test does not include the arms, King’s model configuration was modified

accordingly.

The main advantage of one-dimensional lumped mass models is the structural simplicity, which leads
to short modelling and processing times and therefore low costs. King’s model demonstrated the
ability to examine the influence of padding material and the loss of air-space in combination with door
velocity profiles obtained from car-to-car crash data. The results of this model support the results of
the analytical model by Lau [Lau91]. However, the one-dimensional model concept has its limitations,
because it cannot reproduce complex 3-dimensional motion, nor can it examine local effects
accurately. Rather than to introduce further complications to the basic model, it may be better to use a

more sophisticated multi-dimensional model.

2.3.3 Multi-dimensional rigid body model

Multi-dimensional rigid body models use the equations of rigid body motion to simulate the dynamics
of an occupant under impact. The main body parts are generally modelled by sub-systems with defined
mass and inertial properties. These sub-systems are connected by joints, having defined properties, to
build up a two- or three-dimensional system of rigid bodies. The system of equations is solved
numerically with a fixed or variable time step. Initial conditions, for example velocity or acceleration,
define the impact situation. The geometry of a vehicle occupant (dummy or human body) can be
modelled in a simplified form by using planes and ellipsoids. By defining stiffness properties of the
surfaces and ellipsoids, the contact behaviour is described when different rigid body systems interact.
An interaction algorithm calculates the direction of the penetration force that influences the motion of

both interacting rigid bodies.
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Furthermore, the pubic symphysis and the sacro-iliac joints have no relative movement, therefore the
pelvic bone was represented as a continuous structure, Shell elements outline the pelvis shape of the
skin, which defines a contact area. A global approach was chosen to represent all muscles and
ligaments of the hip joint. At each hip joint, two springs were used with non-linear stiffnesses for the
three rotational degrees of freedom. The rigid bodies representing mass and inertial properties for
abdomen and torso were tied together to the upper sacrum by a 3D spring joint. The complete model,

including pelvis, soft tissues, skin and legs, has 1816 shell elements, 144 springs and 9 rigid bodies.

Plummer et al. [Plu96] presented a side impact study on an isolated hemi-pelvis using the finite

element method, as shown in Figure 2.3.10.

Figure 2.3.10 FE-model of the bony pelvis using solid elements [ Plu96]

In contrast to Renaudin’s model, solid elements were used for the cortical and trabecular bone.
Depending on the density of the different sections, 524 Hookean-based material properties were
chosen, but no visco-elasticity considered. Failure criteria were defined differently for tension and
compression of cortical and trabecular bone. The model consisted of 2199 elements and 3161 nodes
and was loaded by applying a uniform pressure across the surface of the femoral head elements. It was

concluded from the parametric study that the loading rate influences pelvis fracture prediction.

Besnault et al [Bes98] presented a study that described the development of a refined parametric FE-
model of the human pelvis. The geometrical data was obtained from statistical studies to develop a
parameterised model of a 5™, 50® and 95™ percentile human pelvis. An interpolation technique was
used to distort a reference mesh and adapt its geometry to different sizes. The mechanical validation of
the model was carried out by comparing numerical and experimental results. The pelvis was modelled
by shell elements that represent the cortical bone with a thickness ranging from 0.45 to 1.8 mm. An
elastic-plastic isotropic material behaviour was assumed, including a maximum stress damage
criterion. The predicted results of a drop test simulation showed that the maximum displacement

values exhibit quite large differences, namely 15% between the 5" and 95 percentile pelvis. The
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maximum force difference is 6 %. This gives a quantitative assessment of the influence of the
geometry alone on the behaviour of the pelvis. The main aim of this study was to simulate the
experimentally investigated injury mechanisms of different pelvises under lateral impacts. Although
the simulated results did not appear to be satisfactory for some of the tested pelvises, this study
demonstrated the important factors in biomechanical modelling, such as the bandwidth of the

experimental test results and the influence of the variety of material and geometrical properties.

Finite element head-neck models

Williams and Belytschko [Wil83] presented a model of the head-neck complex using a hybrid
technique that modelled the head, neck and spine by using a combination of rigid bodies and

deformable elements. The model concept is shown in Figure 2.3.11.

—

Beam elements

Visceral elements

~  Muscle element
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]

a) Hybrid model of the humar body b} FE-model of the human neck
Figure 2.3.11 Rigid body — FE-Hybrid Model of the human head and neck [Wil§3]

The model was built to simulate the dynamic response of the human head subjected to low g-level
frontal and lateral acceleration. The vertebrae T1 through Cl were modelled using rigid bodies
interconnected with deformable beam elements and several spring elements. The beam elements
represented the intervertebral discs and had torsional and bending stiffness. The joint between articular
facets was modelled by solid elements. The model’s response in the form of head acceleration,

velocity and deformation showed a fairly good agreement with the corresponding experimental results.

Kleinberger [Kle93] presented a finite element model of the cervical spine and head. Although no

simulation results were shown for lateral loading directions, it is worthwhile to mention this model
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and internal organs. Therefore every vertebra and intervertebral disc was modelled with only
& elements. The rib cage was filled with a visceral content and modelled with 8-node solid elements
composed of a soft viscous isotropic and homogeneous material to represent the internal organs. An
array of discrete damper elements, illustrated in Figure 2.3.15 ¢), strategically placed within the rib
cage, simulates the visco-elastic behaviour of the internal contents, The muscles and ligaments were
simply modelled by a single layer of membrane elements, whereas solid elements were used for the
skin model. In the interests of simplicity, the shoulder was represented by a group of isotropic elastic
elements as shown in Figure 2.3.15 b). The skin and muscles of the arm were modelled by a layer of
solid elements, and the long bone was simulated by shell elements which were assumed to be rigid.
The shoulder joint was defined as a spherical joint, and a contact surface was used between the arm
and the torso to prevent the arm from penetrating the torso. The pelvis depicted in Figure 2.3.15 d) is
simply modelled by a stiff part to represent the lumbar spine and pelvic ring and a soft part to
represent the muscles. The thigh is modelled in a similar manner to the arm, with rigid elements for
the long bone and solid elements for the skin and muscles. A spherical joint simulates the hip joint.
The head and neck are modelled by a coarse mesh, as the head/neck responses are not considered in
this model. In order to preserve a proper global motion, the head is modelled by shell elements and
defined as a rigid body. The neck is represented by solid elements and has nodal connectivity to the
shoulder. The head and neck are connected by a rigid link. The response of this model was compared
to experimental cadaver pendulum and sled tests and showed good agreement with the exception of
the shoulder force. The main problem was that the shoulder was simply compressed, and there was no
inward rotation as observed in the experiments. Although the model results of the padded sled test
simulations do not always follow the test data precisely, the model is still acceptable considering the

difficulty of modelling a very soft paper honeycomb padding material.

Another advanced model of the human body for the use of vehicle impact situations has been
developed by LAB (Laboratoire d’ Accidentologie et de Biomecanique) in partnership with CEESAR
and ENSAM over several years and was presented by Lizee et al. [Liz98]. The geometry of the model,
shown in Figure 2.3.16 is based on a 50" percentile male adult. The number of elements used to
represent the anatomy is limited to 10 000, as the model was intended to fit into vehicle models
without penalising their time steps. The model presented by Dauvilliers [Dau94] that was described
earlier is used for the neck. A similar modelling technique continued for the model of the thoracic and
lumbar spine. The geometry of each vertebra is reduced to that of its vertebral body, which is assumed
to be rigid. The joint between two vertebrae is represented only by a stiff intervertebral disk modelled
by 4 brick elements. The soft tissues filling the rib cage, the abdomen and the pelvic cavity are
represented by a uniform mesh of brick elements. In order to take into account the different stiffness of

the internal organs, this volume was divided into three parts as can be seen in Figure 2.3.16 b).
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cage is made up of ribs, intercostal ligaments, sternum and costal cartilage represented by shell
elements. The first generation of the global model of the pelvis was presented by Renaudin [Ren93],
as described earlier. The pelvic joints were taken into account and were considered to be practically
rigid. The complete surface of the pelvic bone was meshed using shell elements representing the
cortical bone, and using seven thickness to describe the various parts of these bones. The femoral head
and the acetabulum are represented by rigid bodies, their surfaces meshed using shell elements. The
hip joints are represented globally by 3-D springs and contact interfaces are defined between the
acetabulum and the femoral head. The skin of the thorax, the shoulder, the abdomen and the pelvis is
meshed with quadrangular and triangular membrane elements directly covering the muscle bricks. The
head, upper and lower extremities are modelled as articulated rigid bodies with defined force-
displacement formulation for contact interfaces if necessary. The total number of nodes of the entire
model is 8490 and the number of elements is as follows: 225 springs, 1308 triangular shells or
membranes, 5000 rectangular shells or membranes and 3638 bricks. The CPU time on a Cray J-90 for
a 150 ms calculation is 20 hours, which is still reasonable. The model was validated with cadaver
impactor and sled tests, which proved the high level of biofidelity of this FE-model of the human
body.

The FE-model presented by Lizee et al. [Liz98] has shown that an essential requirement for future FE-
models to be used for side impact research, is a complex geometry of the entire human body. In
contrast to FE-models of body parts, only whole body FE-models are able to simulate the complexity
of the interactions between the numerous body parts within lateral impact. A FE-model of a higher
level of refinement than the existing models is needed to analyse injury mechanisms and tolerance

limits in the future.
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Young’s modulus Yield stress Ultimate stress | Poisson’s ratic | Density
(MPa) (MPa) (MPa) (g/em?)
[Bes98] 1000 135800 157 - 1000 0.3 12.2
Pelvis model
cortical bone
[Bea97] 15000 — 18900 linear elastic - 0.29 2
Ankle mode]
[Tan96] 19 0600 linear elastic - 0.3 1.8
Ankle model
[Yam70] 17265 — 18540 linear elastic 121 - 149 - -
Mat'erial
testing
[Liz98] 9000 linear elastic 0.3 -
Pelvis / rib 6100 - 11500
[Hua%4a] 9000 - - 03 -
Skeleton
[Pla89] 12000 - - - 4788
Rib cage
[Ber93] 17900 1200 1400 0.326 1.9
Leg
[Yan98} 1500 - 4500 15 15 02503 141
Head - neck
FE-model 2500 - 12000 9 - 156 10 - 180 .3 2.0-2.3

Table 3.1.1: Material properties of cortical bone

The material properties of bones do not only depend on various factors that affect the condition of the

bones, as for example the influence of the mineral contents, but also on the rate at which the material

is deformed. Figure 3.1.2 a) shows the influence of the mineral content on the ultimate strength of

cortical bone. This ultimate strength may differ between 75 MPa to 240 MPa, which makes up a fairly

wide range.
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An approach that is less time intensive with regard to computation time, is the use of shell elements,
which only represent the cortical shell of the bone. Such simplification is based on the assumption that
the outer cortical shell contributes most to the stiffness of a bone [Ren93] because cortical bone is
about 100 times stiffer than cancellous bone. This modelling technique has found multiple uses in the

existing FE-models of human body parts [Ren93, Pla9%4, Bes98, Yan98, Liz98]

3.1.2 Joints

The bones of the body are joined together at articulations or joints. Joints vary considerably in both
structure and function, but fundamentally provide for the stability and movement of the skeleton. The
articulating bone surfaces and the type and arrangement of the connecting tissue determine the amount
of movement of a joint. The anatomical designation "joint" does not always imply movement, as
evidenced by, for example, the fibrous joints of the adult skull bones. The variations that exist in the
form and function of the various joints of the body may be grouped into three different classifications,

namely fibrous, cartilaginous and synovial joints.

In fibrous joints, bones are connected to each other by fibrous tissue, which allows for minimal
movement. For reasons of simplification, the fibrous joints are not modelled but are considered to be a

rigid connection between adjacent bones.

In cartilaginous joints, the bones are united by cartilage material, which allows for a limited range of
movement. The joinis between bodies of the vertebrae, and the joint between the two pubic bones
(pelvis}) are typical examples of cartilaginous joints. They are modelled by solid elements, which have

the material properties of cartilage and are described in more detail below.

