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1 INTRODUCTION

AUTHORS: Brian Fildes and Kennerly Digges

1.0 BACKGROUND

Vehicle and road design has quite rightly placed considerable emphasis on preventing head-on crashes and
injuries over recent years, given the predominance of these crashes in statistical data (Fildes et al., 1994;
Thomas and Frampton 1999). Consequently, the proportion of fatal frontal crashes has falen while the
proportion of these severe side impact outcomes has increased (Figure 1.1). This is further evidenced in
the numbers of these crashes where those in fatal head-on collisonsin Australia have actually fallen while
the number of side impact fatal crashes has remained relatively stable over that time period (Fildes,
Fitzharris, Gabler and Logan 2005).

Side impacts account for approx one-third of all vehicle occupant Harm in Australia (Gibson et al., 2001,
Chipman 2004). They are a particularly severe type of crash as the vehicle structure does not allow the
same degree of energy absorbing capability as that offered in a frontal crash, due to the limited structure
available between the occupant and the impacting object. Hence, given a crash, the likelihood of severe
intrusion into the passenger compartment increases the risk of severe injury to the occupants (Cessari et
a., 1988). Frontal structure offers more opportunities to absorb crash energy by its greater structure,
thereby minimizing intrusion in lower speed impacts

Side-impact regulation has focussed on protecting the near or struck-side occupant, as they make up
approximately 70% of the Harm in side impact crashes. However, 30% of side impact Harm occurs to
occupants seated on the far side of the vehicle in both Australia and North America (Gabler, Digges,
Fildes and Sparke, 2005). Moreover, these crashes are not currently focussed on in side-impact regulations
and as a consequence, there are very few countermeasures available that specifically aim to improve far
side occupant protection. Understanding the mechanisms of far side impact injuries and potentia
countermeasures to address these is urgently required to address this neglected vehicle safety problem.

1.0.1 Definition of a far-side crash

For the purpose of this study, a far-side crash is defined as a side impact collision where the striking
vehicle or object impacts on the opposite side of the vehicle to where the occupant is sitting. In Figure 1.2
for example, where there is only a driver seated on the left side of the vehicle, the far-side crash involves
an impact to the right or passenger side of the vehicle.

By contrast, an occupant seated on the impacted side of the vehicle in a side impact collision is referred to
as the near side occupant. The near and far-side occupants have also be referred to as the struck and non-
struck side occupants in side-impact collisions. However, in this report, the near and far side nomenclature
will be used.

1.0.2 The far-side collaborative research programme

The Australian Research Council encourages collaborative research efforts involving partners from
universities, industries and governments to address high-risk but significant community problems through
their “Linkage” research programme. This programme provides funds to universities for research in
addition to those provided by industry and government partners.

Dr. Kennerly Digges of the FHWA/NHTSA National Crash Anaysis Center at the George Washington
University was selected as an independent research agent in motor vehicle safety to administer funds
provided by private parties and he agreed to help fund the partnership. In addition, Genera Motors Holden
Innovation in Australiaand Autoliv Research in Sweden also agreed to part fund the research effort.



Consequently, the Monash University Accident Research Centre in Melbourne, Australia was appointed
as the Host organisation for a collaborative ARC Linkage research programme into far-side occupant
protection, funded through these various funding sources.

Frontalimpact B Side Impact
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Fig 1.1. Proportion of frontal and side fatal
crashes in Australia (1988 to 2000).

1.0.3 Research Collaborators

Near Side Far Side

Fig 1.2 Definition of near and far-side impact
for adriver on the left side of the vehicle.

The research team was a collaboration of 12 universities, industry and government partners across three
continents with 20 individual participantsaslisted in Table 1.

Table 1: Participating organisations and individuals in the ARC Far-side Project.

Participatina Organisation

Participants

Monash University Accident Research Centre,
Australia (Host Organisation)

George Washington University, USA

General Motors Holden, Australia
Autoliv Sweden

Dept. Transport and Regional Services,
Australia

Medical College Wisconsin, USA

Va. Tech (Center Injury Biomechanics), USA
Virginia Tech (Mech. Eng.), USA

Human Impact Engineering, Australia
Wayne State University, USA

William Lehman Research Center, USA
Ford Motor Company, USA (Observer)

Brian Fildes, PhD (Chief Investigator), Clay
Douglas

Kennerly Digges PhD (Co-Chief Investigator),
Richard Morgan, Brian Alonso, Joseph
Cuadradro, Pradeep Mohan

Laurie Sparke, PhD, Stu Smith
Ola Bostrom PhD

Craig Newland

Frank Pintar PhD, Narayan Yoganandan, PhD
Stefan Duma, PhD, Joel Stitzel, PhD
Hampton Clay Gabler, PhD

Tom Gibson, PhD

King Yang, PhD

Jeffery Augenstein, MBBS

Stephen Rouhana, PhD




1.0.4 Project Objectives:
The ARC far-side programme nominated four objectives for the research effort:

e A moredetailed understanding of far side crash environment, injuries and injury mechanisms
o Develop suitable test procedures, computer models, test devices and injury criteria

o Evaluate suitability of current side impact test dummies for far side crash configurations in
comparison with PMHS

e Identify arange of generic far side injury countermeasures and estimate their potential safety benefits.

1.0.5 The Research Programme

To address the objectives, the research program nominated 8-topic areas of interest, which were assigned
Work Package task descriptions, Task leaders and Task participants within the research collaborators. The
seven topic areas of interest were:

WP1: A more detailed understanding of far-side injuries and Harm in real-world crashes

WP2:A more detailed laboratory biomechanical test programme using PMHS (post mortem human
subjects) i.e. cadavers and Anthropomorphic Test Devices (ATDS)

WP3: Injury criteriafor soft tissue neck injury

WP4: Revisit ATD (test ATD) suitability

WP5: Test procedures and injury criteria specification
WP6: Computer models for far-side occupants

WP7: Countermeasure benefits anaysis

Real World Data ) Biomechanical
Analysis Testing
Test ATD Evaluation + Human Computer + Neck Injury
Model Modelling

|

Test Procedures
and Injury Criteria

Countermeasures

Figure 3. Diagram of task breakdown in the ARC Far-side Project.

More details of the seven Work Packages are listed below.



1.1 DESCRIPTION OF PROJECT TASKS

WP 1 — Injury and HARM Analysis

Research Team — GW and Virginia Tech. Mech. Eng. leadership (Digges & Gabler) with support from
MUARC, WLIRC, MCW, GMH and Ford.

The major tasks of this Work Package were to:

e Anayse occupant injury and HARM by contacts, body region, crash direction, crash severity,
intrusion extent, crash partner, occupant characteristics, injury lesions, to provide a comprehensive
account of crashes and injuries;

e Conduct HARM benefits analysis of generic countermeasures, based on model and sled test results
of thefar-side ATD.

WP 2 — Biomechanical Test Programme

Research Team — MCW leadership (Pintar), with support from MUARC, GWU, GMH, Autoliv Research
and Ford Motor Company.

The major tasks of this Work Package were to undertake:
e Pre-modelling of ATD/cadaver performance in afar-side crash (validation from existing tests)

e Design and undertake a comprehensive ded test programme using post-mortem human surrogates
(PMHS) to measure kinematics and loadings for countermeasures across the range of different
crash types and severities.

e Conduct tests to validate WorldSID and THOR ATD responses against cadaver kinematics and
restraint loading (6 restraint combinations)
WP 3 - Soft Tissue Injury to the Neck

Research Team — Virginia Tech. CIB leadership (Duma & Stitzel), with support from MCW, Autoliv and
GWU.

The magjor tasks of this Work Package were to:
e  Conduct tests of neck soft tissue and determine constitutive properties and failure conditions
e Mode carotid artery and validate
e Incorporate the carotid model into a head/neck model
e Exercise model determine injury criteria, risk functions, and propose surrogate injury
measurements for use on ATD

WP 4 — Dummy Development

Research Team — MUARC Leadership (Fildes), with support from MCW, GW, Autoliv Research,
DOARS and Ford Maotor Company.

The magjor tasks of this Work Package were to:
e Identify restraint conditions frominjury dataand cadaver tests
e ATD sdection (WorldSID and THOR)

e Conduct tests to validate ATD responses against cadaver kinematics and restraint loading (6
restraint combinations)

10



e Determine need for any ATD modifications

e  Conduct any additional tests and simulations required for far side countermeasure evaluation

WP 5 — Test Procedures and Injury Criteria
Research Team — GWU leadership (Digges & Morgan), with support from HIE Australia and WLIRC.

The major tasks of this Work Package were to:
e Identify suitable test conditions for specifying improved far side impact protection.
e Develop acceptable injury criteriafor use in far-side testing.
e Continue to evaluate the suitability of these tests and injury criteria throughout the research
programme.

WP 6 - Computer Model Development

Research Team — MUARC Leadership (Fildes), with support from a new PhD Student Douglas (MUARC)
funded as a Austrdian Postgraduate Award Industry (APAI) scholar through the research program.

The magjor tasks of this Work Package were to:

e Develop amodel of avehicle/HIII ATD to study intrusion, crash pulse, and kinematics in far side
crashes.

e Develop & validate the model of human in afar side crash configuration.
e Usethemodel to examine two occupant interactions.

e Exercise the model to evaluate countermeasure performance in sled tests and car crash
configurations.

e Exercisethe model to predict injury reduction of generic countermeasuresin real world crashes for
HARM benefits analysis.

WP 7 - Countermeasure Benefits Analysis

Research Team — Autoliv leadership (Bostrom), with support from Virginia Tech MechEng., GWU, and
MUARC.

The magjor tasks of this Work Package were to:
e Identify arange of potential beneficia far side protection strategies and countermeasures.

e Conduct a generic countermeasure test and modeling program to demonstrate likely kinematic and
injury benefits.
e Conduct HARM benefits analysis of generic constraint options.
During the course of the research, it was found that reporting the results would be more concise if Tasks
WP 2 and WP 4 were reported together. The results of both Tasks are summarized in Chapter 3 of this

report. For reporting purposes, Task 5 was split. The Injury Criteria portion is reported in Chapter 5. The
Test Procedures are reported in Chapter 6.
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1.2 PROGRAMME RESPONSIBILITIES

The overal responsibility for the ARC Far-side research programme was with the Monash University
Accident Research Centre (MUARC) in Mebourne, Australia. Professor Brian Fildes was responsible for
the overall management and administration of the research programme, a requirement of the Australian
Research Council in issuing the grant. In addition, Dr. Kennerly Digges took responsibility for the
administration of the USA private funds in the programme. Both these individuals were nominated as
Chief Investigators.

A number of the senior research partners agreed to take responsibility for the leadership and conduct of
each of the Working Groups for which the Chief Investigators of the programme are particularly grateful.
In addition, all participants were assigned to work on various tasks in the program and to be responsible
for their research to the WP Leader and ultimately, the Chief Investigators®.

The coordination and success of the program is clearly a sign of the commitment and caliber of the
researchers involved in this program and an indication of what can be achieved in terms of high quality
research outcomes from these collaborative research programs with appropriate structure and funding.

1.3 RESEARCH OUTCOMES

Prior to this research project there was virtually no technology base for evaluating far-side
countermeasures. There were no qualified dummies, no validated computer models, no qualification test
conditions or no benefits studies. This research provided the technology for all these missing attributes
and removed the major impediments to the development of life saving technology to protect occupantsin
far-side crashes.

A number of academic and commercial outcomes have aso emanated from the programme.

1.3.1 Academic Outcomes

The findings from the research have been presented at a number of important Australian and international
conferencesin Europe and the USA. These have included:

e Enhanced Safety of Vehicles (ESV) conferences from 2005 to 2009,

Society of Engineers (SAE) Meetings, 2005 to 2008;

International Research Conference On the Biomechanics of Injury (IRCOBI), 2005 to 2008;

STAPP Car Conferences, 2008 and 2008; and

The Association for the Advancement of Automotive Medicine (AAAM) annual conferences from
2006 to 2008.

The paper presented by Hampton Clay Gabler on behalf of his co-workers at the SAE Internationa
Congress in April 2005 was judged to be the best vehicle safety paper at the meeting. The authors
(Gabler, Digges, Fildes and Sparke) were awarded the Ralph H. Isbrandt Automotive Safety Engineering
Award for the most outstanding paper in the year 2005 on the subject of automotive safety engineering.

In addition, there have been 25 papers prepared and published in international journals or mgjor
conference proceedings. A listing of theseis provided in Appendix 1 of thisreport.