Synovial joints permit free movement around a limited axis. Therefore, the majority of the permanent
joints of the limbs consist of synovial joints. The articular ends of the bones in a synovial joint are
usually enlarged and covered by a thin lamina of articular cartilage. The bones are connected to each
other by a tubular ligament called the articular capsule, which encloses the joint cavity. The outer layer
of the articular capsule is formed of dense fibrous tissue and is called a fibrous capsule. This fibrous
capsule provides an articular cavity containing a synovial fluid that is used for joint lubrication.
Figure 3.1.3 shows the structure of a synovial joint in the human body alongside its FE-model
counterpart. A detailed FE-model of a synovial joint including solid elements for thearticular cartlige
and for the synovial fluid would require too many elements. Such an advanced model could be used
for stress analysis of the articular cartilage which in turn is not required for the presented FE-model.
Therefore simplied modells are used that fulfill the dynamic functions of synovial joints, shown in
Figure 3.1.3 b). While the first important function is to provide the same degrees of freedom of the

joints, the second is to incorporate the damping effects of synovial joints.
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Solid element with elastic-plastic

material properties

Damper element

Figure 3.1.4 Solid elements with additional spring-damper system

The number and characteristics of the damper elements are estimated and adapted during the

validation process. These cartilage material models are used for the intervertebral discs, pubis

symphysis and for the costal cartilage of the ribs. The ranges of material properties of cartilage found

in the literature and used for FE-models are listed in Table 3.1.2. Table 3.8.2 and Table 3.8.3 present

the specific values used for all cartilage parts of the body.

Young’s Yield Ultimate | Poisson’s | Density Damper
modulus stress stress ratio 3 element
(gfem’)
{MPa) (MPa) (MPa) (Ns/mm)
[Via86] 7.1—-12.0 | (elastic) (elastic) 0.42 -
[Dau94] 200 (elastic) (elastic) 0.29 1.1
Intervertebral disc
[Hua%4a)] (elastic) (elastic)
Costal cartilage 3000 0.42 2.768
Intervertebral disc 10.3 0.2 2.768
[Pla94] (elastic) (elastic)
Costal cartilage 20.68
Intervertebral disc 103 0.2 2.768
[Yam70] 3.82 - - - - -
24.5
[Liz98] 10 (elastic) (elastic) - -
Intervertebral disc
[Kle93] 34 (elastic) (elastic) 0.49 -
Intervertebral disc
[Yan98] — Neck 98 visco- 0.45 1.3
Intervertebral disc elastic
FE-model
Costal cartilage 2500 10 13 0.3 2.5 -
Intervertebral disc 500-700 | 1.0-1.2 1.2-1.4 0.3 2.0 0.08

Table 3.1.2: Material properties of cartilage



3. Development of the Finite Element Model of the Human Body 52

3.1.4 Tendons and Ligaments

Tendons and ligaments are soft connective tissues, which are formed from groups of collagen fibres,
called fascicles, which in turn are enclosed in a tough connective tissue sheath. The alignment and
arrangement of the fibres within the fascicles differs from one tissue in the body to the next, and there

is a range of different mechanical responses for various tendons and ligaments, as shown in

Table 3.1.3.

Young’s Yield Ultimate Poisson’s Density
modulus stress stress ratio {g/cm?)
{(MPa) (MPa) {MPa)
[Yan98] 4.56-22.8 0.4 1.1
[Ber93] 15-35 0.3 1.0
[Kle93] 1.5-30 0.49 -
[Yog89] 1.5-30 - -
FE-model 1.5-10 0.2 0.4 0.3 1.0

Table 3.1.3: Material properties of ligaments

Unlike cartilage, the function of tendons and ligaments is primarily to resist tensile loading either due
to muscular contraction or loads tending to displace the joint. Therefore tensile membrane elements
are well suited for ligament models using a linear elastic-plastic material behaviour. Table 3.8.3

(page 91) presents the specific values for all ligaments of the FE-model

3.1.5 Museles

Almost all movements are produced by muscle systems, which consist of muscle fibres that are
bundled together by connective tissue to produce a wide variety of shapes and sizes. Muscles are
attached to the skeleton by tendons, and the points at which the tendons join the bone are known as the
origin and insertion of a muscle. They contribute significantly to the body mass and define the shape
of the body by covering the skeletal system. The outer surfaces of some muscles serve as confact
surfaces and distribute the impact load. Although muscle activity plays a certain role in low g impact,
as illustrated by e.g. Astori [Ast98] and van der Horst et al. [vdH97], the presented FE-model of the
human body does not include active muscle elements, because it has been developed to simulate
cadaver tests, in which muscle activity does not exist. Muscles are modelled in three different ways, of
which the simplest is a system of spring-damper-elements placed between the origin and insertion of
the muscle, as illustrated in Figure 3.1.5. These spring-damper-elements are not to be confused with

the spring-damper systems that are defined within a synovial joint model.
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The outer skin is modelled using 4800 membrane elements, which are defined as a contact surface

with the surfaces of impactors and the sled test wall.

Table 3.8.1 summarises the number of elements used for the bones and joints, Table 3.8.2 for the

muscles and ligaments and Table 3.8.3 for the visceral contents.

Bones
Number of | Young’s Yield Ultimate Poisson *s | Density
shell modulus Stress Stress ratio 3
elements {g/em’]
{Mpa] {Mpa] [Mpa]
Back
TH-TI12 3360 5000 150 180 0.3 2.5
Li-15 1400 5000 150 180 0.3 2.5
Thorax
Ribs 1962 1000 g 10 0.3 2.0
Costal cartilage 478 2500 10 13 03 2.5
Sternum 148 5000 10 I3 0.3 2.5
Pelvis
Pelvic bones 1180 2500 120 150 0.3 2.5
Acetabulum 5000 150 180G 03 25
Sacrum 320 5000 150 180 0.3 2.5
Head and Neck
Head rigid 520
clements
Cl 162 5000 150 180 0.3 2.5
C2 278 5000 150 180 0.3 2.5
C3-C7 1200 5000 150 180 03 2.5
Upper Limbs
Clavicle (each) 588 1060 9 10 0.3 2.5
Scapula (each) 596 12000 150 180 03 2.5
Humerus (gach) 504 12600 150 180 0.3 2.5
Ulna (gach} 400 12000 150 180 03 2.5
Lower Limbs
Femur (each) 620 5000 150 180 0.3 2.5
Tibia (each) 480 5000 130 180 0.3 2.5

Table 3.8.1 Number of elements used for bone models
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Muscles
Number of | Numberof | Young’s Yield Ultimate Poisson ‘s Density
solid membrane modutus Stress Stress ratio R
elements elements [g/em™3]
[Mpa] [Mpa] {Mpa]
Back
Erector Spinae 678 128 20 02 0.4 0.3 1
Trapezius 767 - 20 0.2 0.4 0.3 1
Latissimus 720 - 20 02 0.4 0.3 1
Thorax
{ntercostal - 1144 20 (.6 0.8 03 !
muscles inner +
outer layer
Abdomen
Rectus abdominis | 178 - 20 0.6 0.8 0.3 i
Abdominis 768 - 20 0.6 0.8 0.18 1.3
muscles
Fat 318 - 20 0.6 0.8 018 1.3
Head and Neck
Spenius capitis - 128 20 0.6 0.8 0.3 1
Semispinalis 648 - 20 0.2 0.4 03 I
capitis
Sternocleido 192 - 20 0.6 0.8 0.3 1
mastoid
Upper Limbs
Serratus anterior 324 128 20 0.2 0.4 0.3 I
muscle (each)
Subscapularis 228 24 20 0.2 0.4 0.3 1
{each}
Infraspinatus 278 20 0.2 0.4 03 i
{each}
Rhomboid (each) | - 244 100 0.8 1.0 0.3 I
Deltoid (each} 648 354 20 0.6 0.8 0.3 i
Pectoralis (cach) 584 344 20 0.2 04 0.2 I
Biceps (each) 878 124 20 0.2 04 0.3 0.8
Triceps (each) 802 120 20 0.2 0.4 0.3 0.8
Muscles of 380 - 20 0.6 0.8 0.3 1
forearm (each)
Lower Limbs
Gluteal region 1948 - 20 0.2 0.4 0.3 I
Upper Leg (cach) | 864 - 20 0.6 0.8 0.3 1
Lower Leg {each) | 520 20 0.6 0.8 0.3 1

Table 3.8 2 Number of elements used for muscie models




3. Development of the Finite Element Model of the Human Body

Joints, Ligaments and Visceral contents

Noof No of Young's | Yield Ultimate | Poisson ‘s | Density | Spring Damper
solid membr, modulus | Stress Stress ratio n
elements | elments {g/om™3] | No/ No/
[Mpa] [Mpal] [Mpa] (N/mm) (Ns/mm)
Back
Intervert. Disc 384 96/
Cervical 500 1.0 1.2 0.3 2.0 0.05
Thoracic 5007700 | 1.0/1.2 12714 | 03 2.0 0.05
Lumbar 500 1.0 1.2 03 2.0 0.05
Supraspinous 48/0.05
ligament
Anterior 60 1.5 0.2 04 03 1.0
longitudinal
77777 ligament
ligament flava 60 1.5 0.2 0.4 0.3 1.0
interspinous 80 10 0.2 04 0.3 1.0
ligament
Abdomen
Inguinal ligament 86 1.5 0.2 04 0.3 1.0
Head ang Neck
Cruciform 12 10 02 0.4 03 1.0 47005
77777 ligament
Alar figament 18 1.3 0.2 0.4 0.3 1.0
Upper Limbs
Shoulder joint 12/70.1 127005
{each)
Elbow joint 76701 167005
(each}
Lower Limbs
Hip joint 28/0.1 28/0.05
Knee joint 22/0.15 | 22/0.05
Thoracic contents | 518 0.3 0.1 0.2 0.2 1.6
Heart 120 1.0 0.2 04 0.2 1.6
Abdominal 442 0.5 0.2 0.35 02 i.6
contents
Pelvic contents 244 0.4 0.2 0.3 0.2 1.6
4800 10 0.8 0.3 1.0

| Skin

|06

Table 3.8.3 Number of elements used for joint, ligament and viceral contents models
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WSU impactor test with limited stroke

The impactor test set up used by Chung [Chu98] differs from the “normal” impactor test as described
in Section 2.1.1 in so far as that it describes a predefined motion with a limited stroke to simulate the
door motion in a real accident. The resistance of the cadaver thorax during this impact is measured by
a load cell at the impactor. Figure 4.4.10 shows the velocity-displacement history that was defined for

the impactor.

6 - Acceleration of impactor Space  Cadaver
“‘.‘_“—"‘s—
5 |- o Lo >
L
g 4-
B
Z 3 A
G
= 5
2
1 -]
o . . ; . T
0 50 100 150 200 250 300 350
Stroke in mm

Figure 4.4.10 Velocity-displacement history of impactor in a limited stroke test [Chu98]

The first 200 mm of the 305 mm stroke were used to accelerate the impactor, the next 55 mm to
traverse the space occupied by padding material or air space, and the last 50 mm to traverse the space
occupied by the struck side of the occupant. For the FE-simulation only the unpadded cadaver data
were used, so that only the last part of the impact needed to be simulated. Therefore, the impactor is
positioned closely to the body and only the last part of the velocity history was defined for the

impactor motion.

The simulated response forces are shown in Figure 4.4.11 in comparison with the force curves of the
two cadaver tests. The cadaver peak forces differ by more than 40 %, which demonstrates that there is

a wide range of biomechanical responses of cadavers subjected to impact.
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The simulation shows that almost the same TTI value can be achieved by different impact dynamics,
for example high rib acceleration - low vertebral acceleration, or the other way around. However, the
Viscous Criterion may be criticised for not being sensitive enough to predict the different rib cage
injuries in terms of 4 and 15 rib fractures respectively. The force and deflection values on the other
hand seem to be more on the intuitive side, with higher values for the more severely injured cadaver.
One has to bear in mind that these two tests cannot be considered as sufficient for generalised

statements about both injury criteria.

4.4.2 Thorax sled test

The Heidelberg sled tests were the first cadaver sled tests to investigate the biomechanical responses
of cadavers subjected to lateral impact. The tests conducted at Wayne State University had a similar
set up; it differed insofar as the impacted wall consisted of four force plates instead of two, as used in
the Heidelberg tests. The test procedures are described in Section 2.1.2, and the results are used for the
FE-model validation. The body’s gross motion in the Heidelberg tests does not differ significantly
from the motion in the WSU tests, as the fest set ups are similar. The initial velocities of the sled were
6.7 m/s and 8.9 m/s (15 and 20 miles per hour) respectively. It is assumed [Cav90] that the initial
velocity of the cadaver prior to impact is slightly less, because the cadaver slides over a low friction
surface before impacting the wall. As a result, initial velocities of 6.5 m/s and 8.7 m/s were defined for

the FE simulation.

Force response

The first quantitative validation results compare the simulated impact force with the corresponding
Heidelberg test result [I1SO89]. Figure 4.4.16 a} shows the force response corridor that has been
developed from the Heidelberg test data for the ISO requirements. Figure 4.4.16 b} shows the force
response recorded in the WSU sled tests, combining the force-time histories of the shoulder and
thoracic beams, since both of then together cover the same area as the thoracic plate in the Heidelberg

tests.

The force-time curve of the FE-model falls entirely within the response corridor defined in the ISO
requirements. The shape of the force curve is also very similar to the force curve of one of the
experiments shown in Figure 4.4.16 a). The simulated force curve has a steep slope up to 7 ms, where
it reaches a peak of ~4 kN. The force then drops down to ~2 kN at 11 ms, and rises once again to a
maximum of about 8 kN between 20 and 30 ms. The following decline completes the thoracic impact

after about 60 ms. The first peak and the subsequent decrease in the simulated force curve are
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experimental abdominal impact events seem to last longer than in the simulation, observed in
Figures 4.5.5 a) and b) for both velocities. The cause of this discrepancy might be the difference in fat
volume between the cadavers and the FE-model. This soft mass probably influences the duration of

the abdominal impact.

Table 4.5.2 summarises the important abdominal cadaver data and FE-model responses of the WSU

sled tests.
6.7 m/s age | mass sex internal abdominal injuries | Rib 8 Ti2 Force
teel el | [ [kN]

SICO5 67 44.0 m none 100.4 92.3 3.75

SICO7 66 74.8 m none 117.8 42.0 2.82

SICO8 64 739 f 25 mm laceration of spleen - 51.4 2.83
10 mm laceration of liver

average 66 64.2 - - 109.1 61.9 3.13

FE-model | - 7344 - 1080V | 405(Y) | 3.84(Y)

8.9 m/s

SIC04 69 57.6 m two 25x13 mm lacerations of | 149 755 4.49
spleen

S1C08 60 | 61.2 m none 136 92.8 4.69

average 65 59.4 - - 142.5 842 4.59

FE-model - 73.4 - - 160.96 57.97 4,18

Table 4.5.2 Abdominal responses: WSU test — FE-model

The comparison of the impact responses of the FE-model and the experimental results shows a good
agreement of the peak values of the acceleration of the 8" rib with the experimental results for the
initial velocity of 6.7 m/s. At the higher velocity of 8.9 m/s, the simulation responses have higher peak
values than the experiments. The acceleration of the 12" thoracic vertebra shows an even greater
difference between the simulation responses and the experiments themselves. The peak values for
sic05 and sic07, for example, differ by almost 120%. The values for the simulated impact forces fall

within the range of the experimental responses, as described earlier.

4.6 Pelvis Validation Results

The frequency of pelvic fractures is 10%-14% [Gui97, Cav93, Hue92, Dan76] in vehicle side impact

crashes. Fractures of the pubic rami, pubic symphysis, iliac wing, sacroiliac junction and the
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Figure A3.12 Abdomen V*C-time response FE-model — Viano pendulum test 9.8 m/s

Abdomen force - WSU sled test
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Figure A3.13 Abdomen force-time response FE-model — WSU sled test 6.7 m/s
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Figure A3.14 Force-time response FE-model — WSU sled test 8.9 m/s
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Figure A4.4 Pelvis force-time response FE-model ~ WSU sled test 8.9 m/s

Pelvis force — Heidelberg test
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Figure A4.5 Pelvis force-time response FE-model — Heidelberg sled test 6.7 m/s
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Figure A4.6 Pelvis force-time response FE-model — Heidelberg sled test 8.9 m/s
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Carﬁ]age H b ic id ie if
Young’s modulus 200 400 400 400 400 400
iMpa]
Yield Stress - 0.8 1.0 1.2 1.4 2
[Mpa]
Ulitimate Stress - 1.0 12 1.4 1.6 3
{Mpa]
Density 2.0 2.0 2.0 2.0 20 2.0
[g/cm3|

2a 2b 2c 2d Ze 2f
Young's modulus 500 500 500 500 500 500
[Mpa|
Yield Stress 0.6 0.8 1.0 1.2 1.4 2
{Mpa]
Ultimate Stress 0.8 1.0 1.2 1.4 1.6 3
[Mpa]
Density 2.0 2.0 2.0 2.0 2.0 2.0
[g/em’]

3a 3b 3c 3d Je 3f
Young’s modulus 500 600 600 600 600 600
{Mpa|
Yield Stress L6 0.8 1.0 1.2 14 2
[Mpa]
Ultimate Stress 0.8 1.0 1.2 14 1.6 3
[Mpa]
Density 2.0 20 2.0 2.0 2.0 2.0
[g/em’]

4a 4b de 4d 4e 4f
Young’s modulus 700 700 700 700 700 700
[Mpa]
Yield Stress 0.6 0.8 1.0 1.2 1.4 Z
[Mpal
Ultimate Stress 0.8 1.0 1.2 1.4 1.6 3
[Mpa]
Density 2.0 2.0 2.0 2.0 2.0 2.0
fg/em’]

38 5b 5¢ 5d 5e 5t
Young’s modulus 1660 1600 1000 1000 1000 1000
[Mpa]
Yield Stress 0.6 038 1.0 1.2 1.4 2
[Mpa]
Ultimate Stress 0.8 1.0 1.2 1.4 1.6 3
[Mpa]
Density 2.0 2.0 2.0 2.0 2.0 2.0
lg/em’]

6a &b 6¢ 6d [ 6f
Young’s modulus 2540 2500 2500 2500 2500 2500
[Mpa]
Yield Stress 1.2 1.4 3 10 10 20
[Mpa|
Ultimate Stress 1.4 1.6 1o 13 15 30
{Mpa]
Density 2.5 2.5 2.5 2.5 2.5 2.5
[g/em’]

Ta Tb Te Td Te Tt
Young's modulus 5000 5000 5000 5000 5000 5000
(Mpal
Yield Stress 1.4 5 10 10 20 30
[Mpa]
Ultimate Stress 1.6 10 13 1§ 30 50
[Mpa]
Density 2.5 2.5 2.5 2.5 2.5 2.5

[g/em’]







Appendix C |

183

*HEADING

w

*INCLUDE, INPUT=w
** ¥ INCLUDE, INPUT

all6.inp
=walld.inp

*+* {depending on position and posture]

*INCLUDE, INPUT=no3. inp

*INCLUDE, INPUT=el . inp

& %

*node

120000, 415,800, 0.0, 176.300

120001, 414.600, 0.0, 173.500

120002, 414,000, 0.0, 170.800
; 6.0, 187.700

120003, 413.800
L

*element, type=m3dir,elset=armtape

0000, 93610, 1
70001, 120003,
70002, 93609, 1
70003, 120002,
70004, 83608, 1
70005, 120001,

20003, 120002
93205, 93204
20002, 120001
93204, 83203
20001, 120000
93203, 93202

., B380%
. 120002
;93608
. lzocol
. 93607
. 120000

- %

*ue(no armtape for impactor tests)
*membrane section,elset=armtape,material=cartla
4.0,

xS

FE e e WALl e ————— e e e

*RIGID BODY,ELSET=WSH,REF NODE=701, POSITION=CENTER OF MASS, DENBITY=1E-5

?égg?218ODY,ELSET=WTH,REF NODE=702, POSITION=CENTER OF MASS,DENSITY=1E~5

?égg?ngODY,ELSET=WAB,REF NODE=703, POSITION=CENTER OF MASS,DENSITY=1E-5

?égg?ngODY,ELSET=W?E,REF NODE=704, POSITION=CENTER OF MASS, DENSITY=1E~S

?é§g§ngODY,ELSET=WSE,REF NODE=705, POSITION=CENTER OF MASS, DENSITY=1E~S

?égggngODY,ELSET=Nkn,RSF NODE=T706, POSITICN<CENTER OF MAS3S, DENSITY=1E-5

?é?g?§18ODY,ELSET=WTHZ,REF NODE=707, POSITION=CENTER OF MASS, DENSITY=1E-5
?é?g?glgoDY,ELSET=WABZ,REF NODE=708, POSITION=CENTER COF MASS, DENSITY=1E~5
?égg?glEODY,ELSET=Wfo,REF NODE=709, POSITION=CENTER OF MASS, DENSITY=1E~5

?é?g?ngODY,ELSET=WPEZ,REF NODE=710, POSITION=CENTER OF MASS, DENSITY=1E-5
0.00001

*BOUNDARY

WALLN, ENCASTRE

WE e ;o oy o o oo BRI o o o o o o s 2 o o o

*SHELL SECTION, ELSET=BL1, MATERIAL=BONE3f
4., 5

*SHELL SECTION, ELSET=BLZ, MATERIAL=BONE3E
4., 5

*SHELL SECTION, ELSET=BL3, MATERIAL=BUNE3f
4., S

*SHELL SECTION, ELSET=RL4, MATERIAL=BONE3f
4., 5

*SHELL SECTION, ELSET=BLS, MATERIAL=BONE3f
4., 5

*

"

*$SOLID SECTION, ELSET=intdh, MATERIAL=CARTZcC
1.,

*SOLID SECTION, ELSET=intdi, MATERIAL=CART2c
1.,

*SOLID SECTICN, ELSET=intdi, MATERIAL=CARTZc

v
L d
B R e s s o e e e BC ___________________________
*
*SHELL SECTICN, ELSET=BCl, MATERIAL=BONE3f

4., 5
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*SHELL SECTION, ELSET=BC2, MATERIAL=BONE3If
4 5

*SHELL SECTiéN, ELSET=BC3, MATERIAL=BONE3f

*SHELL SECgiéN, ELSE;=BC4, MATERIAL=BONE3SL

*SHELL SEC;&%N, SLSE§=BC5, MATERIAL=BONEZL

*SHELL SEC;%&N, ELSE;=BC6, MATERIAL=BONE3f

*SHELL SECiiéN, ELSE?=BC7, MATERIAL=BCONEJE
4., 5

&

LRl

*SOLID SECTION, ELSET=intdb, MATERIAL=CARTZc
1.,

*SQLID SECTION, ELSET=intdc, MATERIAL=CARTZC
1.,

&
&k

TR e e o v o vrn e BT o o v o o e s i

X3

*SHELL SECTION, ELSET=BT1, MATERIAL=BONEZL

*SHELL SEC;iéN, ELSE§=BT2, MATERIAL=BONEI{
*SHELL SBC;iéN, ELSE?=BT3, MATERIAL=BONE3L
*SHELL SEC;iéN, ELSE?=BT4, MATERIAL=BONEIL
*SHELL SSC;iaN, ELSE$=BT5, MATERIAL=BONEJE
*SHELL SEC;iéN, ELSE§=BT6, MATERIAL=BONE3 £
*SHELL SEC;&&N, ELSE§=BT?, MATERIAL=BONE3 L
*SHELL SEC;iéN, ELSE§=BT8, MATERIAL=BONEZEL
*SHELL SECéiéN, ELSE§=BT9, MATERIAL=BONE3L
*SHELL SEC;iéN, ELSE3=BT10, MATERIAL=BONE3 £
*SHELL SECéiéN, ELSE§=BT11, MATERIAL=BONE3f
*SHELL SECéiéN, ELSE§=BT12, MATERIAL=BONE3f
4., S

w#

L d

*GOLID SECTION, ELSET=intdd, MATERIRL=CART4d
1.,

*SOLID SECTION, ELSET=intde, MATERIAL=CARTZ2c
1.,

*SOLID SECTION, ELSET=intdf, MATERIAL=CARTZc
1.,

*SOLID SECTION, ELSET=intdg, MATERIAL=CARTZc

EE
* %k

EE HEAD = s m s s e

* %

L3

*+*SHELL SECTION, ELSET=Bhead, MATERIAL=BONE3f
* 12., 5

w ok

*MNODE

999,122,0,710

“rigid body, elset=bhead, ref node=%99
*ELEMENT, TYPE=MASS, ELSET=headm
999, 999

*MASS, ELSET=HEADM

**4 . l

4.3

*ELEMENT, TYPE=ROTARYI, ELSET=HEADR
998, 999

*ROTARY INERTIA, ELSET=HEADR
2,7E+4,2.8E+4,2 .5E+4

2

FX NECKMUSCLES = = s o oo e

Wk

*SOLID SECTION, ELSET=BSTEL, MATERIAL=stislc
1.,

* &

*8OLID SECTION, ELSET=BSTER, MATERIAL=stislc
1.,

*MEMBRANE SECTION, ELSET=BNSUR, MATERIAL=stislc
8.,
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*MEMBRANE SECTION, ELSET=BCLIG, MATERIAL=stislc
8.,

* ok

Wk

BE SHOULDER MUSCLES oo oo o oo o o o

* %

*

*SOLID SECTION, ELSET=SHLAT, MATERIAL=stisla
1.,

*

*SOLID SECTION, ELSET=SHLATS, MATERIAL=stis2a
1.,

* ok

*MEMBRANE SECTION, ELSET=SHlatsu, MATERIAL=stislc
€.,

% %

*SQLID SECTION, ELSET=SHINL, MATERIAL=stis2a

1.,

*

*SOLID SECTION, ELSET=SHINR, MATERIAL=stisza
1.,

**

*MEMBRANE SECTION, ELSET=SHINLs, MATERIAL=stislc
6.,

*MEMBRANE SECTION, ELSET=SHINrs, MATERIAL=stislc
6.,

*MEMBRANE SECTION, ELSET=SHINCL, MATERIAL=stislc
6.,

*MEMBRANE SECTION, ELSET=SHINCr, MATERIAL=stislc
6.,

oo

*SQLID SECTION, ELSET=SHDEL, MATERIAL=stislc
1.