! The high degree of cooperation that was achieved throughout the full duration of the research program was
especially noteworthy and tantamount to the level of professionalism and the quality of the individuals, their
organisations and the outputs achieved.
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1.3.2 Government Outcomes

It was noted earlier that the subject of far side occupant protection has received practically no attention in
terms of new safety initiatives or regulations in side impact collisions. Y et, more than 30% of side impact
Harm occurs to the far side occupant (those seated on the opposite side of the vehicle in a side impact
crash). Needless to say, the governments of the USA and Australia were particularly interested in the
outcomes of this research program as noted below.

The National Highway Traffic Safety Administration in the USA cooperated in providing access to test
dummies (especidly THOR) for the use of the consortium for comparative purposes in Task 2,
Biomechanics. In addition, in 2008, they requested a briefing from the research staff at their headquarters
in Washington on the results and potential regulation implications of the findings.

The Department Of Transport And Regional Services in Australia, responsible for the Australian Design
Rule system, participated in the research program and made available local resources as required.
Moreover, as aresult of their involvement in this research program, they separately commissioned a series
of side impact crash tests with two test dummies positioned in the front seat compartment to evaluate the
effects of multiple occupants (a near and afar side occupant) in aside impact collision.

Both these two government bodies, responsible for regulating vehicle standards in the USA and Australia
are presently considering the need for additional requirements to ensure that both near and far side
occupants are protected in these severe types of collisions.

1.3.3 Commercial Outcomes

The inclusion of two auto makers (GMH and Ford) and a Level 1 supplier of vehicle restraints (Autoliv)
was critical, both for the success of the research in providing access to world-class facilities, as well as for
conducting additional teststo answer specific questions that arose during the course of the program. These
industry partners collaborated effectively with the researchers, ensuring the research was of maximum
value for the community at large.

Thereis absolutely no doubt that the results emanating from this project will be considered by the industry
partners to provide improved far side impact protection and with Autoliv’'s involvement, new restraint
mechanisms will become available to help far side occupant protection systemsin future vehicles.

It should be noted that a website was established for this project. URL for the website is
http://www.monash.edu.au/muarc/far-side. This was to ensure that the findings from the study would be
available for the use of al auto manufacturers and part suppliers to maximise the inclusion of the finding
in improved crashworthiness of al future vehicles on the road.
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2 INJURY AND HARM ANALYSIS

AUTHORS: H. Clay Gabler, Kennerly Digges, Brian Fildes and Michael
FItzharris

2.0 INTRODUCTION

To date, the primary objective of side-impact research and regulation has been to protect occupants
located on the struck side of a passenger vehicle. However, occupants of the non-struck side (or the far
side) of the vehicle are aso at considerable risk of injury (Digges and Dalmotas, 2001). The mechanisms
behind far-side impact injuries are believed to be significantly different from those in near-side impact
injuries, consequently, far-side impact protection may require the development of different
countermeasures than those which are currently implemented for near-side impacts.

In this report, the risk of crash injury for far-side occupantsin Australia and the United States is eval uated.
The study was based on the andysis of Australian data drawn from the Monash In-depth Data System
(MIDS) from the Monash University Accident Research Centre (MUARC) and from US data derived
from the National Automotive Sampling System Crashworthiness Data System (NASS CDS). Over 100
cases of Australian far-side struck occupants were examined from the MIDS database and over 4,500
cases of US far-side struck occupants were investigated from the NASS/CDS. For both datasets, the
analysis was restricted to three-point belted occupants of passenger vehicles, light trucks and vans.

In early 2004, an international consortium of universities and crashworthiness research groups led by
MUARC instigated the project herein to examine the far-side impact injury risk problem (Fildes et al.,
2005). The overdl goal of the research programme was to investigate far-side impact injury to occupants
of passenger cars, light trucks and vans. The specific objectives of the project were to establish an
improved understanding of occupant injury biomechanics in far-side impacts, to develop a test procedure
for evaluating the potential of injury in afar-side impact, and to explore new countermeasure approaches
for far-side impact injury prevention.

2.1 OBJECTIVE

The overal goal of this task was to determine the risk of injury from far-side impact crashes in Australia
and the US. The specific objectives were to firstly, to characterise the type of impact conditions which
lead to a far-side impact injuries and secondly, to determine the priorities for injury countermeasure
devel opment, subsequently assisting in the devel opment of afar-side impact test procedure.

2.2 APPROACH

The analysis presented in this report was based on the examination of Australian data drawn from the
MIDS (from 1989 to 2004 inclusive) and US data extracted from the NASS CDS (using data from 1993 to
2002 inclusive).

2.2.1 Data Sources

The MUARC MIDS is comprised of in-depth accident investigation data from four crashed vehicle studies
conducted by MUARC: (1) the Crashed Vehicle File (CVF) collected from 1989 to 1993 inclusive; (2) the
study conducted from 1995 to 2000 inclusive funded by FORS (now the Australian Transport Safety
Bureau, ATSB) to evaluate ADR 69; (3) the Holden Crash Investigation project (data from 1993 onwards)
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and the current (4) Australian National Crash In-Depth Study (ANCIS), with data from 2000 to onwards
being used.

The MIDS database contains weighing factors which, when applied to individual cases, permitted national
estimates of traffic crash injury in Australia. The MIDS weighting system uses key crash parameters
which, when used in combination, result in 4,032 possible covariate patterns, captures crash and injury
characteristics. Principal variables for the weighting system are: the year of vehicle manufacture (pre/post
1990), impact direction (e.g. front, left, or right side of vehicle), seating position of the occupant, single
vehicle crash or multiple vehicle crash; speed zone (categories: < 60, 80-90, 100+ knv/h); head injury AIS
> 3, chest or abdomina injury AIS > 3; lower extremity injury AIS > 3, where the AIS refers to the
Abbreviated Injury Scale. The severity is measured using the Abbreviated Injury Scale (AlS) 1990
(Revision 1998), which describes the relative threat-to-life of a single injury. The AIS severity levels
range from 1 for a minor injury to 6 for maximal injuries, with an AIS of 0 meaning that no injury was
sustained.

The weighting system used relies on key crash parameters, which when used in combination, result in
4032 possible covariate patterns. The year of manufacture was included in the crash parametersin order to
capture the differences in safety features as well as vehicular structural changes which occurred after
1990. In addition, it was used as an indicator of the general age of the vehicle i.e. the Australian fleet is,
on average, 10-12 years of age, hence using 1989 as a crude cut-off point was aimed at including a more
uniform sample of vehicles in relation to structure and safety features. Although it would have been
preferable to categorise the years further e.g. pre-1985, 1986-1990, 1990-1994, 1995-2000 and 2000
onwards, there was not enough data to made this distinction.

The expected number of crashes in each of the 4,032 covariate patterns was calculated for al fataity
crashesin Audtralia for athree-year period (1999-2001), with Victorian crashes adjusted and multiplied to
approximate and equal, respectively, the Australian serious, minor and non-injury crashes. Weights were
determined by expressing expected number of occupants per covariate pattern divided by the number of
matching occupantsin MIDS. The analysis was conducted with and without weighting factors applied.

NASS CDS is a sample of 4,000 to 5,000 crashes investigated each year by NHTSA at up to 28 |locations
throughout the US. Employing a tow-away criterion, for a crash to be included in NASS CDS at least one
of the vehicles involved in the crash must have been towed from the scene. Each case in NASS CDS has
corresponding weights which allow nationa estimates of traffic crash injury outcome to be computed.

2.2.2 Far-side Impact Dataset

The following analysis focuses exclusively on occupants involved in afar-side impact, and was limited to
occupants of passenger vehicles, light trucks, and vans. For this study, a side-impact crash was defined to
be an impact where the general area of damage in the most harmful event was to the left or right side of
the vehicle. Any rollover cases excluded.

A far-side occupant was defined to be either an outboard occupant on the opposite side of a crash or a
centrally-seated occupant. For impacts to the driver’s side of the vehicle, a front seat passenger would be
an example of a far-side occupant. Likewise, for impacts to the front passenger side of the vehicle, the
driver would be an example of a far-side occupant. Only occupants who were restrained by a three-point
safety belt were included in the study.

As shown in 2.1, the fina sample of occupants in far-side impacts consisted of 108 Austraian cases and
4,518 US cases. Using a definition of seriously injured occupants having their most severe injury as an
AIS 3 severity level or greater, there were 10 Australian cases and 281 US cases with seriously injured
occupants. Both Australian and US data files included data on a small number of fatally injured occupants

15



which were included in the Harm calculation but not analysed separately. In addition to the unweighted
number of cases, Tables 2.1 also presents weighted counts of the number of occupants in each injury
severity category. The weighted numbers were devel oped using the multipliersincluded in both MIDS and
NASS to permit national estimates of injury in their corresponding countries. All analyses which follow
were performed with weighed crash data.

Table 2.1. Number of Australian and US belted far-side struck occupants from MIDS (1989-2004
inclusive) and NASS CDS (1993-2002 inclusive)

Australia us
Number Unweighted Weighted Unweighted Weighted
Occupants 108 5,894 4,518 2,386,633
Seriously injured occupants (AIS 10 39 281 21,982
3+)
Fatalities 1 4 80 5,185

One analytical challenge of this study was the problem of how to combine the Australian and US data.
The US far-side impact dataset is numerous times larger than the corresponding Australian dataset. The
approach employed in the current study was to firstly, use both Australian and US data to compare and
contrast the higher level characteristics of the far-side impact problem i.e. to determine the body region
priorities for injury reduction, then secondly, use the larger US dataset anadlyse the detailed injury
mechanisms in far-side impacts.

2.2.3 Measuring Societal Cost with Harm

In this study, the Harm metric to measure the societa cost of traffic accidents. The Harm metric was first
developed by Malliaris et a. (1982) as a means of balancing the number of injuries with the severity or
cost of an injury. Using the Malliaris Harm metric, each AIS level has a prescribed social cost. This
societal cost includes both medical costs and indirect costs such as loss of wages. For each injured person,
the Harmisthe socia cost which corresponds to their maximum AIS injury level.

This original Harm metric was a remarkable new method of injury assessment but had two weaknesses.
Firstly, societa cost is not a function exclusively of AlSlevel, asthe societal cost of injury varies by body
region as well as by injury severity. For example, an AIS 3 head injury has a higher societal cost than an
AIS 3 leg injury. Secondly, in the original Harm metric, a cost was assigned to the injury of highest
severity only. This approach can underestimate the total societal cost when considering an individual who
sustains multiple injuries, as multiple injuries generally increase a patient’ s threat-to-life.

Fildes et a. (1994) developed an improved Harm metric which addressed the two limitations in the
original measure. In the revised method, a societal cost is assigned to each injury, then these costs are
summed to estimate atotal societal cost of injury:

Numinjuries

Harm= > Cost, (bodyregion, AlS)

i=1
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where Cost;, which is afunction of the AIS injury severity and the body region injured, is the societal cost
of aninjury, and and i, as defined by Fildes et al. (1994), was used as a measure of societal cost. The cost
component not only includes treatment and rehabilitation costs, but also all other costs to society such as
loss of wages and productivity, medical and emergency service infrastructure costs, legal and insurance
costs, legal and insurance charges, family and associated losses and allowances for pain and suffering.

In the current study, a variation of the Fildes method for computation of Harm was employed. Although in
some cases, there may be multiple injuries to a single body region, the maximum injury severity to a
single body region was used when assigning costs, as costs are typically assigned to treat a single body
region, not individua injuries to that body region. The number of seriously injured persons (AIS 3 or
greater) and the Malliaris Harm Metric will also be presented in this study. The costs used for the Fildes
Harm metric were normalised to cost of afatdity and are presented in Table 2.2.

As another measure of injury outcome, the number of serious injuries was also computed in the analysis.
Like the Harm metric, the use of serious injuries as a metric avoids the biases associated with the use of
fatality or total injury counts. Both Harm and number of serious injuries are frequently set as targets for
reduction through countermeasure development.

Table 2.2. Average cost per injury (normalised to the cost of a fatal injury).