* % !

*SQLID SECTION, ELSET=SHDER, MATERIAL=stislc
1.,

w#

*MEMBRANE SECTION, ELSET=SHdes, MATERIAL=stislc
6.,

#* R

ok

*SOLID SECTION, ELSET=S8Hpec, MATERIAL=stisZa
1.,

&k

*MEMBRANE SECTION, ELSET=3HPcl, MATERIAL=stislc
6.,

* *

*MEMBRANE SECTION, ELSET=SHPcr, MATERIAL=stislc
6.,

o

A

*30LID SECTICN, ELSET=SHSER, MATERIAL=stisZa
1.

* !

*SOLID SECTION, ELSET=SHSEL, MATERIAL=stis2a
1.

L 5. !

*MEMBRANE SECTION, ELSET=SHSERS, MATERIAL=stislc
6.

A ’

*MEMBRANE SECTION, ELSET=SHSELS, MATERIAL=stislc
6.,

*k

ER

*SOLID SECTION, ELSET=SHSul, MATERIAL=stisia
1.,

EE

*SOLID SECTION, ELSET=SHSur, MATERIAL=stisZa
1.,

*

*MEMBRANE SECTION, ELSET=SHSuls, MATERIAL=stislc

6.,
LR
*MEMBRANE SECTION, ELSET=SHSurs, MATERIAL=stislc
6.,
* x
HH SHOULDER BONES == === = oo

LR s

*GHELL SECTION, ELSET=shgll, MATERIAL=BONEGe

5., 5

*SHELL SECTION, ELSET=shqglr, MATERIAL=BONEGe
3., 5

*SHELL SECTION, ELSET=shscapl, MATERIAL=BONE6e
8., 5

*SHELL SECTION, ELSET=shscapr, MATERIAL=BONEGe
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8., <

%

*SHELL SECTION, ELSET=shclvll, MATERIAL=BONEla
., &

*SHELL SECTION, ELSET=shclvrl, MATERIAL=BONEla
., 5

A

*$HELL SECTICON, ELSET=shcopl, MATERIAL=BONEGe
3., 5

*SHELL SECTION, ELSET=shcopr, MATERIAL=BONEGe
3 5

*MEMBHRANE SECTICN, ELSET=shclvl2, MATERIAL=cartl

16.,

5

*MEMBRANE SECTION, ELSET=shclvr2, MATERIAL=cartl

16.,

>k

FE

5

—===  BACK LIGAMENTS ——===mm==—mmm o e

*MEMBRANE SECTION, ELSET=Bcfllig, MATERIAL=stisZa

a.,

5

*MEMBRANE SECTICN, ELSET=Brfllig, MATERIAL=stisZa

4.,

5

*MEMBRANE SECTION, ELSET=B1fllig, MATERIAL=stis2a

4

5

. ¥
*MEMBRANE SECTION, ELSET=Bclolig, MATERIAL=stisZa

4

5

-t
*MEMBRANE SECTION, ELSET=Btlolig, MATERIAL=stisZa

4

5

.y
*MEMBRANE SECTION, ELSET=Bllolig, MATERIAL=stisZa

4

5

-
*MEMBRANE SECTION, ELSET=Bcsuliyg, MATERIAL=stis2a

4

5

*MEMBRANE SECTION, ELSET=Btsulig, MATERIAL=stisla

4

5

*MEMBRANE SECTION, ELSET=Blsulig, MATERIAL=stisZa

4.,

* %

HH e e o o

& ¥

*30LID SECTION,
1

5
wome BACK MUSCLES  —wr o s s

ELSET=BERECT, MATERIAL=stisZa

*MEMBRANE SECTION, ELSET=BERECTsl, MATERIAL=stis2a

3.,

5

*MEMBRANE SECTION, ELSET=BERECTsy, MATERIAL=stisZa

3.,
gk
#S0LID SECTION,
1.,
LR
*SOLID SECTION,
i,

£

5

ELSET=BTRAP, MATERIAL=stisZa

ELSET=BTRAPZ, MATERIAL=stis2a

*MEMBRANE SECTION, ELSET=BTRAPF, MATERIAL=stislc

&

5

*MEMBRANE SECTION, ELSET=Brhoml, MATERIAL=s5tisba

16.,

5

*MEMBRANE SECTION, ELSET=Brhomr, MATERIAL=stisba

16.,
EE
*S0LID SECTION,
1

5

ELSET=BSEMSOL, MATERIAL=stisZa

*MEMBRANE SECTION, ELSET=BSEMsur, MATERIAL=stislc

6.,

*MEMBRANE SECTION, ELSET=BSPLL, MATERIAL=stislc

8.,

£

*MEMBRANE SECTION, ELSET=BSPLR, MATERIAL=stislc

8.,

* k

wok

L

ok
*SHELL SECTION,
*SHELL SECiiéN,
*SHELL SEC?&&N.
*QHELL SEC?&&N,
*BHELL SEC?&&N,
*SEELL SEE%&&N,
*SHELL SEC?&&N,

.

*SHELL SECTION,

ELSET=R], MATERIAL=BONEla
ELSE;*R2, MATERIAL=BONE la
ELSE22R3, MATERIAL=BONE la
r
ELSE%%R4, MATERIAL=BONE la
ELSE?@RS, MATERIAL=RONEla
ELSE;=86, MATERIAL-=BONEla
ELSE§=R?, MATERIAL=BONEla
ELSEgsRE, MATERIAL=BONEla
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33

*MEMBRANE SECTION, ELSET=ATRisur, MATERIAL=stislc
6.,

*

*SOLID SECTION, ELSET=Aforeal, MATERIAL=stislc
1.,

*SOLID SECTION, ELSET=Aforear, MATERIAL=stislc
1.,

* k

“MEMBRANE SECTION, ELSET=Asurfl, MATERIAL=stislc
6.,

*MEMBRANE SECTION, ELSET=Asurfr, MATERIAL=stislc
6.,

-

*MEMBRANE SECTION, ELSET=aelbligl, MATERIAL=stisbe
8.,

*MEMBRANE SECTION, ELSET=aelbligr, MATERIAL=stisle

8.,

*MEMBRANE SECTION, ELSET=ACOLIGR, MATERIAL=stisbe
12.,

*MEMBRANE SECTION, ELSET=ACOLIGL, MATERIAL=gtisSe
12.,

& &

*MEMBRANE SECTION, ELSET=afosul, MATERIAL=stisZa
8.,

*MEMBRANE SECTION, ELSET=afosur, MATERIAL=stis2a

*MEMBRANE gééTION, ELSET=aelsul, MATERIAL=stisZa
*MEMBRANE ;ééTIQN, ELSET=aelsur, MATERIAL=stlisla
*MEMBRANE gééTION; ELSET=awl, MATERIAL=stisZa
*MEMBRANE ;ééTION, ELSET=awr, MATERIAL=stisZa

*

X e PELVIS o om o o o e

ok

*SHELL SECTIONM, ELSET=Pl, MATERIAL=BONEZf

*SHELL SEC?&ON, ELS§T=P2, MATERIAL=BONEZf

*SHELL SEC?%ON, ELS§T=P3, MATERIAL=BONE2E

*SHELL SEC?EON, ELS§T=P4, MATERIAL=BONEZ £

*SHELL SEC;}ON, ELSéT=?acetl, MATERIAL=BONE3S
6., S

%
*SHELL SECTION, ELSET=Plr, MATERIAL=BONEZf
£l 5

*SHELL SECT%ON, ELSET=PZ2r, MATERIAL=BONEZf

*SHELL SECgiON, ELS§T=93r, MATERIAL=BONEZf

*SHELL SECgiON, ELS§T=PQr, MATERIAL=BONEZ2f

*SHELL SECi%ON, ELS§T=Pacetr, MATERIAL=BONE3f
6., 5

* %

*SHELL SECTION, ELSET=PSACRUM, MATERIAL=BONE3f
3., 5

o

*SOLID SECTION, ELSET=PSYMPh, MATERIAL=CARTZC
1.,

LR

*MEMBRANE SECTION, ELSET=PGs, MATERIAL=stisiZb
1.,

% &

*SOLID SECTION, ELSET=PGlm, MATERIAL=stisla
L.,

L

i

*SHELL SECTION, ELSET=Pfhl, MATERIAL=BONE3f
6., 5

W

*SHELL SECTION, ELSET=FPfhr, MATERIAL=BONE3f
6., 5

-

*SHELL SECTION, ELSET=FPfhal, MATERIAL=BONE3f
6., 5

ok

*SHELL SECTION, ELSET=Ffhar, MATERIAL=BONE3f
6., 5

w*h
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%

HE e VISCERAL CONTENTS - =m o mmmm mmmcmmmmemo

*SOLID SECTION, ELSET=VISOLL, MATERIAL=stiséa
1.,

*SOLID SECTION, ELSET=VISOL1B, MATERIAL=stisTe
1.

* & !

*SOLID SECTION, ELSET=VISOLZ, MATERIAL=stis6f
1,

ok !

*SOLID SECTION, ELSET=VISOL3, MATERIAL=stiséc
1.

* % !

*MEMBRANE SECTION, ELSET=VISCLS, MATERIAL=stis2c
4.,

*MEMBRANE SECTION, ELSET=VISCZS, MATERIAL=stisZc
4.,

*MEMBRANE SECTION, ELSET=VISC3S, MATERIAL=stisZc
4.,

* &
ek

* &

FH o oo s o o e 8 o €T T P S ————

Ex3

*SHELL SECTION, ELSET=ptibl, MATERIAL=BONE3f

6., 5
*SHELL SECTION, ELSET=ptibr, MATERIAL=RONE3f
5., 5

* %
&

*SOLID SECTION, ELSET=plegsor, MATERIAL=stisZa

1.,

*SOLID SECTION, ELSET=plegsol, MATERIAL=stisZa
1.

%k !

*MEMBRANE SECTION, ELSET=plegl, MATERIAL=stis5b
6.,

*MEMBRANE SECTION, ELSET=plegr, MATERIAL=stisSh
6.,

*SOLID SECTION, ELSET=pksol, MATERIAL=stislc
1., .

*SOLID SECTION, ELSET=pksor, MATERIAL=stislc
1.

ok !

*MEMBRANE SECTION, ELSET=pksul, MATERIAL=stis5b
6.,

*MEMBRANE SECTION, ELSET=pksur, MATERIAL=stis5b
6.,

EE 3

* K

£ 3]

A MATERTAL PROPERTIES  mmws oo oo oo s

*INCLUDE, INPUT=material.inp
*INCLUDE, INPUT=elsets3.inp

B R et cer cun cont v om 7w vrn m 7rr o mmn evm o ox e eee ean vt b ek 2w 5ok oo oo e e e v e e e e e e e et e e e s oo o e . e e e e <R . e P e e 08 e S "

£ 4

*NSET, NSET=0UTN
WALLN

onode

15313

999

FH e PrOvISIONAal @M COMTACT o o o o o oo o e

*elset,elset=ac, generate
21151,211569,1

2 T L T RSN ———

LR
*nset,nset=alln2
alln

999

A5

&

*INITIAL CONDITIONS, TYPE=VELOCITY
ARLLNZ, 2, 6500

EEd

*STEP

*DYNAMIC, EXPLICIT
,0.0000005

*variable mass scaling, type=below min,dt=11l.0e~-7, elsst=alel, number interval=l

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

*STEP

*DYNAMIC, EXPLICIT

,0.005

ok
EE ]

***adaptive mesh,elset=ABIscll, frequency=20,mesh sweeps=1
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%k

**+DLOAD

**ALEL, -9800,0,0,1.0

w* R

*HISTORY QUTPUT, TIME=(.0001
*NCDE HISTORY, NSET=CUTN
U,V,A,RF1,RF2,RF3

W R

*INCLUDE, INPUT=spine.inp
*INCLUDE, INPUT=j0int .inp
*INCLUDE, INPUT=cont.inp

*surface definition, name=ac

ac, spos

*contact pair,penalty

wth,ac

A

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

*STEP

*DYNAMIC, EXPLICIT

,0.008

*RESTART ,WRITE, NUMBER INTERVAL=1
*END STEP

*STEP

*DYNBMIC, EXPLICIT

,0.008

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

*STEP

*DYNAMIC, EXPLICIT

,0.005

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

*STEP

YOYNAMIC, EXPLICIT

,0.008

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

FEE e Tth Step —w—mmemeo
*STEP

*DYNAMIC, EXPLICIT

,0.005

*RESTART, WRITE, NUMBER INTERVAL=1
*EHD STEP

*STEP

*DYNAMIC, EXPLICIT

L 3.005

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

*STEP

*DYNAMIC, EXPLICIT

,0.005

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

L 10th Step ~=-==-==--
*STEP

*DYMAMIC, EXPLICIT

L0.005

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

*STEP

*DYNAMIC, EXPLICIT

,0.005

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

*STER

*DYNAMIC, EXPLICIT

,0.005

*RESTART, WRITE, NUMBER INTERVAL=1
*END BTEP

*STEP

*DYNAMIC, EXPLICIT

. 0,005

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

*STEP

*DYNAMIC, EXPLICIT

,0.005

*RESTART, WRITE, NUMBER INTERVAL=1
*END STEP

EE e 15th Btep ~-=-—----
*STEP

*DYNAMIC, EXPLICIT

,0.005

*RESTART,WRITE, NUMBER INTERVAL=1
*END STEP
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. . 10.0E+3,0
Material input 15.0E+3.1.0
a3
*MATERIAL, NAME=BONE2C
T e MATERIAL PROPERTIES =—---- *DENSITY
—————————————————————— 2.5E-6,
o *ELASTIC, TYPE=ISO
FH e e BONE = --wmwmm———— 2.5E+6, 0.3
———————— *PLASTIC
HH e o BONEla~-f E = 1 =~ 20.0E+3,0
12.5E+6, - 30.0E+3,1.0
o &k
*MATERIAL, NAME=BONEla *MATERIAL, NAME=BONE2d
*DENSITY *DENSITY
2.0E-6, 2.5E-6,
*ELASTIC, TYPE=ISO *ELASTIC, TYPE=ISO
1.0E+6, 0.3 2.5E+6, 0.3
*PLASTIC *PLASTIC
9.0E+3,0 50.0E+3,0
10.0E+3,1.0 80.0E+3,1.0
oA L4
*MATERIAL, NAME=BONElb *MATERIAL, NAME=RBONEZe
*DENSITY *DENSITY
2.0E-6, 2.5E-6,
*ELASTIC, TYPE=ISO *ELASTIC, TYPE=I1S0
2.5E+6, 0.3 2.5E+6, 0.3
*PLASTIC *PLASTIC
9.0E+3,0 80.0E+3,0
10.0E+3,1.0 100.0E+3,1.0
L] *
*MATERIAL, NAME=BONElc YMATERIAL, NAME=BONE2f
*DENSITY *DENSITY
2.0E-6, 2.5E-6,
*ELASTIC, TYPE=I1S0O *ELASTIC, TYPE=ISO
5.0E+6, 0.3 2.5E+6, 0.3
*PLASTIC *PLASTIC
9.0E+3,0 120.0E+3,0
10.0E+3,1.0 150.0E+3,1.0
i T BONE3a-f E =
*MATERIAL, NAME=BONEld 5.0E+6, Yield: 10 -~ 180 ===w=——eme———
*DENSITY **
2.0E~-6, *MATERIAL, NAME=BONE3a
*ELASTIC, TYPE=ISO *DENSITY
7.5E+6, 0.3 2.5E-6
*PLASTIC *ELASTIC, TYPE=ISO
9.0E+3,0 5.0E+86, 0.3
10.0E+3,1.0 *PLASTIC
b 10.0E+3,0
*MATERIAL, NAME=BONEle 13.0E+3,1.0
*DENSITY i
2.0E-6, *x
*ELASTIC, TYPE=ISO *MATERIAL, NAME=BONE3b
10.0E+06, 0.3 *DENSITY
*PLASTIC 2.5E-6,
9.0E+3,0 *ELASTIC, TYPE=ISO
10.0E+3,1.0 5.0E+6, 0.3
x *PLASTIC
*MATERIAL, NAME=BONELf 20.0E+3,0
*DENSITY 30.0E+3,1.0
2.0E~-6, e
*ELASTIC, TYPE=ISO *MATERIAL, NAME=BONEJc
12.5E+6, 0.3 *DENSITY
*PLASTIC 2.5E~6,
8.0E+3,0 *ELASTIC, TYPE=ISQO
10.0E+3,1.0 5.0E+6, 0.3
l *PLASTIC
HH e et BONEZ2a-f E = 50.0E+3,0
2.5E+6, Yield: 10 - 150 -=--——wommemewm— 80.0E+3,1.0
L& el
*MATERIAL, NAME=BONEZ2a *“MATERIAL, NAME=BONE3d
*DENSITY *DENSITY
2.5E-6, 2.5E-6,
*ELASTIC, TYPE=ISO “ELASTIC, TYPE=ISO
2.5E+6, 0.3 5.0E+6, 0.3
*PLASTIC *PLASTIC
10.0E+3,0 80.0E+3,0
13.0E+3,1.0 120.0E+3,1.0
ek R
b *MATERIAL, NAME=BONE3e
*MATERIAL, NAME=BONEZb *DENSITY
*DENSITY 2.5E-6,
2.5E~6, *ELASTIC, TYPE=ISO
*ELASTIC, TYPE=ISO 5.0E+6, 0.3
2.5E+6, 0.3 *PLASTIC

*PLASTIC
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120.0E+3,0
180.0E+3,1.0
* %

*MATERIAL, MAME=BONEI
*DENSITY
2.5E~6,
*ELASTIC, TYPE=IBO
5.0E+86,
*PLASTIC
150.0E+3, 0
180.0E+3,1.¢

7.5E46, Yield: 10 - 20
* %
*MATERIAL, NAME=BONE4da
*DENSITY
2.8E~6,
*ELASTIC, TYPE=IS0
7.5E46,
*PLASTIC
10.0E+3,0
13.08+3,1.0
ER
*MATERIAL, NAME=BONE4D
*DENSITY
2.5E-€,
*BELASTIC, TYPE=ISO
T.5E+6,
*PLASTIC
20.0E+3,0
30,0E+3,1.0
& &k

*MATERTAL, HAME=BONE{C
*DENSITY
2.5E-6,
*ELASTIC, TYPE=ISO
7.5E+6,
*PLASTIC
§0.0E+3,0
120.0E+3,1.0
L

*MATERIAL, NAME=BONE4{d
*DENSITY
2.5E~6,
*ELASTIC, TYPE=ISO
7.5E+86,
*PLASTIC
120.0E+3,0
150.08+3,1.0
EE 3
*MATERIAL, NAME=BONEde
*DENSITY
2.5E-§,
*ELASTIC, TYPE=ISO
T.8E+86,
*PLASTIC
150.CE+3, 0
180.0E+3,1.0
£
*MATERIAL, NAME=BONE{f
*DENSITY
2.5E~6,
*ELASTIC, TYPE=IBC
7.5E+6,
*PLASTIC
1B0.0E+3,0
200.0E+3,1.0

*k

0.3

0.3

G.3

0.3

0.3

FH BONESa~f

10.0E+6, Yield: 10 - 5
* A
*MATERTAL, NAME=BONESa
*DENSITY
2.8E~6,
*ELASTIC, TYPE=ISO
10,0E+8,
*PLASTIC
10.0E+3,0
13.0E+3,1.0
e
“MATERIAL, NAME=BONESD
*DENSITY
2.5E-8,
*ELASTIC, TYPE=ISO
10.0E+6,
“PLASTIC

00

0.

3

E

E

20.0E+3,0
30.0E+3,1.0
LD
*MATERIAL, NAME=BONESC
“DENSITY
2.5E-6,
*ELASTIC, TYPE=ISO
10.0E+6, 0.3
*PLASTIC
80.0E+3,0
120.0E+3,1.0
& %
*MATERIAL, NAME=BONESQ
*DENSITY
2.5E-6,
“ELASTIC, TYPE=ISO
16.0E+6, 0.3
*PLASTIC
120.0E+3,0
150.0E+3,1.0
* K
*MATERIAL, NAME=BONESe
“DENSITY
2.5E-8,
*ELASTIC, TYPE=ISC
10.0E+6, 0.3
*PLASTIC
150.0E+3,0
180.0E+3,1.0
* &
*MATERIAL, NAME=BONESE
*DENSITY
2.5E-6,
*ELASTIC, TYPE=ISO
10.0E+6, 0.3
*PLASTIC
250.0E+3,0
500.0E+3,1.0

gk

TR e s s s S o s 9 o e e, o o . o v o

12.0E+6, Yield: 10 - 650 ---

* %

*MATERIAL, NAME=BONEGz
*DENSITY
2.5E~86,
*ELASTIC, TYPE=ISO
12.CE+8, 0.3
*PLASTIC
10.08+3,0
13.0843,1.0
ok
*MATERIAL, NAME=BONEG&D
*DENSITY
2.5E~6,
*ELASTIC, TYPE=ISO
12.0E+6, 0.3
*PLASTIC
20.0E+3,0
30.0E+3,1.0
LS

*MATERIAL, MAME=BONEGC
“DENSITY
2.5E-6,
*ELASTIC, TYPE=ISO
12.0E+8, 0.3
*PLASTIC
80.08+3,0
120.0E+3,1.0
e R
*MATERIAL, NAME=BONEGd
“DENSITY
2.5E-6,
*ELASTIC, TYPE=ISO
12.0E486, 0.3
*PLASTIC
120.08+3,0
150.0E+3,1.0
* %
*MATERIAL, NAME=BONEGe
“DENSITY
2.5E-86,
*ELASTIC, TYPE=ISO
12.0E+6, 0.3
*PLASTIC
150.0E+3,0
180.08+3,1.0

E
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** *PLASTIC
*MATERIAL, NAME=BONEGS 0.8B+3,0
*DENSITY 1.0E+3,1.0
2.5E-6, ok
*ELASTIC, TYPE=ISO *MATERIAL, NAME=CARTIC
12.0E+6, 0. *DENSITY
*PLASTIC 2.B-6,
500.0E+3,0 *ELASTIC, TYPE=ISO
650.0E+3,1.0 400.E+3, 0.3
i *PLASTIC
EH e o 1.0E+3,0
20.0E+€, Yield: 10 - 650 1.2E8+3,1.0
ok *
*MATERIAL, NAME=RONET7a *MATERIAL, MNAME=CARTId
*DENSITY *DENSITY
2.5E-6, 2.E~6,
*ELASTIC, TYPE=ISO *ELASTIC, TYPE=ISO
20.0E+6, G. 400.E+3, 0.3
*PLASTIC *PLASTIC
10.0E+3,0 1.28+3,0
13.0E+3,1.0 1,4E+3,1.0
Yo i * ¥
*MATERIAL, NAME=BONE7D *MATERIAL, NAME=CARTle
*DENSITY *DENSITY
2,5E-6, 2.E-§6,
FELASTIC, TYPE=ISO *ELASTIC, TYPE=ISO
20.0E+6, 0. 400.E+3, 0.3
*PLASTIC *PLASTIC
20.0E+3,0 1.4E+3,0
30.0E+3,1.0 1.6E+3,1.0
* % * K
*MATERIAL, NAME=BONETC *MATERIAL, NAME=CARTIE
*DENSITY *DENSITY
Z,5E~¢, 2.E~6,
*ELASTIC, TYPE=ISO *ELASTIC, TYPE=IBO
20.0E+6, ¢ 400.E+3, 0.3
*PLASTIC *PLASTIC
80.0E+3,0 2.0E+3,0
120.0E+3,1.0 3.0B+3,1.0
e b * &
*MATERIAL, NAME=BONETd R e
*DENSITY e
2.56~6, %
*ELASTIC, TYPE=ISO b
20.0E+6, a.
*PLASTIC *MATERIAL, NAME=CARTZa
120.0E+3,0 *DENSITY
150.0E+3,1.0 2.E-6,
* *ELASTIC, TYPE=ISO
*MATERIAL, NAME=BONET7e 500.E+3, 0.3
*DENSITY *PLASTIC
2.5E~86, 0.6E+3,0
*ELASTIC, TYPE=ISC 0.8E+3,1.0
20, 0E+6, 0. o
*PLASTIC *MATERIAL, NAME=CARTZD
150.0E+3,0 *DENSITY
180.0E+3,1.0 2.E~6,
ok *ELASTIC, TYPE=IBO
*MATERIAL, NAME=BONE7E 500.E+3, 4.3
*DENSITY *PLASTIC
2.5E~6, 0.8E+3,0
*ELASTIC, TYPE=IS0O 1.0E+3,1.0
20.0E+6, 0. *x
*PLASTIC *MATERIAL, MNAME=CARTZC
500.0E+3,0 *DENSITY
650.0E+3,1.0 2.E-6,
*H *ELASTIC, TYPE=ISO
o 500.E+3, 0.3
T s o o Cartilage --——===- *PLASTIC
-------------------- 1.0E+3,0
e CARTla-f E = 400E+3, 1.2£+3,1.0