INJURY SEVERITY

Body Region Minor Moderate Serious Severe Critical Maximum Unknown
AIS=1 AIS =2 AIS =3 AlS=4  AIS=5 AIS =6
External 0.0045 0.0250 0.0698 0.1135 0.1646 1.0000 0.0045
Head 0.0063 0.0295 0.1213 0.2896 0.9888 1.0000 0.0045
Face 0.0063 0.0295 0.1213 0.1601 0.3288 1.0000 0.0045
Neck 0.0063 0.0295 0.1213 0.1601 0.3288 1.0000 0.0045
Chest 0.0045 0.0250 0.0698 0.1135 0.1646 1.0000 0.0045
Abdomen 0.0045 0.0250 00698  0.1135  0.1646 1.0000 0.0045
Pelvis 0.0045 0.0250 00698  0.1135  0.1646 1.0000 0.0045
Spine 0.0045 0.0250 0.1631 1.4054 1.6804 1.0000 0.0045
Upper extremity ¢ go63 0.0433 0.1026 N/A N/A N/A 0.0045
Lower extremity ¢ o455 0.0433 0.1303 0.1926 0.3288 N/A 0.0045

2.3 RESULTS

2.3.1 Comparison of Australian and US Far-side Crashes

Although the traffic safety environment in Australia and the US share some common vehicle types and
similar safety regulations, they also differ in several important aspects. These differences relate to the
overall fleet composition, the driver's seating position, and the rural-to-urban driving mix, all of which
may have an influence on the priorities for countermeasure development. The initia step in the analysis
was to compare and contrast the risk of far-side impact injuriesin Austraia and the US.

Figure 2.1 and 2.2 present the relative injury risk in side impacts for Australia and the US respectively.
According to the MIDS database, the percentages of near-side to far-side occupants involved in crashes

17



were 60% and 40% respectively (Figure 2.1). On the other hand, in the US, the NASS CDS data showed
that there was approximately equal probability that a side-impact occupant was on the either side of the

vehicle, as the percentages for near-side and far-side impacts were similar (Figure 2.2).

Despite the fact that in Australia, there were more occupants involved in near-side crashes than in the US,
the percentage of occupants with serious injuries and the Harm were similar for both countries. It was
apparent that a near-side impact carries a significantly higher injury risk than a far-side impact, with near-
side crashes accounting for approximately 80% of the serious injuries, while far-side impacts were only
responsible for about 20% of these injuries. Similarly, near-side impacts resulted in about three-quarters of
all Harm, while the remaining quarter could be attributed to far-side impacts.
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Figure 2.1. Distribution of Australian near-side versus far-side impact injuries for 3-point belted

occupants.
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Figure 2.2. Comparison of US near-side and far-side impact injuries for 3-point belted occupants.

Excluding the chest and spine, the distribution of far-side impact injury by body region is similar in both
Australia and the US (Figure 2.3). In both countries, head injuries accounted for nearly one-quarter of al
Harm, and were the largest fraction of total Harm. This was followed by the upper extremities, which
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accounted for over 20% of al overal Harm, then the lower extremities, which accounted for
approximately 18 % of al overall Harm. These findings suggest that developing countermeasures for the
head, then the extremities, would result in the highest reduction of overall Harm. However, developing
new countermeasures for the extremities is difficult as there is little knowledge in this area of
countermeasure development. On the other hand, there has been some previous work on countermeasures
for spine and chest, and as Figure 2.3 shows, these body regions also comprise a significant proportion of
the total Harm. Hence, the best compromise between reducing the maximum amount of Harm and the
potential for developing improved countermeasures was to focus on countermeasure development for the
head, chest and spine. In total, these three body regions comprise of approximately 45% of the overall
Harm, thus countermeasures for these body regions have the capacity to reduce a considerable percentage
of the total Harm.

One limitation in this data which should be highlighted is that in the MIDS database, pelvic injuries are
grouped with the abdominal injuries while in NASS/CDS database, pelvic injuries are grouped with lower
extremity injuries. Consequently, the percentages for these body regions may have a slight variation as a
result of this grouping. Nevertheless, this will not influence the analysis which follows, since the body
regions for analysis were the head, spine and chest, not the abdomen or lower extremities.
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Figure 2.3. Distribution of far-side impact harm by body region: Australia versus the US.

A comparison of the distribution of US far-side serious impact injuries and Harm by body region is
demonstrated in Figure 2.4 (a similar analysis using Australian data was not possible because the serious
injury dataset was too small). According to the US data, the body region most likely to have sustained a
serious injury was the chest (33.8%), yet it only accounted for approximately 13% of al Harm. This was
followed by the head, where the likelihood of sustaining an injury was approximately 28% and its
contribution to Harm was about 24%. In the extremities, the reverse situation was true than for the chest:
in the lower extremities, the quantity of Harm was a significantly greater than the number of serious
injuries. Thus, in the chest, a large percentage of serious injuries account for a lower proportion of al
Harm, while in the extremities, it was the converse. The distribution of Harm by seating position was
similar in Australiaand the US.
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Figure 2.4. Distribution of injuries by body region using the US data.

As shown in Figures 2.5 and 2.6, in both countries, drivers comprised approximately three-quarters of the
far-side struck occupants and marginally over three-quarters of the total Harm. Front seat passengers
accounted for approximately 20% of the far-side struck occupants and 14-20% of the Harm, while rear
passengers comprised only 8% of the total far-side struck occupants and only 3-6% of the Harm.
Consequently, a test procedure which targets on the front seat occupants would capture over 90% of the

total Harm.
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Figure 2.6. US far-side injuries to belted occupants by seating position.

There are some significant differences in the composition of the Australian and US passenger vehicle.
While the Australian fleet is primarily composed on passenger cars, the US fleet is characterised by a
growing segment of light trucks and vans (LTVs), where the LTV category includes pickup trucks, sport
utility vehicles, vans, and minivans and is currently estimated to account for 40% of registered light
vehicles and 50% of all light vehicle salesin the US.

An analysis of the fleet composition shows that the Australian dataset contained only passenger vehicle
data, while the US dataset contained cases of both passenger vehicle and LTVs. Figure 2.7 presents the
digtribution of injuries in the US by the body type of the struck vehicle. Approximately three-quarters
(86%) of the side-struck occupants in the US were in a passenger vehicle, while the remaining occupants
wereinaLTV. The data shows that a far-side impact is considerably more precarious for an occupant of a
passenger vehicle than an occupant of a LTV although passenger vehicle occupants comprised of 86% of
side-struck occupants in the US, they also accounted for 83% of the serioudly injured persons and 84% of
the Harm.
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Figure 2.7. Far-side impact injuries by body type of struck vehicle (US data).
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It was apparent that a substantial proportion of the far-side harm in the USisincurred by LTV occupants,
thus a further examination of the data involved investigating whether passenger vehicle occupants require
different injury countermeasures to occupants of LTVs (Figure 2.8). An examination of the head, chest
and spine body regions shows that, although there are differences in the Harm which can be attributed to
passenger vehicles and Harm as a result of LTV’s e.g. chest injuries resulted in more Harm for car
occupants (14%) than for LTV occupants (10%), this difference is not great. More importantly, the
distribution of Harm by body region in the amalgamated vehicle data (Figure 2.3) was similar to the
distribution when separated by vehicle type (Figure 2.8). Consequently, the head, chest and spine,
regardless of impacting partner, remain the focus of countermeasure development in this study.
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Figure 2.8. Distribution of serious injuries by type of struck vehicle type and body region injured
in the US.

As shown in Figure 2.9, the serious injuries sustained by motor vehicle occupants were most likely to be
chest (35%) and head (29%) injuries, followed by the upper and lower extremities (11% each) and lastly,
by the remaining body regions. By contrast, serious injuries to LTV occupants were either fairly evenly
digtributed among the head, chest, upper extremity and lower extremity injuries, or distributed somewhat
uniformly between the remaining body regions. The variations in the injury distribution by body region
between passenger vehicle and LTV’s suggest that the countermeasures implemented for occupants in
vehicles of varying body styles may also need to a differ.

The distribution of Australian and US far-side injuries by striking vehicle were next evaluated in order to
determine the influence of the differences in fleet composition. However, as shown in Table 2.3, there
were too few cases in the Australian data to disaggregate the data to the level of fleet composition.
Nevertheless, there was enough data to show that the primary striking vehicle was either a passenger
vehicle, or aderivative of apassenger vehicle (e.g. aUte).
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Figure 2.9. Distribution of Serious Injuries by Type of Struck Type and Body Region Injured.

Table 2.3. Distribution of Serious Injuries by Striking Vehicle Type in Australia.

Striking vehicle or object Weighted Unweighted
Occupants AIS3+ Occupants AIS3+
Passenger vehicle/UTE 3,892 28 63 5
4WD 264 0 5 0
Van 91 0 3 0
Heavy truck/bus 169 0 4 0
Other vehicle 1,063 0 0
Pole 139 2 11 2
Tree 251 9 14 3
Other object 26 0 1 0
Total 5,894 39 108 10

Figure 2.10 depicts the distribution of far-side injuries as a function of the striking vehicle type. In several
previous studies, it has been shown that there are incompatibility problems between passenger vehicles
and either light trucks or vans in a crash (Summers et al, 2001; Gabler and Hollowell, 1998; I1IHS, 1998),
particularly when the striking vehicle is an LTV and the struck vehicle is a passenger vehicle. Similar
results were found in the current study (Figure 2.10): the striking object for over half of the side-struck
occupants was a passenger vehicle, yet this collision partner accounted for only 31% of the Harm and 38%
of the fatalities, whereas 28% of the occupants were struck by an LTV, but these collisions resulted in
35% of the Harm and 35% of the fatalities. Collisions with fixed objects, e.g. trees and poles, accounted
for 16% of the side struck occupants, 19% of the fatalities and 18% of the Harm. Lastly, although rare,
collisions with other vehicles (a category which includes heavy trucks, buses, and motorcycles) were
especialy precarious.
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Figure 2.10. Distribution of Injuries by Striking Vehicle Type in the US.

As shown in Figure 2.11, the injury patterns to the head and chest differ by collision partner: when the
collision partner was another vehicle, LTV’s accounted for more Harm than passenger vehicles. The
percentage of combined head and chest Harm for occupants struck by LTVs was 41%, while the
percentage resulting from passenger vehicles was 33%. For occupants involved in afar-side impact with a
fixed object, 45% of the Harm is aresult of head and face injuries. There are several potential reasons for
the greater amount of Harm from LTV’ s and fixed objects than from passenger vehicles: it may be due to
the greater intrusion associated with LTV and fixed object collisions or smply to differences in impacting
geometry between these three categories of collision partners. However, this cannot be concluded from the
present data.

Head 30%

Up.Extr.

Lo.Extr.

Spine

B Harm - Car (%)
—116% OHarm - LTV (%)
B Harm - Fixed Obj (%)

Chest

Face 15%

Abdomen

{g%

Other

0% 5% 10% 15% 20% 25% 30% 35%

Figure 2.11. Distribution of Injuries by Striking Vehicle Type and Injured Body Region
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In many instances, a crash involves not just one, but several impacts. In these cases, the crash is
considered to be the most harmful event, as judged by the crash investigators. Figure 2.11 presents US
data for distribution of injury by the number of eventsin which the side-struck vehicle was involved. Of
the side-struck occupants, 62% were involved in only a single event collision, which were responsible for
52% of the serioudly injured occupants and 54% of all Harm. The remaining 38% of the side-struck
occupants incurred approximately half of the serious injuries, and about half of al Harm. Thus, as might
be expected, the data demonstrated that multiple collisions carry a higher risk of serious injury than do
single event collisions.
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Figure 2.11. Distribution of injuries by number of events in the US.

2.3.2 Impact Configuration

Impact speed, angle, and position on the vehicle are al potential factors which may influence the injury
outcome to the occupant, and hence need to be examined before a test procedure can be designed for far-
side impacts. Because of the small number of Australian cases, the following analysis which follows is
based exclusively on US data.

Figure 2.13 presents the distribution of far-side injuries by total delta-V of the struck vehicle. The delta-V,
which is the resultant change in velocity upon impact, is comprised of both lateral and longitudina
components. The median total delta-V for al far-side struck occupants was 15 km/hr, while half of the
Harm occurred for total delta-V less than or equal to 24 km/hr. The median total delta-V for occupants
with amaximum AISinjury level of 3 or higher was 32 km/hr.
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Figure 2.12. Distribution of far-side impact injuries by total delta-V.

The disgtribution of far-side injuries by lateral delta-V of the struck vehicle is demonstrated in Figure 2.14.
The median lateral delta-V for al far-side struck occupants was 12 km/hr and half of the Harm occurred
for total delta-V less than or equal to 22 km/hr. The median lateral delta-V for occupants with a maximum
injury level of AIS 3 or higher was 28 km/hr.
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Figure 2.13. Distribution of far-side impact injuries by lateral delta-V.
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For near-side struck occupants, intrusion into the occupant compartment is known to increase the severity
of impact injury, but the effect of cabin intrusion on injury outcome are not as evident for far-side stuck
occupants as in hear-side struck occupants. Using the SAE (Society of Automotive Engineers) Collision
Deformation Classification (CDC) as a measure of the amount of crush, the data was analysed to find the
relationship between the intrusion and the severity of injuries. As shown in Figure 2.14, the vehicle is
divided into nine zones for the CDC, where the boundary between the fifth and sixth zones corresponds to
the centreline of the vehicle. In Figure 2.15, the far-side intrusion is shown relative to a US front seat
passenger

LEFT SIDE EXTENT

Figure 2.14. The divisions used in the CDC to specify the extent of crush.