EE 23

*

*MATERIAL, NAME=CARTZd
*DENSTITY

*MATERIAL, NAME=CARTL 2.E~6,
*DENSITY *ELASTIC, TYPE=ISO
2.B~8, 500.E+3, 0.3
*ELASTIC, TYPE=ISO *PLASTIC
200.E+3, 0. 1.2E43,0
*x 1.4E+3,1.0
* ok £
*MATERIAL, NAME=CARTI1b *MATERIAL, NAME=CARTZe
*DENSITY *DENSITY
2.B-6, 2.B-6,
*ELASTIC, TYPE=ISO *ELASTIC, TYPE=ISO
400.E+3, 0. 500.E+3, 0.3
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*PLASTIC Z2.E~6,
1.4E+3,0 *ELASTIC, TYPE=ISO
1.6E43,1.0 T00.E+3, 0.3
il *PLASTIC
*MATERIAL, NAME=CARTZf 0.8E+3,0
*DENSITY 1.0E+3,1.0
2.E~6, L
*ELASTIC, TYPE=ISC *MATERIAL, NAME=CART4cC
500.E+3, 0.3 *DENSITY
*PLASTIC Z.E~6,
2.0E+3,0 *ELASTIC, TYPE=ISC
3.0E+3,1.0 700.E+3, 0.3
b *PLASTIC
FE e o o CART3a-f E = 600E+3, 1.0E+3,0
——————————————————— 1.2E+3,1.0
L& 4 LR
wRE *MATERIAL, NAME=CART4d
*MATERIAL, NAME=CART3a *DENSITY
*DENSITY 2.E-6,
2.E~6, *ELASTIC, TYPE=ISO
*ELASTIC, TYPE=ISO 700.E+3, 0.3
500,E+3, 0.3 *PLASTIC
*PLASTIC 1.2EB+3,0
0.6E+3,0 1.4E+3,1.0
0.8E+3,1.0 ok
e *MATERIAL, NAME=CARTde
*MATERIAL, NAME=CART3b *DENSITY
*DENSITY 2.E-86,
2.E~6, *ELBRSTIC, TYPE=ISO
*ELASTIC, TYPE=ISO 700.E+3, 0.3
600.E+3, 0.3 *PLASTIC
*PLASTIC 1.4E+3,0
0.8E+3,0 1.6E+3,1.0
1.0E+3,1.0 ek
* % *MATERIAL, NAME=CARTASf
*MATERIAL, NAME=CART3cC *DENSITY
*DENSITY 2.E-6,
2.E-6, *ELASTIC, TYPE=ISO
*ELASTIC, TYPE=ISO 700.E+3, 0.3
600.E+3, 0.3 *PLASTIC
*PLASTIC 2.0E+3,0
1.0E+3,0 3.0E+3,1.0
1.2E+3,1.0 *
*% HE e CARTSa~f E =
*MATERIAL, NAME=CART3d 1000E+3, mmmrm—e e e
*DENSITY * ¥
2.E~6, o
*ELASTIC, TYPE=IS0 *MATERIAL, NAME=CARTEa
600.E+3, 0.3 *DENSITY
*PLASTIC 2.E-6,
1.2E43,0 *ELASTIC, TYPE=ISO
1.4E+3,1.0 1000.E+3, 0.3
* ¥ *PLASTIC
*MATERIAL, MNAME=CART3Ie 0.6E+3,0
*DENSITY 0.8E+3,1.0
2.B5-6, bkt
*ELASTIC, TYPE=ISC *MATERIAL, NAME=CARTSb
600.E+3, 0.3 *DENSITY
*PLASTIC 2.E-6,
1.4E+3,0 *ELASTIC, TYPE=ISO
1.6E+3,1.0 1000.E+3, 0.3
*h *PLASTIC
*MATERIAL, NAME=CART3f 0.8E+3,0
*DENSITY 1.0E+3,1.0
2.BE~6, * &
*ELASTIC, TYPE=ISO *MATERIAL, NAME=CARTSc
600.E+3, 0.3 *DENSITY
*PLASTIC 2.E-6,
2.0E+3,0 *ELASTIC, TYPE=ISO
3.0E+3,1.0 1000.E+3, 0.3
LA *PLASTIC
HH e CART4a-f E = 700E+3, 1.0E+3,0
------------------- 1.2E+3,1.0
R Ex3
*ER *MATERIAL, NAME=CARTSd
*MATERIAL, NAME=CART4a *DENSITY
*DENSITY 2.E-6,
2.E~8&, *ELASTIC, TYPE=ISC
*ELASTIC, TYPE=ISO 1600.E+3, 0.3
700.E+3, 0.3 *PLASTIC
*PLASTIC 1.2E+3,0
0.6E+3,0 1.4E+3,1.0
0.8E+3,1.0 -
A *MATERIAL, NAME=CARTSe
*MATERIAL, NAME=CART4b *DENSITY

*DENSITY 2.E-86,
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*ELASTIC, TYPE=ISO
1000.E+3,
*PLASTIC
1.4E+3,0
1.6E+3,1.0
* &
*MATERIAL, NAME=CARTSE
*DENSITY
2.E-8,
*ELASTIC, TYPE=ISO
1000.E+3,
*PLASTIC
2.0E+3,0
3.0E+3,1.0

* %

H R o oo o o o o s 20 o

0.3

2E00E43, oo e

R

ek

*MRTERIAL, MNAME=CARTGa
*DENSITY

2.5E~6,
*BELASTIC, TYPE=ISO
2500.E+3,
*PLASTIC
1.28+3,0
1.48+3,1.0

* %

*MATERIAL, NAME=CARTSEL
*DENSITY

2.5E~86,
*ELASTIC, TYPE=ISO
2500.E+3,
*PLASTIC
1.4E+3,0
1.6E+3,1.0

¥k

*MATERIAL, NAME=CARTEC
*DENSITY
2.5E-6,

*ELASTIC, TYPE=IS0
2500.E+3,
*PLASTIC
5.0E+3,0
10.0E+3,1.0
ok
*MATERIAL, NAME=CARTG6d
*DENSITY
2.5E-6,
*ELASTIC, TYPE=ISC
2500.E+3,
*PLASTIC
10E+3,0
138+3.1.0
¥ *
*MATERIAL, NAME=CARTGe
*DENSITY
2.5E-6,
*ELASTIC, TYPE=IS0
2500.E+3,
*PLASTIC
10E+3,0
15E+3,1.0
EE S
“MATERIAL, NAME=CART&F
*DENSITY

0.3

2.58-6,
*ELASTIC, TYPE=ISO
2500.E+3,
*PLASTIC
20E43,0
30E+3,1.0
L
R 2. U U ———————,
SODOE+D, —m oo s e
>k

* & &

*MATERIAL, NAME=CART7a
*DENSITY
2.E-86,
*ELASTIC, TYPE~ISO
5000.E+3,
*PLASTIC
1.4E+3,0
1.6E43,1.0

E

* %

*MATERIAL, NAME=CART7b
*DENSITY

2.5E-6,
*ELASTIC, TYPE=ISO
5000.E+3, 0.3
*PLASTIC
5E+3,0
10E+3,1.0
& %
*MATERIAL, NAME=CART7¢
*DENSITY
Z.5E-6,
*ELASTIC, TYPE=IS0
5000.E+3, 0.3
“*PLASTIC
10E+3,0
13E+3,1.0
%
*MATERIAL, NAME=CART7d
*DENSITY
2.5E~86,
*ELASTIC, TYPE=ISO
5000.E+3, G.3
*PLASTIC
10E+3,0
15E+3,1.0C
&k
*MATERIAL, NAME=CART7e
*DENSITY
2.5E-6,
*ELASTIC, TYPE=IS0
5000.E+3, 0.3
*PLASTIC
20E+3,0
30E+3,1.0
* *
*MATERIAL, NAME=CARTTE
*DENSITY
2.5E-6,
*ELASTIC, TYPE=ISU
5000.E+3, 0.3
*PLASTIC
30E+3,0
50E+3,1.0
* W
* &
HOH e o o s S ot S S o o S S S o ho
FE e Muscle,

Contents
* ok
*MATERIAL, NAME=stisl
*DENSITY

1.0E-86,
*ELASTIC, TYPE=ISO

20.E+3, G.

* %

*MATERIAL, NAME=stisla
*DENSITY

1.0E-6,
*ELASTIC, TYPE=IS0

10.E+3, a.

*PLASTIC
0.2E+3,0
0.4E+3,1.0
ok
*MATERIAL, NAME=stislb
*DENSITY
1.0E-6,
*ELASTIC, TYPE=ISO

10.E+3, 0.

*PLASTIC
0.4E+3,0
0.6E+3,1.0
LR
*MRTERIAL, NAME=stislc
*DENSITY

1.0E-6,
*ELASTIC, TYPE=ISO

10.E+3, G.

*PLASTIC
G.6E+3,C
0.BE+3,1.0

£
*MATERIAL, NAME=stisld

3

Ligament, Visceral
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*DENSITY
1.0E-6,
*ELASTIC, TYPE=IS0
10.E+3, 0.3
*PLASTIC
1.0B43,.¢C
1.2E+3, 1.0
* %
“MATERIAL, NAME=stigle
*DENSITY
1.0E-6,
*ELARSTIC, TYPE=ISO
10.E43, 0.3
*PLASTIC
2.0E+3,0
3.0E+3,1.0
LR
*MATERIAL, HNAME=stisZa
*DENSITY
.8E~6,
*ELASTIC, TYPE=ISO
20.E+3, 0.3
*PLASTIC
0.2E+3,0
0.4E+3,1.0
R
*MATERTAL, NAME=stis2b
*DENSITY
0.8E-6,
*ELASTIC, TYPE=IS0
20.E+3, 0.3
*PLASTIC
0.4E+3,0
0.68+3,1.0
& &
*MATERIAL, NAME=stisZc
*DENSITY
0.BE-6,
*ELASTIC, TYPE=ISO
20.E43, 0.3
*PLASTIC
0.6E+3,0
0.89E+3,1.0
ok
*MATERIAL, NAME=stis2d
*DENSITY
0.8E~6,
*ELASTIC, TYPE=ISO
20.E+3, 0.3
*PLASTIC
1.0E+3,0
1.2E+3,1.0

g%

*MATERIAL, NAME=stisle
*DENSITY
0.8E-8,
*ELASTIC, TYPE=IS0
20.E+3, G.3
*PLASTIC
2.0E+3,0
3.0E+3,1.0
]
*MATERIAL, NAME=s5tis3a
*DENSITY
1.0E-6,
*ELASTIC, TYPE=ISO
20.E+3, 0.3
*PLASTIC
0.2E+3,0
0.4E+3,1.0
&k
*MATERIAL, NAME=stisib
*DENSITY
1.0E~86,
*ELASTIC, TYPE=ISC
20.EB+3, 0.3
*PLASTIC
0.4E+3,0
0.6E+3,1.0
ER
“MATERIAL, NAME=stisic
“DENSITY
1.0E-86,
*ELASTIC, TYPE=ISC
20.E+3, 0.3

*PLASTIC
0.6E+3,0
0.BE+3,1.0
* K
*MATERIAL, HNAME=stis3d
*DENSITY
1.0E~6,
*ELASTIC, TYFE=ISO
20.E+3, 0.3
*PLASTIC
1.0E+3,0
1.2E+3,1.0
* #
*MATERIAL, NAME=stis3e
*DENSITY
1.0E-6,
*ELASTIC, TYPE=ISO
20.E+3, 0.3
*PLASTIC
2.0E+3,0
3.08+3,1.0
* ok
*MATERIAL, NAME=stisda
*DENSITY
1.3E-8,
*ELASTIC, TYPE=ISC
20.E+3, 0.3
*PLASTIC
0.2E+3,0
D.4E+3,1.0
£
*MATERIAL, MAME=stisdb
*DENSITY
1.3E~8,
*ELASTIC, TYPE=ISO
20.E+3, 0.3
*PLASTIC
0.4E+3,0
0.6E+3,1.0
e
*MATERIAL, NAME=stisdc
*DENSITY
1.3E~6,
*ELASTIC, TYPE=ISO
20.E+3, 0.3
*PLASTIC
G.6E+3,0
0.8E+3,1.0
W
*MBTERIAL, NAME=stisdd
*DENSITY
1.3E-6,
*ELASTIC, TYPE=ISO
20.E+3, 0.3
*PLASTIC
1.0E+3,0
1.2E+3,1.0
£l
*MATERIAL, NAME=stisie
*DENSITY
1.3E~6,
*ELASTIC, TYPE=ISO
20.B+3, 0.3
*PLASTIC
2.0E+3,0
3.0E+3,1.0
L3
*MATERIAL, NAME=stisba
*DENSITY
1.0E~6,
*ELASTIC, TYPE=ISO
100.B+3, 0.3
*PLASTIC
0.8E+3,0
1.0E+3,1.0
LA
*MATERIAL, NAME=stis5b
*DENSITY
1.0E-6,
*ELASTIC, TYPE=ISO
100.E+3, 0.3
*PLASTIC
1.2E+3,0
1.4E43,1.0
A

*MATERIAL, NAME=stisSc
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*DENSITY
1.0E-86,
*ELASTIC, TYPE=ISO
100.E+3, 0.3
*PLASTIC
2.0E+3,0
3.08+3,1.0
* ke
*MATERIAL, NAME=s5tishd
*DENSITY
1.0E-6,
*ELASTIC, TYPE=ISO
500.E+3, 0.3
* ¥
*MATERIAL, NAME=s5tisbe
*DENSITY
1.0E-6,
*ELASTIC, TYPE=ISO
1000.E+3, 0.3
ke
*MATERIAL, NAME=stishf
*DENSITY
1.0E~8,
*ELASTIC, TYPE=IS0
2000.E+3, 0.3
* %
*MATERIAL, NAME=stis6a
*DENSITY
1.6E-6,
*ELASTIC, TYPE=I50
0.3E+3, 0.3
*PLASTIC
0.1E+3,0
0.2E+43,1.0
* %
*MATERIAL, NAME=stiséb
*DENSITY
1.6E-6,
*ELASTIC, TYPE=ISO
0.3E+3, 0.3
*PLASTIC
0.15E+3,0
0.2E+43,1.0
ERd
*MATERIAL, NAME=stiséc
*DENSITY
1,.6E-¢,
*ELASTIC, TYPE=ISQ
0.4E+3, 0.3
*PLASTIC
0.2E+3,0
0.3E+3,1.0
* ok
*MATERIAL, NAME=stiséd
*DERSITY
1.6E-6,
*ELASTIC, TYPE=ISO
0.4E+3, 0.3
*PLASTIC
0.3843,0
0.4E43,1.0
* @
*MATERIAL, NAME=stisée
*DENSITY
1.6E-6,
*ELASTIC, TYPE=ISO
C.5E+3, 0.3
*PLASTIC
0.1E+3,0
0.2E+3,1.0
w P
“MATERIAL, NAME=stiséf
*DENSITY
1.8E-6,
*ELASTIC, TY¥PE=ISQ
0.5E+3, 0.3
*PLASTIC
0.28+3,0
0.35E+3,1.0
w ¥k
*MATERIAL, NAME=stis7a
*DENSITY
1.6E-6,
*ELASTIC, TYPE=IS0
0.32+3, 0.3
*PLASTIC

0.1E+3,0
0.3E+3,1.0
* &
*MATERIAL, NAME=sCis7hb
*DENSITY
1.6E-6,
*ELASTIC, TYPE=ISO
0.3E+3, 0.3
*PLABTIC
G.1E+3,0
0.35E43,1.0
*
*MATERIAL, NAME=stis?c
*DENSITY
1.6E-8,
*ELASTIC, TYPE=ISO
0.4E+3, 0.3
*PLASTIC
0.1E+3,0
0.15E+3,1.0
ES 3
*MATERIAL, NAME=stis7d
*DENSITY
1.6E~6,
*ELASTIC, TYPE=ISO
C.4E+3, 0.3
*PLASTIC
C.1E+3,¢C
0.2E+3,1.0
* &
*MATERIAL, NAME=stisTe
*DENSITY
1.6E~6,
*ELASTIC, TYPE=ISO
1.0E+3, 0.3
*PLASTIC
0.2E+3,0
0.4843,1.0
ok
“MATERIAL, NAME=stis7f
*DENSITY
1.6E-6,
*ELASTIC, TYPE=IS0
1.0E+3, 0.3
*PLASTIC
0.48+3,0
0.6E+3,1.0

e
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Contact between skin and impactor or impacted wall

The entire skin surrounding the human body consists of a continous mesh without any multi point
constraints. This continous surface is defined as the contact surface with the impactors and the
impacted wall in the WSU and Heidelberg sled tests. No friction is defined between these contact
surfaces. The friction between the human body and the supports underneath the lower limbs were
small in the experiments, because a low friction Teflon sheet was placed between cadaver and the seat.
However, the friction resulted in a reduced impact velocity prior to impact as described by
Cavanaugh, et al. [Cav901, Cav90b, Cav93]. Therefore an initial velocity reduced by 0.2 m/s has been
defined as recommended by Cavanaugh, et al. [Cav901, Cav90b, Cav93] and Huang, et al. [Hua94a].
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Abaqgus input file - Contact

*SURFACE DEFINITION,NAME=shsscl, no thick
shsscl, spos
*SURFACE DEFINITION, MAME=shsscr, no thick
shsscr, spos
*SURFACE DEFINITIOM, NAME=shscpl, no thick
shscpl, sneg
*SURFACE DEFINITION, NAME=shscpr, n¢ thick
shscpr, sneg

HH o subscapularis ~---ommees————en

*SURFACE DEFINITION,NAME=shscal, no thick
shscal, spos
*SURFACE DEFINITION,NAME=shscar, no thick

————————————————— Infraspinatus ===

*SURFACE DEFINITION, NAME=shincl, no thick
shincl, spas

*SURFACE DEFINITION,NAME=shincr, no thick
shincr, spos

B o e e scapula e
*SURFACE DEFINITION, NAME=shccl, no thick
shecel, spos

*BURFACE DEFINITION,NAME=shccr, no thick
sheoor, spos

*SURFACE DEFINITION, NAME=shscl, no thick
shscl, spos

*SURFACE DEFINITION, NAME=shscr, no thick
shscr, spos

ok

o under arm Conbact ---———mmm e —

*SURFACE DEFINITION,NAME=aucl, no thick
aucl, spos

*SURFACE DEFINITION, NAME=aucr, no thick
3ucr, Spos

*SURFACE DEFINITICON,NAME=aaucl, no thick
aaucl, spos

*SURFACE DEFINITION,NAME=aaucr, no thick
aaucr, spos

** *SURFACE DEFINITION, NAME=aspll
**aspll, 55

***SURFACE DEFINITION,NAME=aspl2, no thick
**aspl2, sneg

* % *QURFACE DEFINITION, NAME=asprl
**asprl, 84

*** SURFACE DEFINITION, NAME=asprZ, no thick

**asprl, sneg
R

HHK a0 wall = e
*SURFACE DEFINITION, NAME=WSH, no thick
WSH, spos

*SURFACE DEFINITION,NAME=WTH, no thick
WTH, 5pos

*SURFACE DEFINITION,NAME=WAB, no thick
WAR, spos

*SURFACE DEFINITION, NAME=WPE, no thick
WPE, spos

*SURFACE DEFINITICN, NAME=WPE2, no thick
WPE2, spos

*SURFACE DEFINITION, NAME=WSE, no thick
WSE, spos

*SURFACE DEFINITION, NAME=Wkn, no thick
Wkn, spos

*SURFACE DEFINITION, NAME=WTHZ, no thick
WTHZ, spas

*SURFACE DEFINITION, NAME=WABZ, no thick
WABZ2, spas

*SURFACE DEFINITION, NAME=Wfao, no thick

————————————————— illiac wing =-==——mrmmoo e

*QURFACE DEFINITION,NAME=pilwng, no thick

————————————————— femuy ~——me e e
*SURFACE DEFINITION,NBME=pfbl, no thick
pthl, spos

H O o o shoulder ~=w—wmmemee e

*SQURFACE DEFINITION, NAME=shpcl, no thick
shpcl, spos

*SURFACE DREFINITION,NAME=shpcr, no thick
shpcr, spos

*SURFACE DEFINITION, NAME=shglvll, no thick
shelvll, spos

B e abdominal surface ---------ee—————

shoulder COntACE = mem—————————
serrabtus ant ~—mwwecmm——————
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**asulp
**asurp
**rib surface rcontl

arm surface

*rasurfl

**atubl

**afosul

**afosul

W pel surface —-——=—==m—e——————
**poont?

Lad

HH o SEMISPIinalis —— e
*SURFACE DEFINITION,NAME=bslb, no thick
bslb, spos

*SURFACE DEFINITION,NAME=bsrb, no thick
bsrb, spos

L2

K 2 SPleniusg wmmmm e o e
*SURFACE DEFINITION, NAME=bspln, no thick
bspll, sneg

*SURFACE DEFINITION,NAME=bsprn, no thick
bsplr, sneg

*SURFACE DEFINITION,NAME=bsplp, no thick
bspll, spos

*SURFACE DEFINITION,NAME=bsprp, no thick
bsplr, spos

&

K o s Lrapezius ———m— e
*SURFACE DEFINITION,NAME=btrapfl, no thick
btrapfl, spos

*SURFACE DEFINITION, NAME=btrapf2, no thick
btrapf?, spos

R s s 1athismus e mom e e
*SURFACE DEFINITION,NAME=shlatcl, no thick
shlatcl, spos

*SURFACE DEFINITION,NAME=shlatcr, no thick
shlatcr, spos

H K abdominal surface
*SURFACE DEFINITION,NAME=asuln, ne thick
abdsurl, sneg

*SURFACE DEFINITION,NAME=asurn, no thick
abdsurr, sneg

*SURFACE DEFINITION,NAME=asulp, no thick
abdsurl, spos

*SURFACE DEFINITION,NAME=asurp, no thick
abdsurr, 5pos

*SURFACE DEFINITION,NAME=abd3sl, no thick
ahd3sl, spos

*SURFACE DEFINITION, NAME=abd3sr, no thick
abd3sr, spos

* ok

O erector spinae

*SURFACE DEFINITION, NAME=berectsl, no thick
kerectsl, spos

*SURFACE DEFINITION,NAME=berectsr, no thick
berectsr, spos

H R e e ThOMD . == s e s o e o
*SURFACE DEFINITION, NAME=brhomln, no thick
brhoml, sneg

*SURFACE DEFINITION, NAME=brhomrn, no thick
brhomr, snieg

*SURFACE DEFINITION, NAME=brhomlp, no thick
brhonml, spos

*SUREFACE DEFINITION, NAME=brhomrp, no thick
brhomr, spos

* &

o e Armsurface «—==mom—e o
*SURFACE DEFINITION,NAME=asurfl, no thick
asurfl, spos

*SURFACE DEFINITION,NAME=asurfr, n¢ thick
asurfr, spos

*SURFACE DEFINITION,NAME=afosul, no thick
afosul, spes

*SURFACE DEFINITION,NAME=zfosur, no thick
afosur, spos

HH et o e legsurface —re s e
*SURFACE DEFINITION, NAME=pcontla, na thick
peontla, spos