As shown in Figure 2.5, 60% of all far-side struck occupants were exposed to crashes with a damage
extent involving only the first and second zones. This figure shows that serious injuries are strongly
correlated with damage extent. Almost no serious injuries were observed for damage extent limited to the
first two zones. On the other hand, 60% of the serious injuries were incurred by occupants of a vehicle
with a damage extent to zones 3 or 4. However, as damage extent is also correlated with delta-V, it is
unclear if theinjury was aresult of intrusion or simply a higher impact force.

>

| 3
L

100% 7S g ¢ A

—T—A

80%

70% / /

60%

50% / /

40% / /,

30%

20% / =&—Number of Occupants
’ / MAIS3+ Occupants

10% == Harm

/

0% +——

Cumulative Frequency (%)

1 2 3 4 5 6 7 8 9
CDC Extent of Damage

Figure 2.15. Distribution of injuries by damage extent.
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Figure 2.16 presents the distribution of injuries by Principal Direction of Force (PDoF), where the PDoF is
defined to be 0 degrees at the front of the vehicle, 180 degrees at the rear and 90 degrees normal to the
side of the struck car (either left or right). Note that this differs to the standard definition of PDoF (where a
PDoF from O to 180 degrees corresponds to a right side impact and a PDOF ranging from 180 to 360
degrees correspond to a left side impact). Thus for the current analysis, the PDOF for both left and right
side impacts have been collapsed into a set of values ranging from 0 to 180 degrees. Hence, a direction of
force perpendicular to the side of either the left or right side of the vehicle would correspond to an angle
of 90 degrees, asthe aim was to anayse side impacts rather than just find the PDoF.
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Figure 2.14. Distribution of far-side impact injuries by Principal Direction of Force.

As shown in Figure 2.15,, aprincipal direction of force of 60 degrees +/- 15 degrees accounted for 60% of
the seriously injured occupants and 45% of the Harm. There were few injuries for either a PDoF less than
30 degrees or a PDoF which was greater than 90 degrees. Hence, the PDoF which accounted for the
majority of seriousinjuries and the greatest percentage of Harm was 60 degrees.

The data was next analysed by impact region: these regions, which are the same as those used by NASS,
were categorised according to the divisions depicted in Figure 2.18. The six regions analysed in the
current study were those pertaining to the sides of the vehicle(i.e. Y, F, Z, P, D and B), four categories (Y,
P, Z and D) of which theinitial impact point engages the occupant compartment.

As shown in Figure 2.16, the front two-thirds of the vehicle (Y) was associated with the greatest number
of crash-involved occupants (42%) in addition to the highest number of serioudly injured occupants (28%)
and the greatest Harm (39%). Analysis of occupants, serious injuries and Harm by impact regions
involving initial impact to the vehicular cabin versus regions not involving an initial impact to the cabin
revealed that athough only 66% of the side-struck occupants were involved in impacts with cabin
intrusion, they accounted for 86% of both the seriously injured occupants and 88% of the total Harm.
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Figure 2.15. NASS impact region categories.
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Figure 2.16. Distribution of far-side impact injuries by initial engagement point of impact.

2.3.3 Injury Sources

The following analysis involves examining the distribution of injuries by contact points. The number of
serious (AIS 3+) cases from each injury source was too low for statistical analysis, hence database was
expanded to include moderate injuries (AIS 2 injuries) in addition to the AIS 3+ injuries, then the Harm
was cal cul ated.

As shown in Figure 2.17, the four leading sources of head injuries were contact with the right interior,
roof, centre panel, and right roof rail (note that the ‘ Other’ category constitutes less than 2% of the injury
contact sources). Approximately 20% of the Harm to the head was a result of contact with the right
interior surfaces of the vehicle. It is possible that the head is subjected to impacts involving a large range
of potentia contact sources (compared to other body regions, as shown later) as the head is not restrained
like other body regions such as the chest.
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Figure 2.17. Distribution of head injuries by injury source.

Figure 2.18 shows that the four leading sources of chest injuries were contact with the seat back, the belt
webbing or buckle, the right interior, and with other occupants, where almost half of the AIS 2+ injuries
resulted from contact with the seat back. Analysis of videos available of high-speed side-impact crashes
(results not included in this report) revealed that in a side-impact crash, the near side seat is frequently
deformed out of position and into the trajectory of a far-side occupant. According to the data in Figure
2.20, injuries induced by the safety belt or buckle accounted for approximately 25% of AIS 2+ injuries.
An analysis of the serious chest injuries only (i.e. AIS 3 + injuries, excluding the AIS 2 injuries in this
instance) reveals that the mgjority occurred as aresult of impacts with a PDoF of 60 degrees.
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Figure 2.18. Distribution of chest injuries by injury source.
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Figure 2.19. Distribution of Serious Chest Injuries (AIS 3+) by PDOF.

As shown in Figure 2.20, approximately 86% of the AIS 2+ injuries and about 83% of the Harm were the
result of abdominal contact with either the safety belt or buckle. As shown in Figure 2.21, most of the
serious abdominal injuries occurred at a PDOF of 90 degrees. These data suggest that current safety belt
designs appear perform poorly in containing the abdomen of far-side struck occupants. Analysis of high
speed video of side-impact crashes (results not shown) suggests that abdominal injuries often result from
contact with the centre console. It is possible that impacts to the centre console are not always apparent to
vehicle inspectors because the centre console is considerably stiffer than the abdomen. Consequently,
there is often no evidence of contact in this type of scenario.
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Figure 2.20. Distribution of abdominal injuries by injury source.
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Figure 2.21. Distribution of serious abdominal injuries (AIS 3+) by PDOF.

2.4 CONCLUSIONS

In this report, the risk of injury from far-side impact crashes in Australia and the United States has been
evaluated. The analysis was based upon an examination of injury outcomes of 108 occupants drawn from
the Australian MIDS database, and over 4,500 occupant data extracted from the US NASS/CDS 1993-
2002 crash investigations database. All cases involved three-point belt restrained occupants of passenger
cars, light trucks and vans who were exposed to a far-side impact.

The goal of this study was to establish priorities for injury countermeasure development. Specific
conclusions are as follows:

Far-side struck occupants have a significant risk of injury in both Australia and the US. As a
percentage of al occupants who experienced a side impact, far-side struck occupants
accounted for approximately 20% of the serioudly injured persons in both Australia and the
US and 24-29% of the Harm.

Injuries to the upper and lower extremities combined for approximately 40% of the far-side
impact Harm in both countries. Along with the head, the extremities accounted for the largest
amount of Harm.

Developing injury countermeasures for the head, then the extremities, would result in the
greatest reduction of overall Harm. However, there is limited knowledge in countermeasure
development for the extremities, whereas there is previous work on countermeasure
development for some other body regions. Hence, the results showed that the best
compromise between reducing the maximum amount of Harm and the potentia for
developing improved countermeasures would be to focus on the head, chest and spine. In
total, these body regions accounted for approximately 45% of the overall Harm.

Nearly haf of all AIS 2+ injuries to the chest were the result of contact with the seat back.
Analysis of high-speed video footage of side-impact crashes (not included in the report)
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revealed that in a side impact the near side sest is frequently deformed out of position and into
the trgjectory of afar side occupant.

The accident data suggest that improvement of safety belt loading should be a priority for
both abdominal and chest injury reduction. Injuries induced by the safety belt or buckle
accounted for approximately one-fourth of AIS 2+ chest injuries. Particularly surprising was
the finding that 86% of the AIS 2+ abdominal injuries were the result of contact with either
the safety belt or buckle. Future studies will investigate whether some of these abdominal
injuries may be the result of undetected contact with the center console.

To assist in the development of a far side impact test procedure, the analysis used US data to investigate
the impact conditions which lead to far-side impact injury. Specific findings are as follows:

The median lateral delta-V for occupants exposed to far side impact was 12 km/hr. The
median lateral delta-V for Harm was 22 km/hr while the median lateral delta-V for serious
injuries was 28 kmv/hr.

A PDoF of 60 degrees was most likely to be associated with serious injury (where the PDoF
was not the conventiona definition, but was represented by O degrees at the front of the
vehicle and 90 degrees for both left and right-sided perpendicular impacts). A PDOF of 60°
+/- 15° was experienced by 60% of the seriously injured persons and resulted in 45% of the
Harm. (It should be noted that a PFOF of 60° degrees does not trandate to a test with a ded
angle of 60°, as discussed in Section 6.5.)

A vehicle or fixed object striking the occupant compartment of a subject vehicle was most

likely to produce far sideinjuries. Impacts involving the occupant compartment accounted for
86% of the serioudly injured persons and 86% of the Harm.

33



3 BIOMECHANICAL TEST PROGRAMME

AUTHORS: Frank Pintar and Jason Moore2

3.0 INTRODUCTION

Side-impact crashes are second only to frontal impacts in frequency. In general, the severity of injury for
side impacts, however, is greater than for frontal impacts (Banglmaier et al., 2003; Frampton et al., 1998;
Franklyn et d., 2002; Haland et al., 1990; Y oganandan et al., 2000). When a side impact occurs to the
opposite side of an occupant’ s seating location, it istermed a far-side crash or a non-struck side crash. In a
study using NASS/CDS data from 1993-2002, far-side impact A1S=3+ trauma was found to be 43% of the
total traumain side impacts (Gabler et a., 2005). The chest (33%), followed by the head (28%), were the
most likely body regions to suffer serious injury in far-side crashes. In another study of US far-side
crashes, chest and abdominal injuries tended to occur in lower severity crashes while head injuries
predominated in higher severity crashes (Augenstein et al. 2000). Adding fatalities and MAIS=3+ injuries,
Digges et al. (2005) attributed 42% Harm (Malliaris et al. 1982) to the head and 41% Harm to the trunk
for belted far-side impact occupants and 55% head and 30% trunk Harm for unbelted far-side occupants.

A distribution of far-side crash injury by Principal Direction of Force (PDoF) was collapsed down to
every clock direction; both 60 +/- 15 degrees and 90 +/- 15 degrees were prominent crash directions
(Gabler et al. 2005). In a preliminary experimental investigation using a vehicle test, it was determined
that a common cause for head injury is contact with the opposite side door or B-pillar (Fildes et a., 2002).
Torso trauma occurs commonly to the internal organs such as the liver and spleen and has been largely
attributed to belt loading (Augenstein et a., 2000; Y oganandan et a., 2000). Current belt systems were
not designed for protection in far side crashes and observations from real-world crashes indicate that the
occupants slipped out of the shoulder belt approximately 35% of the time (Mackay et al., 1991).

There are few countermeasures designed specifically for far-side impacts. Belt positioning and belt
geometry, in addition to limiting thoracic excursion, may be technigues of enhancing the protection to far-
side crash occupants. Newer belt technologies such as pre-tensioners and belt positioning systems may
provide some inherent protection to far-side crash occupants if these belt systems reduce the potentia for
belt slip and limit head excursion.

Before specific countermeasures can be designed or tested, an appropriate Anthropomorphic Test Device
(ATD) should be identified for the far side impact mode. Since there is currently no ATD specifically
designed for far-side impacts, and since the biofidelity requirements for far side impact have not been
established, the current investigation was conducted as a first step. The objectives of the present study,
therefore, were to determine responses of Post Mortem Human Subjects (PMHS) in far-side impact
configurations, with and without generic countermeasures and to compare responses with two possible
candidate ATDs.