*SURFACE DEFINITION,NAME=pcontlb. no thick
peontlhk, spos

*SURFACE DEFINITION, NAME=pcont2, no thick
noont 2, spos

*SURFACE DEFINITION,NAME=pksul, no thick
pksul, spes

*SURFACE DEFINITION, MAME=plegl, no thilck

plegl, spos
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*SURFACE DEFINITION,

plegr, spos
£ 3

ok

*SURFACE DEFINITION,

bhl, spos

*SURFACE DEFINITION,

bhr, spos

*SURFACE DEFINITION,

bnsurl, spos

*SURFACE DEFINITION,

bnsurr, spos
*ratubl

**atubr
ER

*SURFACE DEFINITION,

shdesl, spos

*SURFACE DEFINITION,

shdesr, $pos

*SURFACE DEFINITION,

recontl, spos

*SURFACE DEFINITION,

reonts, spos

*SURFACE DEFINITION,

reintl, sneg

*SURFACE DEFINITION,

rcintr, sneg

*SURFACE DEFINITION,

shsercl, spos

*SURFACE DEFINITION,

shsercr, spos

*SURFACE DEFINITION,

*SURFACE DEFINITION,

pinsl, spos

*SURFACE DEFINITION,

pinsr, spos

*SURFACE DEFINITION,

abdinl, spos

*SURFACE DEFINITION,

abdinr, spos

*SURFACE DEFINITION,

viscls, spos

*SURFACE DEFINITION,

viscls, spos

*SURFACE DEFINITION,

visc3s, spos
*h

* %

NAME=plegr, no thick

head —=-———-em e
NAME=bhl, no thick

NAME=bhr, no thick

shouldey ~—==m=m=m—

HAME=bnsurl, no thick

NAME=bnsurr, no thick

HRLLOid mmm o e

NAME=shdesl, nc thick

NAME=shdesr, no thick

NAME=rcontl, no thick
NAME=ycontr, no thick
NAME=rgintl, no thick

NAME=rcintr, no thick

SErratus —=-=-m———rem————

NAME=shsercl, no thick

NAME=shsercr, no thick

sternum inner ————eee e

HAME=stebc, no thick

pelvis inner ——-rmmemeeee————

NAME=pinsl, no thick
NAME=pinsr, no thick

abdominal surface inner
NAME=abdinl, no thick

NAaME=abdinr, no thick

VISC. oont, momeeeem e

NAME=visclsg, no thick
MNAME=visc2s, no thick

NAME=visc3s, no thick

*CONTACT PRIR, PENALTY

bhl, bnsurl
bhr, bnsurr
atubl, shdesl
atubr, shdesr
rcontl, shsercl
rcontr, shsercr
stebc, viscls
pinsl,visc3s
pinsr,visc3s
reintl, viscls
rocintr,viscls
reintl, viscls
reintr,viscls
abdinl,visc3s
abdinr,visc3s
abdinl, viscls

abdinr,viscls
* &

R

*CONTACT PAIR, PENALTY

bslb,bspin

bsrb, bsprn
bsplp, btrapfl
bsprp, btrapf2
shilatcl,asuln
shlatcr,asurn
verectsl, brhomlin






Appendix C 3

————————————————— cerv. Spine —-—=sesemesen oo

w ok

*SURFACE DEFINITION, NAME=bhclld, no
bcelld, spos

*JURFACE DEFINITION, NAME=bclrd, no
belrd, spos

*SURFACE DEFINITION,NAME=bcllu,no
bcllu, spos

*SURFACE DEFINITION, NAME=bclru,no
bclru, spos

* %

*SURFACE DEFINITION, NAME=Dc21d, no
be2ld, spos

*SURFACE DEFINITION,NAME=pcZ2rd,no
bc2rd, 5pos

*SURFACE DEFINITION,NAME=bcZlu,no
bc2lu, spos

*SURFACE DEFINITION, NAME=bc2ru,no
bc2ru, spos

*E

*SURFACE DEFINITION, NAME=bc3ld, no
pedld, spos

*SURFACE DEFINITION, NAME=bcird, no
bedrd, spos

*QURFACE DEFINITION, NAME=bc3lu,no
bc3lu, spos

*SURFACE DEFINITION, NAME=bc3ru, no
beldry, 5pos

gk

*SURFACE DEFINITION, NAME=bc4ld, no
bc4ld, spos

*SURFACE DEFINITION, NAME=bcdrd, no
bcdrd, spos

*SURFACE DEFINITION, HAME=bcdlu,no
bcdlu, spos

*SURFACE DEFINITION, NAME=bcdru,no
bcdru, spos

=k

*SURFACE DEFINITION, NAME=Lc51d, no
besld, spos

*SURFACE DEFINITION, NAME=hcbrd, no
boebrd, spos

*SURFACE DEFINITION,NAME=bcS5lu,no
beblu, spos

*ZURFACE DEFINITION, NAME=bCSru,no
bchru, spos

* K

*SURFACE DEFINITION, NAME=Dcéld, no
bceld, spos

*SURFACE DEFINITICON, NAME=bcotrd, no
beérd, spos

*SURFACE DEFINITION, NAME=bcélu, no
beélu, spos

*SURFACE DEFINITION, NAME=bcéru,no
bobru, spos

x ¥

*SURFACE DEFINITION,NAME=bLcT71ld, no
belld, spos

*SURFACE DEFINITION, NAME=bcTrd, no
bc7rd, spos

*SURFACE DEFIRITION, NAME=bo7lu, no
belu, spos

*SURFACE DEFINITION, NAME=bc7ru, no

belru, spoes
- ox

E R e thor. sping ~—-—rorememem———

- K

*SURFACE DEFINITION,NAME=bt1lld,no
btlld, spos

*SURFACE DEFINITION, NAME=btlrd,no
btlrd, spcs

*SURFACE DEFINITION, NAME=btllu,no
btllu, spos

*QURFACE DEFINITION, NAME=htlru, nc
btlru, spos

LA

*SURFACE DEFINITION,NAME=bt21ld, no
bt2ld, spos

*SURFACE DEFINITION, NAME=bt2rd, no
LtZrd, spos

*SURFACE DEFINITION,NAME=bLC21lu,no
bt2lu, spos

*SURFACE DEFINITION, NAME=brZru,no
btZ2ru, spos

e

thick
thick
thick

thick

thick

thick

thick

thick

thick
thick
thick

thick

thick

thick

thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

212
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*SURFACE DEFINITION, NAME=bt31ld, no
bt3ld, spos

*SURFACE DEFINITION, HAME=Dbt3rd,no
bt3rd, spos

*SURFACE DEFINITION, NAME=bt3lu,nc
br3lu, spos

*SURFACE DEFINITION, NAME=bt3ru,no
bt3ru,spos

* %

*SURFACE DEFINITION,NAME=hLt4ld,no
bt4ld, spos

*SURFACE DEFINITION, NAME=btdrd, no
bt4rd, spos

*SURFACE DEFINITION,NAME=btdlu,no
bt4lu, spos

*SURFACE DEFINITION, NAME=btdru,no
btdru, spos

* K

*SURFACE DEFINITION, NAME=bt51d,no
bthld, spos

*SURFACE DEFINITION, NAME=btS5rd,no
btird, spos

*SURFACE DEFINITION, NAME=btBlu,no
bLt5lu, spos

“SURFACE DEFINITION,NAME=kt5ru,no
bthru, spos

*

*SURFACE DEFINITION, NAME=Ltéld,no
btéld, spos

*SURFACE DEFINITICN,NAME=btb6rd,no
btérd, spos

*SURFACE DEFINITION, NAME=bt6lu,no
btélu, spos

*SURFACE DEFINITION,NAME=bt6ru,no
btéru, spos

P

*SURFACE DEFINITION, MAME=Lt71d,no
kt7ld, spos

*QURFACE DEFINITION, NAME=bt7rd,no
bt7rd, spos

*SURFACE DEFINITION, NAME=bt71lu,no
bt7lu, spos

*SURFACE DEFINITION, NAME=bt7ru,noc
ttiru, spos

*

“SURFACE DEFINITION, NAME=bRt81d, no
ber8ld, spos

*SURFACE DEFINITION, NBME=bLt8rd, no
btird, spos

*SURFACE DEFINITION,NAME=bt8lu,no
bt8lu, spos

*SURFACE DEFINITION, NAME=bt8ru,no
btéru, spos

* A

*SURFACE DEFINITION, NAME=btSld,nao

kEr9ld, spos

*SURFACE DEFINITION, NAME=bt9rd, no

btdrd, spos

*SURFACE DEFINITION, NAME=bt8lu,no

Lt8lu, spos

*SURFALCE DEFINITION, NAME=LtOru, no

btSru, spos

& *

*SURFACE DEFINITION, NAME=htl0ld,no
btl0ld, spos

*SURFACE DEFINITION, NAME=bt10rd, no
brllrd, spos

*SURFACE DEFINITION, NAME=bt10lu,no
btl0lu, spos

*SURFACE DEFINITION, NAME=btl{ru,no
btllru,spos

* %

*SURFACE DEFINITION, NAME=btllld,no
btllld, spos

*SURFACE DEFINITION, NAME=btllrd,no
brllrd, spos

*SURFACE DEFINITION,NAME=htlllu,ne
ktlllu, spos

*SURFACE DEFINITION,NAME=htllru,no
brllru, spos

o

*SURFACE DEFINITION,NAME=brlZld,no
brl2ld, spos

*SURFACE DEFINITION, NAME=btl2rd, no
brl2rd, spos

*3URFACE DEFINITICN, NAME=brl2lu,no

thick
thick
thick

thick

thick

thick

thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

thick
thick
thick

thick

thick
thick

thick
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btlZlu, spos

*SURFACE DEFINITION, NAME=btlZru,no thick

btl2ru, spos

W

T lumb. spine —=-eeseeme——————
* &

*SURFACE DEFINITION,NAME=bllld,ns

blllid, spos

*SURFACE DEFINITION, NAME=bllrd, no

bllrd,spos

*SURFACE DEFINITION,NAME=Llllu,no

blllu, spos

*SURFACE DEFINITION,NAME=bllru,no
bllru, spos

*

*SURFACE DEFINITION, NAME=blZld, no
blzld, spos

*SURFACE DEFINITION, NAME=R12rd, no
bl2zrd, spos

*SURFACE DEFINITION, NAME=DL12lu,no
l2lu, spos

*SURFACE DEFINITION,HNAME=blZru,no
nllru, spos

*

*SURFACE DEFINITION, NAME=bl31ld, no
bl3ld, spos

*SURFACE DEFINITION, NAME=b13rd, no
bl3rd, spos

*SURFACE DEFINITION,NAME=h13lu,nc
bl3lu,spos

*SURFACE DEFINITION,NAME=bl3ru,no
bl3ru,spos

£

*SURFACE DEFINITION,NAME=bl4ld,no
bldld, spos

*SURFACE DEFINITION, NAME=bl4rd, no
kldrd, spos

*SURFACE DEFINITION,NAME=bl4lu,noc
bldlu, spos

*SURFACE DEFINITION, NAME=bl4ru,no
bldru, spos

ook

*SURFACE DEFINITION,HNAME=L151d,no
bl51d, spos

*SURFACE DEFINITION, NAME=bl5rd, no
kl5rd, spos

*SURFACE DEFINITIOCH, NaME=b151u, no
Bl51lu, spos

*SURFACE DEFINITION, NAME=b]l5ru,no
bl5ru, spos

ok

*CONTACT PARIR, PENALTY
bhol, bellu

bhibr,bclru

LR

belld, be2lu
belrd, beZru
* *
be2ld, bedlu
beZrd, bc3ru
- A
be3ld, bedlu
poldrd, bedru
X3
bedld, beSlu
bcdrd,bebru
* A
bcbld, boélu
bcdrd, bebru
&
beéld, bc?lu
beérd, belru
EE3
be7ld, btilu
belrd, btlru
* R
btlld,bt2lu
btlrd,bt2ru
A
br2ld, bt3lu
bt2rd, bt3ru
*
btild,btdlu
bt3rd, bt4ru

# &

brdld,bt5lu

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick

thick
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btird,btSru

o

bthld, brélu
btSrd, btéru

* %

btéld,br?lu
btérd, pt7ru

i

bt7ld,bt8lu
kr7rd,btBru

X

bt8ld,kt9lu
bt8rd, btiru

#x

bt8ld,btl10lu
bt 9rd, btl0ru

%

bBL101d,btlllu
btl0rd,btllru

%%

btllld,btl2lu
btllrd,btliru

* k

priZld,blllu
ptil2rd,bllru

EE3

bllld,bl2lu
bllrd,blZru

*

bl2ld,p131a
blZrd,pl3ru

T

bl3ld,bl4lu
bl3rd,bldru

* %

bldld,bl5lu
bldrd, bl5ru

ok

plsld, psl
blsrd, psr

* %

o pel. joint ~——--mmemme e
*

*SURFACE DEFINITION,NAME=pfhal, no thick
pfhal, spos

*SURFACE DEFINITION,NAME=pfhar, no thick
pfhar, spos

*SURFACE DEFINITION,NAME=pacetl, no thick
pacetl, spos

*SURFACE DEFINITION, NAME=pacetr, no thick
pacetr, spos

K shoulder joint —=—m e —-——
s g

*SURFACE DEFINITION,NAME=atubl, no thick
atubl, spos

*SURFACE DEFINITION,NAME=atubr, no thick
atubr, spos

*SURFACE DEFINITION,NAME=shgll, no thick
shgll, spos

*SURFACE DEFINITION,NAME=shglr, no thick
shglr, spos

& de

A e o e e e e elbow joint ———memmee e
* *

*SURFACE DEFINITION, NAME=aelbcll, no thick
aelbcll, spos

*SURFACE DEFINITION, NAME=aelbclr, no thick
aelbclr, spos

*SURFACE DEFINITION,NAME=aelbcul, no thick
aelbcul, spos

*QURFACE DEFINITION,NAME=aelbcur, no thick
aelbcur, spos

*

A o e knee joint ~—-———mmmme e
* J

*SURFACE DEFINITION,NAME=pknlol, no thick
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