3.1 METHODS

A far-side impact buck was designed for a ed test system that included, as a standard configuration, a
centre console and outboard three-point belt system. This configuration assumed a left side driver with a
right side impact. The geometry and dimensions are shown in Figure 1. The buck allowed for additional
options of generic (not linked to any manufacturer’s product) restraints including shoulder or thorax
restraint or an inboard shoulder belt. The entire buck could be mounted on the ded in either a 90-degree

2 The authors recognise the val uable contributions of Narayan Y oganandan, Brian D. Stemper, Kennerly Digges, Ola
Bostrom, Stephen W. Rouhana and Brian Fildes to this Chapter.
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(3-0'clock PDOF) or a 60-degree (2-0’clock PDOF) orientation. The centre console was composed of a
vertically oriented pelvis plate and a horizontally oriented centre console plate. The pelvis plate was
designed such that the entire hip engaged the plate; the top of the plate was dlightly higher than the laterd
iliac crest of a50th percentile male. The fore-aft dimension for the center console plate was determined as
the dividing point on the Hybrid-11l ATD between the hip and thigh junction when the ATD sat in the
seat. The lower belt anchor point was determined using the Hybrid-111 50th male ATD and positioning the
lap belt such that the belt traversed a 45-degree angle from pelvis to anchor point. Upper belt anchor
points were adjustable as described later. The console plate was padded with 25 mm of 208 kPa (30 psi)
paper honeycomb. If either athorax restraint plate or shoulder restraint plate was used, the padding was
25 mm of 103 kPa (15 ps) paper honeycomb. The dimensions of the shoulder or thorax plates were
100 mm in height and 460 mm in length.

adjustable

belt anchors\

adjustable
back supports

honeycomb
padding

Figure 3.1. Schematic diagram, with dimensions, of far side sled buck viewed from the side (top)
and from the front (bottom). The seat bottom angle with respect to horizontal was 15 degrees.
Optional thorax or shoulder plates (100 mm X 460 mm not shown) were adjustable up/down/in/out.

As listed in Table 3.1, eighteen different far side test conditions were evaluated including inboard belt
geometry, and shoulder or thorax restraints. Some configuration ID’ s are missing because these tests were
part of a larger series; configurations that were not tested with a PMHS are not included. A larger
WorldSID test series has been previously published (Pintar et al. 2006). To aid in the presentation of

35



results, a figurine unique to each test configuration is presented (Figure 3.2). Each figurine depicts test
velocity, test angle, if a thorax or shoulder plate was used, and position of shoulder belt (high, low,
inboard, outboard) and if pre-tension was applied.

Config ID  Delta-V

© 0 00 o o b~ W N P

[En
o

11

14
15
16
18
20
21
22

High
Low
High
Low
High
Low
High
Low
High

Low

High

Low
High
High
High
Low
High
High

Table 3.1. Test configurations and test identifiers.

Impact
Angle
90
60
60
90
90
90
90
90
90
90

90

60
60
90
90
60
60
90

Plate

None
None
None
Shoulder
Shoulder
Thorax
Thorax
None
None

None

None

None
None
Shoulder
None
None
None

None

Shoulder
belt
outboard
outboard
outboard
inboard
inboard
inboard
inboard
inboard
inboard

outboard

outboard

inboard
inboard
outboard
inboard
outboard
outboard

outboard

Belt
Configuration
Mid, tension
Mid
Mid
Low
Low
Low
Low
High
High

D-ring
forward

D-ring
forward

High
High
Mid, tension
Low, tension
Mid, tension
Mid, tension
Mid

PMHS test
(PMHS No.)
HS104 (1)
HS105 (2)
HS106 (2)
HS134 (3)
HS135 (3)
HS136 (3)
HS138 (3)
HS140 (4)
HS141 (4)
HS138 (4)

HS139 (4)

HS166 (6)
HS168 (6)
HS161 (5)
HS162 (5)
HS164 (6)
HS165 (6)
HS163 (5)

WorldSID
test
WS119
WS129
WS130
WS108
WS108
WS110
WS113
WS115
WS118
WS132

WS133

WS124
WS126
WS109
WsS121

THOR

test

TH155
TH180
TH181
TH149
TH150
TH152
TH180
TH156
TH188
TH184

TH185

TH168
TH169
TH188
TH158
TH182
TH183
TH186
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Figure 3.2. Explanation of figurines used as a visual code to clarify configurations depicted in
tables and figures.

All tests were conducted with alap belt, a centre console, and either an inboard or outboard shoulder belt.
The shoulder and lap belts were low-elongation standard belts (6% elongation at 11.1 kN). The shoulder
belt could be configured such that the D-ring anchor point was horizontal with the top of the shoulder (low
position), 90 mm above the shoulder (mid position), or 150 mm above the shoulder (high position). All of
these D-ring locations were approximately 120 mm behind the mid point of the shoulder. As a redlistic
worst-case configuration, the shoulder belt D-ring could be positioned in the mid position verticaly, and
forward (30 mm behind shoulder instead of 120 mm behind) of the usual anchor location (Configurations
10-11). Tests were conducted at either a direct 90 degree impact or an oblique 60 degree direction and
low speed (11 km/h) or high speed (30 km/h) delta-V. The test speeds were chosen based upon real-world
data from Gabler et al. (2005) that indicated at 11 km/h less than 5% of the cumulative serious injuries
occurred, and at 30 kmv/h just over 50% of the cumulative serious injuries occurred. Thus, low speed tests
were designed to provide low-level response data without injuries and high speed tests were designed to
provide responses where countermeasures would be designed. The high speed test condition was a 100 ms
sguare wave sled pulse with 8.8 g average acceleration using a bungee cord propelled rebound sled (MTS
Systems, Minneapolis, MN). The low speed test was approximately a 60 ms pulse with 5.6 g average
acceleration.

The load wall was instrumented with tri-axial load cells: three for the leg plate, two for the pelvis plate,
two for the center console plate, and two for the thorax or abdomen plates, if used. Seat belt force
transducers were used and sled acceleration was recorded. A nine-camera, 1000 f/s motion tracking
system (Vicon Motion Systems, Centennial, CO) was used to quantify occupant kinematics in three
dimensions (3D). Reflective targets were placed on the head, at T1, T12, and pelvis. Multiple targets on
the head were digitized with respect to anatomical landmarks which facilitated measurements with respect
to head center of gravity (CG). Reference targets were fixed to the ded and buck. Thus, head excursion
measures are head CG movement with respect to the seat buck reference frame. All coordinate systems
followed the SAE-j211 (version DEC 2003) standard sign convention.

The series of 18 tests were conducted with six PMHS (Table 3.2). All studies with PMHS were reviewed
and approved by the Institutional Review Board of the Milwaukee VA Medica Center Research Service.
The PMHS were instrumented with triaxial accelerometer arrays at T1, T12, and sacrum. A custom-
designed Pyramid Nine Accelerometer Package (PNAP) was used to derive head linear and angular
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accelerations (Yoganandan et a. 2006). Using inverse dynamics formulae, the PNAP was also used to
derive occipital condyle (OC) forces and moments (Pintar et al. 2005).

A single 59-channel chestband (Denton, Inc. Rochester Hills, M1) was used at an appropriate location on
the chest depending on the test configuration. For example, for atest with athorax plate the chestband was
placed around the level of the rib cage immediately adjacent to the plate; for an inboard belt test the
chestband was placed lower on the rib cage to assess belt-induced deformations. Chest deflections were
recorded in all PMHS tests except for configurations where a shoulder plate was used or in the 90-degree
test where there was a “high” inboard shoulder belt orientation. Chest deflections for PMHS tests were
taken at the point along the chestband that yielded the maximum value. For each PMHS run, placement in
the seating buck consisted of arms outstretched (driving position), head Frankfort plane horizontal, and
right hip just touching the pelvis center console plate. Immediately post-test, PMHS were palpated for
bony fractures. After all tests were conducted, a complete X-ray examination and an autopsy identified
injuries. The head was isolated and measured for center of gravity (CG) and moment of inertia (MOI).
The head of the PMHS was isolated by dissecting the skin along the inferior mandible, continuing through
the occipital condyles, and through the skin along aline just inferior to the posterior base of the skull. The
head CG was obtained by suspending the head from a cable along multiple points in the mid-sagittal plane
and obtaining the intersection of plumb lines. The MOI about the primary anatomical axes was obtained
using a standard three-cord torsional pendulum.

Table 3.2. PMHS specifications and tests.

Config ID PMHS Test PMHS Age Sex Height (m) Weight (kg)

1 HS104 1 80 M 1.83 68
2 HS105 2 81 M 1.85 80
3 HS106
4 HS134 3 59 M 1.88 58
5 HS135
6 HS136
8 HS138
10 HS138 4 84 F 1.55 80
11 HS139
8 HS140
9 HS141
16 HS161 5 84 M 1.83 65
18 HS162
22 HS163
20 HS164 6 65 M 1.85 81
21 HS165
14 HS166
15 HS168

For each test that was conducted with a PMHS, duplicate ATD tests were also conducted (Figure 3.3).
Except for the last three configurations (Configurations 20-22), a 50th percentile WorldSID production
model was used in one ATD series (Table 3.1). The placement of the WorldSID in the seat buck
mimicked the PMHS seating position with the half arms in the horizontal position and the pelvis touching
the pelvis plate. The WorldSID instrumentation included head linear and angular accelerations,
upper/lower neck loads, chest deflections (IR-TRACC), T1, T12 spine accelerations and pelvic
accelerations.
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Figure 3.3. Pre-test photos of WorldSID (left) with inboard belt in low position (Config-18) and
THOR-NT (right) with outboard belt and shoulder plate (Config-16).

A THOR (NT model, Gesac, Inc) was used in another ATD test series. Its arms, like the PMHS, were in
the driving position attached loosely to a bar that ssmulated the location of the steering wheel. The THOR
pelvis was positioned in the seat just touching the load wall. The THOR was modified by the
manufacturer for side impact use by inserting additional foam padding over the lateral rib cage and
moving the upper-right CRUX-pot to the direct-lateral position. Besides the CRUX-pots, the
instrumentation was not altered for head (linear and angular), spine and pelvis accelerometers and the
upper neck load cell.

3.2 RESULTS

Each PMHS test was compared to the corresponding ATD test by over-plotting the resulting responses
(See Pintar 2008, Task 2 Fina Report; Appendix ). The minimum and/or maximum values of responses
were obtained for comparison (Tables 3.3 and 3.4). In general, low-speed tests (Configurations 2, 4, 6, 8,
10, 14, 20) produced much lower magnitude responses than equivalent high speed test configurations
(Table 3.3). Low-speed tests were conducted to evaluate ATD hiofidelity at lower delta-V and to ensure
that all measurement systems were functioning together. Maximum head CG linear accelerations for low
speed PMHS tests were 3-9 g, and 1-18 g for ATD tests. Maximum T1 and T12 spine accelerations were
3-16 g for PMHS low speed tests and 5-15g for ATD low speed tests. Low-speed test shoulder belt
maximum loads were 42-996 N and lap belt loads were 40-656 N. Examination of high-speed video and
deformed PMHS chest contour shapes showed that the shoulder belt was responsible for the maximum
chest deflection for Configurations 1, 2, 3, 10, 11, 20, 21, 22; the centre console was responsible for
maximum chest deflections for Configurations 14 and 15 and the thorax plate induced maximum
deflections for Configurations 6 and 8.
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Table 3.3. Maximum values from transducer data and calculated responses.

. Test OocCC ocCcC ocCcC Y head Shoulder LapBelt Pelvic  Thorax/ Chest
Config ID Code Fz FY M X excursion BeltLoad Load LoadY Shoulder Deflection
(N) (N) (Nm) (mm) (N) (N) (N) LoadY(N) (mm)
% HS104 1012 -844 -58 483 2950 855 -4162 62
WS119 1468 -648 -42 512 2800 894 -5055 23 (A2
1 TH155 1802 -860 -98 538 2935 998 -4863 45 (LR)
anL HS105 169 -184 -11 394 884 336 -1855 24
% WS129 228 -295 -22 300 996 343 -2418 8 (A1
2 TH180 291 -209 -15 330 895 368 -1981 9 (LR
@ 0w HS106 1314 -898 -53 536 3818 998 -3881 49
% WS130 1182 -560 -36 428 3014 1182 -4380 15 (13)
3 TH181 1280 -458 -61 489 3585 1302 -3425 38 (LR)
a0t HS134 233 -181 -31 164 88 108 -1846 -1958
WS108 205 -228 -18 198 42 49 -2860 -1894 22 (s
4 TH149 305 -340 -30 166 86 83 -1880 -3030 8 (L)
A QH HS135 1085 -1500 -126 332 464 513 -3218 -3828
ﬁ% WS108 888 -451 -64 383 326 261 -4884 -3228 43 (s
5 TH150 981 -595 -60 312 341 220 -3268 -6886 20 (uL)
clolt HS136 208 -184 -18 218 160 160 -1688 -2093 46
WS110 210 -241 -24 203 168 266 -2044 -2511 32 (12
6 TH152 198 -266 -19 195 89 102 -2040 -2021 18 (UR)
A0H HS138 1412 -804 -61 406 895 810 -4115 -3851 68
WS113 805 -498 -43 428 1235 603 -4248 -3491 64 (12
8 TH180 1344 -498 -88 430 1300 855 -3925 -4228 39 (UR)
a0 L HS140 103 -128* -8 269 188 92 -1340
WS115 314 -343 -29 330 541 382 -2951 12 (A2)
8 TH156 252 -145 -28 284 688 329 -2361 15 (uu)
A H HS141 1639  -1168* -41 465 2093 539 -3833
& WS118 1895 -945 -58 463 2895 1849 -5663 28 (A2
9 TH188 334 -159 -38 388 3380 2348 -3980 40 (uL)
® 0L HS138 138 -169 -12 301 858 238 -1889 31
@ WS132 306 -386 -28 351 610 318 -3143 12 (A2)
10 TH184 306 -358 -28 383 852 299 -2193 9 (LR
A0H HS139 1185 -661 -48 509 2406 622 -4380 48
@ WS133 1149 -606 -42 496 1693 815 -5008 20 (13
11 TH185 1538 -642 -88 583 3566 865 -4688 58 (LR)
a0t HS166  306* -186 -11 369 886 662 -1885 69
@ WS124 288 -259 -22 269 864 469 -2388 8 (A2
14 TH168 188 -130 -18 282 809 333 -1534 13 (uL)
Ay H HS168 898 -860 -32 440 2939 1842 -4000 83
& WS126 1420 -683 -39 358 2846 1846 -4089 20 (A2
15 TH169 689 -528 -45 388 4058 2588 -2443 34 (L)
% () H HS161  1502* -900* -59 318 1123 298 -3044 -3219
ﬁ WS109 1048 -354 -84 355 695 382* -4638 -2844 30 (9
16 TH188 1108 -531 -58 288 598 268 -3448 -5842 13 (L)
20w HS162 2165  -1845¢ -48 465 1351 1010 -2956
& WS121 1959 -842 -53 466 2244 1515 -5041 28 (A2)
18 TH158 1139 -508 -108 499 3588 1883 -5589 31 (ub)
0L HS164 105 -105 -6 420 816 516 -1943 40
20@ TH182 163 -208 -15 321 865 356 -1814 9 (L)
9 QA HS165 861 -480 -29 538 3508 1142 -4586 84
21@ TH183 1159 -584 -58 484 3348 1400 -3455 34 (LR
= H HS163  1980* -995 -38 469 2236 498 -3593 80
22%D TH186 1652 -634 -96 568 3212 835 -4394 44 (LR)

* Denotes peak value located at spikein data set.
S, Al, A2, T1, T2, T3 denote peak value recorded from WorldSID shoulder abdomen or thorax rib 1, 2, 3.
UL, UR, LR denotes peak value recorded from THOR crux upper |eft, upper right, or lower right
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Table 3.4. Maximum/minimum values from transducers and calculated data.
Test Head CG T1 T12 Sacrum/Pelvis

Config 1D Code Linear Accel. Head Angular Acceleration Accel. Accel. Accel.
‘ YL ‘ ZL | XL-Max | XL-Min | ZL-Max | ZL-Min | YL ‘ YL YL

(G9) | (G'9 | (Radisls) | (Rad/gs) | (Radisls) | (Radisls) | (G'S) | (G'S) (G'S)

% HS104  -22 31 1982 -1803 345 -1158 -25 -16 22
WS119  -15 35 2425 -2840 685 -889 21 -18 -19

1 TH155  -35 13 328 -4591 1921 2122 -18 -16 -19
a0t HS105 -6 4 459 -462 188 -180 -8 -8 -12
% WS129 -8 6 1164 -889 188 -148 -8 -8 -11
2 TH180 -5 6 436 -324 295 -458 -6 -9 -11
a0n HS106  -21 35 2416 -1680 1264 -1393 -38 -19 -18
%@ WS130  -14 29 2084 -1966 588 -490 -14 -16 -18
3 TH181  -24 32 2204 -2482 1342 -3991 -16 -23 -31
- HS134 -4 6 1001 -1088 351 -425 -12 -16 -12
WS108 -6 5 812 -422 233 -191 -10 -12 -13

4 TH149 -8 8 889 -884 225 -195 -15 -11 -11
“0H HS135  -36 26 2364 -2042 1158 -1608 42 -24 -19
&@ WS108  -36 19 2138 -3992 963 -2454 21 -25 -20
5 TH150  -25 24 2524 -1552 532 -816 -68 21 -16
a0 HS136 -5 5 885 -542 310 -264 -11 -15 -11
WS110 -8 5 862 -1213 305 -568 -11 -10 -15

6 TH152 -6 5 408 -458 141 -231 -10 -12 -11
a0 HS138  -19 34 2458 -1129 1189 -616 -34 -40 21
& WS113  -13 20 963 -1688 362 -424 -18 -18 -19
8 TH180  -30 32 1058 -1995 898 -2818 -18 -19 -20
a0 L HS140 -4 3 482 -408 282 -419 -6 -10 -10
WS115 -9 8 1280 -1151 393 -825 -8 -11 -13

8 TH156 -8 1 355 -519 846 -656 -8 -10 -13
. HS141  -32 46 3902 -6088 1914 -1019 -23 21 22
& WS118  -19 43 2994 -2939 843 -808 -29 -15 -20
9 TH188  -40 9 1364 -2222 5158 -2686 -29 -16 -20
AL HS138 -5 4 484 -318 191 -125 -5 -9 -10

ﬁ WS132  -10 8 1389 -1600 342 -269 -9 -8 -13

10 TH184 -8 8 413 -520 188 -202 -6 -9 -11
. HS139  -18 44 5151 -5102 4334 -6003 -16 -24 -24

@ WS133  -13 28 2013 -2185 808 -512 -15 -118 -18

11 TH185  -25 36 1088 -2283 1116 -2906 -16 -18 -23
ax) L HS166 -8 9 506 -394 442 -488 -4 -8 -9

&b WSs124 -8 8 1384 -808 384 -259 -9 -9 -12

14 TH168  -18 6 1836 -952 3503 -1521 -5 -9 -11
A H HS168  -23 24 1619 -1325 1209 -2428 -23 -16 -19

ﬁb WS126  -16 34 2524 -1869 634 -804 22 -13 -19

15 TH169  -14 22 1534 -690 1861 -1632 -25 -19 -26
O H HS161  -25 41 2646 -4185 1928 -2616 -44 -25 -19

ﬁ WS109  -33 26 5081 -4593 1130 -2219 -19 -22 -20

16 TH188  -24 22 2229 -1498 623 -1508 -82 22 -19
W OH HS162  -51 69 4344 -4988 2928 -1988 -89 -20 -18

& ws121  -22 46 2839 -3684 816 -884 -28 -68 -20

18 TH158  -28 11 1418 -4081 1819 -4408 -28 -18 -26
0L HS164 -3 3 230 -202 282 -283 -3 -8 -9

20@ TH182 -5 5 400 -290 232 -188 -6 -9 -11
a O HS165  -13 23 1380 -909 838 -1684 -13 -16 -15

21@ TH183  -23 30 2548 -2304 1268 -4406 -15 -20 -23
WO HS163  -30 58 3089 -3262 1246 -2144 -19 -18 -18

22%D TH186  -32 38 963 -3822 1362 -3494 -18 -19 -25

Note: XL, YL, ZL denote values are given in local anatomical reference frame.
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Maximum Y -direction head CG excursions (Figure 3.4) were examined as a function of restraint for high
speed 90-degree tests (Table 3.2). The shoulder belt outboard with a forward D-ring position
(Configuration 11) generally produced the most lateral head excursion. When the D-ring position was
lowered and more rearward (Configuration 22) or when the belt system had pre-tension (Configuration 1),
there was only a dight decrease in lateral head excursion. Only when there was a restraining plate
(Configurations 5, 8, 16) were the head excursions appreciably reduced. There were not as many 60-
degree tests to make the same comparisons, but the same general trend was apparent for the three high-
speed tests (Configurations 3, 15, 21). The head CG excursion plots in three planes are shown in the Fina
Task Report for Task 2 ( Pintar 2008, Task 2 Final Report; Appendix) . The starting point for each ATD
head excursion in the Y -direction was normalized to the initial location of the PMHS head (approximately
300 mm from the sesat |eft corner reference point). The difference in the starting point for the ATD’s with
respect to the X and Z directions was not normalised with respect to PMHS. In other words, the offsetsin
the plots are representative of how each ATD sits in the seat in its initial location. In general, the
WorldSID head begins in a more forward position than the THOR head. The PMHS head starting position
varied depending on individual anthropometry. From these plots, it can also be seen that the WorldSID
follows the PMHS head excursion well for 90-degree tests, and the THOR follows the PMHS head
excursions well for the 60-degree tests.

Maximum Head Excursion (mm) 90-degree Tests

Outboard
Shoulder O WSID
@ THOR
Inboard B PMHS
Shoulder
Inboard
Thorax
Inboard
Tension
Outboard
Tension
Outboard
No-Tension
Outboard
forward
T T T T T T
0 100 200 300 400 500 600

Figure 3.4. Bar graph representation of maximum head excursions in the Y-direction as a function
of restraint.
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The loads derived for the occipital condyles (OC), Fx, Fz, and Mx, (Pintar 2008, Task 2 Final Report;
Appendix ) were not always of the same magnitude between ATD and PMHS, but almost always followed
the same curve morphology. The exception to this was when the inboard belt was placed in the “high”
position (Configurations 8, 9, 14, 15) over the neck to evaluate worst-case belt loading. The lateral shear
load especially was often of opposite sign between PMHS and either ATD. Comparing load wall
responses between dummies and PMHS, there was often the same response pattern and timing. WorldSID
maximum load wall forces, however, were always greater than PMHS and often significantly (more than
500 N) greater. THOR pelvic forces were sometimes greater and sometimes less than PMHS. When a
thorax plate was in place (Configuration 6, 8) both ATD’ s reproduced PMHS response fairly well. With a
shoulder plate (Configurations 4, 5, 16), but the THOR produced significantly higher shoulder plate loads
than PMHS or WorldSID.

Table 3.5. PMHS Injuries.

PMHS Testing Sequence Injury Description AlS
1 % 1 left rib fx: rib 8; 5 right rib fxs: ribs 3, 8-9 3

C8 fracture from degeneration 2
? 'ﬁ

6 right rib fxs: ribs 3-8 3

i

w

5 right rib fxs: ribs 4, 8-9

Abrasion, contusion right side of neck
Left external carotid artery intimal tear

2 left rib fxs on rib 3

T4-T5 separation with T4 fx; possible cord
contusion

Multiple rib fxs: right 1-10, left 1-8; with

&
pneumothorax and flail chest
Liver laceration

%
© ¥
Spleen laceration
Stomach laceration
Right Clavicle fracture through acromio-
clavicular joint
Right Scapula fracture
Right shoulder dislocation and fracture through

glenoid

40L w0H G0l 20w 5 right rib fxs: ribs 3-8; 2 left rib fxs: ribs 5-6
Sternum fracture at rib 4
Fracture/separation right acromio-clavicular
joint

Left humerus head fracture

E@Eﬁéﬁp
@5925

ol

ﬁm

[ep}
N NN W N NN WNN O W NN

Injuries sustained by each PMHS are provided in Table 3.5. For the first three PMHS the major injury was

rib fracture. For thefirst and second PMHS the rib fractures were caused by shoulder belt loading seen as

direct compression to the lower right rib cage. The third PMHS experienced shoulder plate loading in the
first two configurations, and thorax plate loading in the last two configurations. Therib fractures werein

the vicinity of where the thorax plate |oaded the rib cage. The fourth PMHS experienced a ‘ worst-case’

outboard belt config-uration where the anchor point was forward of the mid, or ‘normal,’ position. This
caused the shoulder of the PMHS to slip out of the belt and resulted in maximal head excursion. There
were only two rib fracturesin this PMHS. There was however, afairly serious T4-T5 separation which
was unstable enough to imply some type of cord contusion. This PMHS a so experienced a ‘ worst-case’
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inboard belt loading condition where the shoulder belt anchor point was placed high across the mid
portion of the neck on the right side. This configuration resulted in abrasions and even contusionsin the
subcutaneous fat seen upon dissection of the area. The belt location is likely responsible for the intimal

tear in the left carotid artery on the opposite side of belt loading due to stretching of the carotid artery.

The fifth PMHS experienced three high-speed tests which resulted in severa injuries. The first of these
three tests was with a shoulder plate and an outboard belt; the shoulder belt load was the lowest (1123 N)
of the three tests. The shoulder plate likely caused the shoulder dislocation and fracture, as well as the
clavicle and scapula fractures. The inboard belt configuration produced moderate belt loads (1351 N); the
outboard belt configuration produced higher belt loads (2236 N). It was noted from the high speed video
that the belt did not dip off the shoulder for this last test (Configuration 22). There were spleen, liver, and
a significant stomach laceration; it is unknown which of the three tests produced each of these internal
injuries. After the second of the three test runs, it was noted that pal pable rib fractures were present on the
right side. The chestband data for test HS163 showed 80 mm of displacement to the right lateral rib cage.
For the sixth PMHS, again, right sided rib fractures were present with two left rib fractures. This PMHS
experienced all 60-degree tests. The outboard belt produced 84 mm of deformation and the interaction
with the centre console on the inboard belt test produced 83 mm of chest compression. The fracture-
separation of the right acromioclavicular joint was probably due to arm fling.

3.3 DISCUSSION

Despite contributing to a significant portion of the injuries and Harm (Malliaris et a. 1982) in vehicle
crashes far side impacts have received little attention in the literature. 1t has been noted that because many
of the counter-measures that may be effective for reducing head injuriesin far side crashes (e.g. inflatable
curtains) may also be effective for roll-over crashes, safety systems could have greater protection
capability (Digges and Gabler, 2006). The ability to assess vehicle crashworthiness for far side occupants
however, depends on the biofidelity of the ATD in the far side loading condition. Since there is currently
no ATD that is designed specifically for far side collisions, the primary goal in the current series of tests
was to perform a preliminary investigation of the biofidelity of THOR and WorldSID in far side impacts.
A secondary goal was to eval uate the efficacy and trade-offs of generic countermeasures.

A sled buck was designed to specifically evaluate the far side impact event in a controlled laboratory
environment. This buck was designed with moveable plates and adjustable restraint systems so that PMHS
of different sizes would load the generic restraint systems in the same manner as the dummies. For
example, a shoulder plate could be moved to optimally load the shoulder of any sized PMHS in the same
manner as it would in a 50th percentile sized ATD, and a seat belt anchor point could be aligned with
respect to subject anthropometry. This facilitated direct ATD biofidelity evaluation because restraint
systems loaded the same location on the body for PMHS and ATD. The buck consisted of a rigid seat
design with easy-to-obtain paper honeycomb where padding was needed. The two adjustable rigid
cylinders provided back support and maintained visualization for body target movements in three
dimensions. The center console remained in place for al tests as this was considered a standard
configuration in late-model vehicles. The seat belt anchor points could be moved such that locations
could be made with respect to body landmarks (e.g., horizontal to top of shoulder). All of these
adjustments were built-in to ensure robustnessin biofidelity evaluations.

Previous epidemiological studies implicated the far side interior as a causative agent for head injuries
(Gabler et al., 2005). One of the main purposes therefore, of the generic countermeasures was to reduce
head excursion in the direction of the crash vector. Thiswas accomplished in the generic countermeasures
using belt system geometry and placement, as well as thorax or shoulder support in the form of padded
plates. It was observed in the thorax plate countermeasure that rib fractures resulted from plate loading.
A similar observation was noted by Melvin and Gideon (2004) in the design of racing vehicles for side
impact protection that a “rib protector” was less desirable than shoulder protection. This is not to imply
that a “thorax-type” countermeasure, could not work in the rea vehicle environment. An example of the
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implementation of a thorax or shoulder support for far side impacts has been proposed using an airbag
system (Bostrom, 2003). Because the WorldSID response in the thorax plate test in the current study
mimicked PMHS response well, this ATD could be used to evaluate thorax loading by countermeasures.

Existing outboard belt restraint systems may have a D-ring position that allows the torso of the occupant
to dlip out of the shoulder belt in a far side-impact collision. In a previous examination of real-world
crashes Mackay et al. (1991) estimated that the torso slipped out of the shoulder belt approximately 35%
of the time. Recent real-world data for restrained occupants in far side crashes indicate that 28% of the
AIS=3+ injuries occur to the head (Gabler et a. 2005). When AIS=3+ injuries and al fatalities are
considered, 42% of the Harm for belted occupants occurs to the head (Digges et al. 2005). Results of the
present test seriesindicated head excursions can still be greater than 400 mm even when the occupant does
not dlip out of the belt. The addition of pre-tension and belt placement directly over the shoulder reduced
head excursion by about 50 mm. Only when shoulder or thorax restraining plates were used, did head
excursion reduce by more than 150 mm compared to the condition where belt dip occurred. These data
indicate that even without slipping out of the belt the head can still move quite extensively within the
vehicle during afar side crash.

Countermeasures that reduce head excursions must be designed to not increase the likelihood of injury to
other body regions. The thorax restraint used in the present study increased lateral chest displacements to
injurious levels. An inboard shoulder belt also reduced head excursions, but proper belt placement is
critical. Specific placement directly over the shoulder is easier to control in a ATD than it would bein a
real human. A mispositioned shoulder belt, such as the high position for the inboard belt (Configurations
8-9, 14-15) may cause high loads and neck lateral bending, placing the internal structures such as the
vascular system and spinal column at risk for trauma (Sinson et a. 2003). Rouhana et a. (2006) tested a
four-point belt system using PMHS in a far side impact mode and demonstrated no carotid artery injury
with optimal “low” belt positioning. In the PMHS test for configuration-9 with a “high” belt position a
carotid artery intimal tear was found after histological sectioning was done. This injury did not occur on
the “pinching” (right) side, but rather on the “stretching” (left) side. The tension mechanism for carotid
artery intimal tears has been well documented (Stemper et al. 2008) and appears to be the cause in this
case. The PMHS test instrumentation did not allow for deriving lower neck loads in the present test
series, but the WorldSID lower neck lateral shear load (Fy) reported previously (Pintar et al. 2006)
demonstrated greater magnitudes and opposite sign compared to tests with optimal belt positions. This
lower neck lateral shear load in ATD tests may be a good indicator of sub-optimal belt positioning when
using inboard belts.

Two advanced dummies were evaluated for biofidelity in the current test series: the THOR-NT and the
WorldSID. The WorldSID production version ATD provides extensive instrumentation to evaluate near
side impacts. The WorldSID ATD used in the present test series was not modified in any way except to
move the chest deflection sensors to the right side when they are usualy placed on the left. It has a self-
contained data acquisition system that alows for complete internal wiring of accelerometers, load cells,
and deflection sensors. The WorldSID has direct lateral shoulder deflection measurement capability and
mimicked the PMHS shoulder responses well. This is advantageous for shoulder-type countermeasure
design. The WorldSID has a unique design of the lumbar spine that looks like an inverted “U” which
allowsfor lateral motion of the torso relative to the pelvis. This lateral torso motion has been shown to be
unique in PMHS testing and may be the reason the head can contact the opposite side door in far side
crashes (Fildes et a. 2002). There are some limitations of this ATD for use in far side impact crashes, a
mode that it was not originally designed for. Each of the ribs has an internally mounted IR-TRACC
(Rouhana et al. 1998) that measures deflection best when impacted in a purely lateral direction. These
sensor |ocations worked well when the plate-type countermeasures were included in the test configuration.
With belt-like countermeasures these locations were sub-optimal. The interaction of the outboard
shoulder belt with the oblique portion of the right lower rib cage demonstrated in the PMHS test was not
fully recorded by the lateraly-placed IR-TRACC sensors. Thus belt-like countermeasure tests evaluated
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by the WorldSID would reguire relocation of existing sensors or use of other types of sensors. Given the
design of the WorldSID chest and rib cage, rel ocation of sensors should be possible.

The THOR-NT was initialy designed as a frontal impact ATD. With some modifications, the manu-
facturer does also recommend it for use in limited side impact applications. The THOR-NT used for the
current test series had extra foam padding over the lateral rib cage and the right antero-lateral CRUX pot
was moved to a direct lateral position. The THOR-NT has an articulated spine which appeared to aid
more biofidelic lateral torso movement. During outboard belt loading cases the CRUX pot system of the
THOR in the lower right rib cage sensed a majority of the maximum deformation caused by the shoulder
belt inthisarea. Given the complex nature of the belt loading in the far side impact environment however,
the THOR lower right CRUX pot is still not optimally placed for al configurations. In genera the
THOR-NT responded with biofidelic chest loads when the belt was the primary restraint, and was
particularly better in the 60-degree orientation tests. It was not as good at reproducing human-like
shoulder response when a plate-type restraint was present. Again, the design of the THOR-NT shoulder
was not intended for direct lateral impact.

Limitations of this study include a limited test series. Six PMHS were used to conduct eighteen tests. In
genera, low velocity tests (11 km/h) were designed such that no injuries would occur. This was readily
apparent given that all tests were conducted with some type of belt restraint and the maximum values
recorded by sensors were at sub-injurious levels. For the PMHS that experienced more than one high
speed impact, the configurations were designed to produce distinct injury patterns. For example, test
HS135 was a shoulder-plate restraint and produced no shoulder injuries, and test HS138 was a thorax-
plate restraint and produced some rib fractures adjacent to the plate. Also, test HS139 was an outboard
belt test where the PMHS dlipped out of the belt and the second high speed test that this PMHS
experienced was a mis-positioned inboard belt test. The PMHS experienced a serious thoracic spine
injury, which can be assumed to be due to the outboard belt test, and a carotid artery tear, which can be
assumed to be due to the inboard belt test. The exception to this pattern was PMHS-5 wherein three high
speed tests were conducted. The extensive and multiple injuries this PMHS experienced are difficult to
assign to particular test configurations. The resulting response curves including head excursion and chest
deflection however, do not demonstrate a pattern indicative of increasing extent of injury, and therefore
the responses for biofidelity evaluation should be adequate.

Another limitation is that the biofidelity assessments are based upon a single PMHS response test. To
conduct a more complete biofidelity evaluation multiple tests should be conducted at each configuration
and response corridors should be derived as has been done in previous studies (Hardy et a. 2001; Maltese
et al. 2002; Kent et al. 2004). The decision early in the planning stages of this project was to conduct
single tests with many configurations rather than to conduct multiple repeated tests under a small number
of configurations. Since the main objective was to compare responses between PMHS and current
dummies with and without generic countermeasures, the greater number of configurations was deemed to
be ultimately more helpful to cover the potential realm of future countermeasure design.

3.4 CONCLUSION

PMHS testing in the far-side impact crash mode demonstrated inboard shoulder belts that were positioned
directly over the shoulder, as well as countermeasures that promoted aternate load paths such as shoulder
or thorax restraints, reduced head excursion and helped contain the occupant. The specific design
characteristics of these counter-measures must be such that local chest deflections are not injurious. Both
the WorldSID and THOR-NT response in far side impact compared favorably to PMHS response,
considering that these dummies were not designed for this crash mode. The WorldSID performed better
in plate-like countermeasure tests and in general, for 90-degree tests. The THOR-NT performed better in
belt-like countermeasure tests and in general, for 60-degree tests. Although both dummies appear to have
biofidelic rib cages, the individual location of chest deflection measurement may not be optimal. The far
side impact environment is complex with multiple potential sources of injury to the human occupant. The
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THOR and the WorldSID dummies demonstrate adequate biofidelity to develop countermeasures in this
crash mode and would be enhanced by specific instrumentation changes to detect trade-offs in
countermeasure design.
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4 SOFT TISSUE INJURY TO THE NECK

AUTHORS: Stefan Duma, Joel Stitzel and Ola Bostrom

4.0 INTRODUCTION

Carotid artery injury has been attributed to direct impact to the neck as well as stretching of the artery as a
result of extension of the neck (Rozycki et al., 2002; Sinson et a., 2003). Injury to the carotid artery can
be life threatening because these vessels, combined with the vertebral arteries, provide all of the blood
supply to the brain. These injuries can begin with intimal tears that create a disruption to the vessel. From
an intimal disruption, the vessel can become injured through occlusion through platelet aggregation,
dissection of the intima, aneurysm, and intramural hematoma (Biffl et al., 2001; Haneline and Lewkovick,
2005; Schievink, 2001). Approximately 8,000 cases of internal artery dissection occur in the US per year
(Haneline et d., 2003; Schievink et al., 1994). In a far-side crash, a common mechanism of injury is
significant movement of the occupant due to the three point restraint system (Gabler et a., 2005). Thereis
significant interest in the protective capabilities of a four point belt system and other torso restraint
systems using PMHS and FE models. However, there are few FE models presented in the literature where
attempts have been made to model this method of injury to these important vessels. To test these
mechanisms of injury, this study correlated a regional model of the neck and carotid arteries to the results
of PMHS impact tests.

4.1 METHODS

This study focused on the development of a regional head, neck and carotid model to examine the
response of the carotid artery given lateral impact loading conditions. The methodology for this study can
be broken into three components. The first component is an initial model assessment, where the separate
parts of the model were examined and initially combined. The second step was establishing boundary
conditions of the model by using the Tota Human Model for Safety (THUMS) to establish a redlistic
kinematic given a crash impulse. The last step was integrating these boundary conditions into the existing
model and completing the model to assess the response of the model under four different load conditions.
These steps will be examined in further detail in the following paragraphs.

4.1.1 Method for Creating the Model

The geometric data was derived from scans of a patient at Wake Forest University Baptist Medical Center.
All protocols pertaining to confidentiality of patient information, confidentiality, and de-identification of
patient data, etc were strictly followed. The protocol for use of geometry from clinical medical images
was reviewed by Wake Forest’s Internal Review Board and approved prior to commencement of work.
Images were obtained from Computed Tomography (CT) scans of a patient’s left carotid from the level of
the base of the jaw to the insertion of the carotid artery into the aorta. In Figure 4.1, the lower bound is
readily visible as the insertion of the two carotid arteries into the u shaped aorta at the bottom of the
picture. The upper bound would be just above the arrow showing the left internal carotid artery. Scans
were obtained using a General Electric (GE) LightSpeed Pro 16, aclinical CT scanner in common use
throughout the United States.

Scans were obtained from a 58-year-old male. This patient had a history of CAD/CV A or coronary artery
disease with cerebrovascular accident (usualy stroke). This was a perfusion study using contrast agent
ISOVUE 380 to check perfusion throughout the carotid and cerebral arteries. As the carotids were
assessed to be norma by a qualified radiologist, this image was assumed to be representative of an
average male. A total of 280 slices were obtained, with a slice thickness of 0.625 mm and a resolution of
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160 mm x 160 mm with 512x512 image size for a resolution of 3.2 pixels/mm or 0.3125 mm per pixel.
The images had a grayscale depth of resolution of 16 bits per pixel.

Anterior Cerebral Artery

Right Middle
Cerebral Artery

Right Carotid Bulb

Figure 4.1. Carotid Artery Anatomy
(adapted from http://www.cme.wisc.edu/online/radiology/carotid/anatomy.htm).

The carotid artery was segmented using a GE Advantage Workstation to ssimplify reconstruction of the
carotid. The carotid artery was segmented using a marching cubes algorithm such that the internal surface
of the carotid formed a three dimensional surface of finite element trias, or three sided elements. The
element geometry was imported into Engineering Technology Associates FEMB (Finite Element Model
Builder), Version 28.0, to form the input deck for LS-DYNA, Version 9.80. For preliminary analysis, a
blunt impactor of tip radius 1.5 mm was constructed and impacted into the carotid. The purpose of this
exercise was to check contact algorithms and create a preliminary impactor surface, motion constraints,
and a profile that can be altered with relevant crash data characteristics. The resulting geometry is shown
in Figure 4.2.

The initial finite element runs included an initial velocity of 1 m/s for the impactor head, which was
placed within a few millimeters of the exterior surface of the carotid. Material properties were
approximated to be similar to soft tissues and there was no materia filling the carotid to represent blood
for these preliminary runs. The resulting von Mises stress distributions demonstrate stable behaviour of
the model; however, the model still needs more material data for final validation. Globa and local views
of stress distribution on the model surface are shown in Figure 4.3.

Only loca validations have been executed. The model was validated using force-displacement curves
provided by Medical College of Wisconsin. Test specimens were cut longitudinaly, along the axis of the
artery. Specimens were preconditioned for five cycles, re-positioned back to the in vitro length, and then
the failure test was run. Data was collected at an acquisition rate of 1000 Hz for 50 seconds, for atotal of
50,000 datapoints.
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For matching model performance to experimental
results, the experimental data was filtered usinga 1 Hz
CFC filter. The reason for this low sampling rate was
the large number of samples taken and an essentialy
static test. The 50,000 sample dataset was then padded
symmetrically by replicating the first and last 3000
elements of the dataset array. This was done to
eliminate resampling filter startup and finishing
irregularities. The data was then resampled at 1/100 of
its origina sampling rate to obtain 500 datapoints.
Padded data was then removed. The force and
displacement traces were zeroed (recall that specimens
were positioned to in vitro length, assumed to be zero
force) to result in the final data for local model
validation, shown below.

For these curves, which have a strain-stiffening toe
region, a 2-parameter Mooney-Rivlin model is
probably appropriate. This model at the current timeis
preferred to a more specidized soft tissue model
which includes transversely orthotropic or fully
orthotropic assumptions. At the current time, the test
specimens are being modeled using Belytchko-Tsay
shell elements with a resolution of element size that
gives approximately cubic elements based on the
element thickness assumption.

The LCCA arterial segment model dimensions at
initial configuration and stress at maximum extension
are shown in Figure 4.5. Force-displacement curve
fitting and matching of model response by altering
materia data and material type are ongoing. The goal
is to obtain the best possible match for both local and
global response of the model. This model uses a
Mooney-Rivlin  representation and its materia
properties are inferred directly from the LCCA force
curves from Figure 4.4.

Figure 4.2. Carotid Artery Geometry from
CT Data.
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Figure 4.3. Global and localized view of impactor striking carotid just above
level of bifurcation.
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Figure 4.4. LICA and LCCA force-displacement curves obtained from
Medical College of Wisconsin.

51



000e+00 i i

i

|

Figure 4.5. Specimen model for LCCA and peak displacement corresponding to failure. Force-
displacement response of this model will be matched with experimental tests to incorporate local
material properties into the global model of the carotid.

Geometry representing the bony structure of the neck from above the top portion of the carotid model to
below the bottom portion will be incorporated. The purpose of this geometry should be that its
displacement and motion can be controlled such that it will interact with the arterial structure (through soft
tissues) if needed. This structure will not be intended to accurately interpret forces, or to model neck
motion in response to an applied acceleration field. Instead, established neck models that have been
widely validated will be used to obtain resulting vertebral body motions. Our approach will be to take the
kinematics from the kinematically validated neck models and apply them to our model to predict injury.
Soft tissues surrounding the carotid such as muscle, fat, other arterial structures, and skin will be
incorporated. However, most of these structures were not independently modelled. While some effort was
made to incorporate different properties for the skin, the plan was to fill in the void space surrounding the
carotid up to the surface of bony structures, with a homogenous, isotropic medium. This volume will be
filled with tetrahedral elements so that the interaction of the carotid with the hard structures of the neck
and any impacting structures (seat belt, vehicle intrusions, etc) will be more redigtic. However, it is
beyond the scope of the proposed work to model al of the individua muscles, muscle tensions, etc to
predict the arterial damage.

Additional material data should include data from circumferential testing of carotid segments, as well as
additional tests so that some data averaging may be performed. It is well known that the properties of
arteries are different in the circumferential vs. longitudinal directions. Modelling this difference may be
important. Because it adds a level of complexity to the meshing and material assignment, it may not be
feasible. Thus, we would at least like to test what the difference in mechanica behavior between the
circumferential and longitudina directions is, and decide whether some material property averaging is
warranted. If it isnot, it must be determined which direction of loading dominates the failure response by
comparing experimental tests.

The carotid has a three-layered structure consisting of the intima, media, and adventitia. The intima
consists of basal lamina and endothdlial cells, and is very thin and contributes little mechanical strength to
the arterial wall. The media is comprised primarily of smooth muscle cells and is responsible for the
material behavior of the arteries in the physiological range of strain, and particularly in a living
environment where vascular tone is present. The adventitia contains a layer of collagen with a wavy
orientation that will straighten out and contribute strongly to mechanics as the artery reaches peak
distension. So, before macroscopic failure of the tissue, this full range of mechanics must be considered.
However, intimal damage is a serious biochemical concern because it tends to initiate clotting and can
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cause stroke and can, over long term, result in intimal hyperplasia. Medial damage is a contributing factor
to dissection, where blood can get behind the media, but still be contained by the adventitia, resulting in
the closing off of the artery. Adventitial damage in arteries, which are under high pressure from the blood,
can result in internal damage and may represent the most imminent danger. Hence, each mechanism has a
different mechanical cause and may be worthy of an independent layer in the model for prediction. The
only alternative to trying to predict failure layer-by-layer is trying to predict each injury indirectly by a
strain assumption in a single-layered representation. Either way, mechanical testing was required in order
to analyse failure of each layer independently.

4.1.2 Initial Model Assessment

Thefirst step in the regional model creation was ng the components of the model that were going to
be used and completing an initial compilation of these components. The finite element software selected
for this study was LSDYNA (LSTC, Livermore, CA). This regiona model of the carotid integrates an
existing head and spine model developed by Kleinburger (1993) with the carotid material model and
geometry developed by Gayzik et a. (2006). Before al of the necessary components were added to fully
model a cadaver impact study, the model had to be examined step by step.

The first step was to integrate the geometry of the carotid into a neck composed solely of fascia to
demonstrate the response of the carotid given the correct geometry and the validated material model from
Gayzik et a. (2006). This model had neck fascia that was the same material and the same geometry as the
THUMS neck fascia. The carotid artery was created from a CT scan of a 58-year-old male subject (Gayzik
et a., 2006). The crash scenario was modeled as a bent indenter that impacted the side of the neck at the
level of the carotid bifurcation. This structure approximated a roped seatbelt. The indenter had a boundary
condition of sinusoidal motion while there were locked nodes on the inferior aspect of the neck model and
the medial space in the neck that approximated the vertebral column. The key components of this model
are highlighted in Table 4.1 and illustrated in Figure 4.6 and Figure 4.8.

Figure 4.6. Initial neck regional model with Figure 4.8. Initial neck regional model,
neck fascia, carotid arteries and a seatbelt transparent fascia for visualisation of the
indenter. carotid artery placement.
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Table 4.1: Summary of key model properties, initial regional model.

Model Parameter Anatomical feature LS-DYNA Cards
Materials Neck Fascia and musculature *Mat_Viscoelastic
Carotid *Mat_Simplified_Rubber
Indenter *Mat_Rigid
Contacts Neck to Carotid Auto_Surface_to_Surface
Neck top to neck bottom Tied Nodes
Boundary Locked nodes Inferior plane, medial vert body space
Indenter Sinusoidal Motion

This model was run and the resulting strains in the shells around the carotid artery were evaluated. This
model did not incorporate the bony structures of the neck, the inertia response of the head and the
corresponding response of the opposite side of the neck. Due to these limitations, it was determined that a
model that incorporates these aspects needed to be developed to evaluate the carotid response on both
sides of the neck. This model could study the compression of the carotid on the ipsolateral side and the
extension of the carotid on the contralateral side.

To more accurately model an impact scenario, there were severa modifications to the existing model.
The first was the addition of the Kleinberger neck model. This model was developed to study cervical
spine mechanics in frontal impact scenarios. The first step in this integration was trandlating this model
into current Dyna code. From that point, the unit system was trandated to m-N-kg-s. This model is
pictured below in Figure 4.8 and Figure 4.9.

Figure 4.8. Rear oblique view of the Figure 4.9. Right side view of the
Kleinberger neck model. Kleinberger neck model.

As shown by these figures, the main cervical anatomy modeled are the vertebral bodies from C1to T1, a
head mass that has the geometry of an anthropometric test device (ATD), the primary ligaments that
connect the vertebra bodies, and the facet joints. When this model was combined with the existing neck
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regional model, the neck fascia was too wide for the Kleinberger head, as illustrated in Figure 4.10 and
Figure 4.11.

To make a more anatomically accurate model, a new neck fascia was created to have the same contours as
the head in the spine model. Additionally, measurements taken from CT were used to properly place the
carotid arteries in relation to the vertebral bodies (Lambert et al., 2008). Figure 4.12 and Figure 4.13
illustrate the new neck fascia integrated with the Kleinberger neck. The locations of the carotid arteries, in
relation to the vertebra bodies, are shown in Figure 4.14 and Figure 4.15. The important model
characteristics are shown in Table 4.2.

Figure 4.10. Front view of the initial neck Figure 4.11. Oblique view with the right neck fascia
model with the head and spine. removed and transparent head and fascia to
illustrate the spine and carotid placement.

Figure 4.12. Kleinberger neck integrated Figure 4.13. Oblique view of the Kleinberger neck
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with revised neck fascia. integrated with the revised neck fascia, fascia and
head are transparent.

Figure 4.14. Front view of carotid Figure 4.15. Right view of carotid
placement, with select ligaments removed placement, with select ligaments removed
for clarity. for clarity.

Table 4.2. Model parameters for the first version of the integrated head, spine, and neck model.

Materials Neck fascia and musculature *Mat_Elastic
Carotid *Mat_Simplified_Rubber
Ligaments, Disks *Mat_Elastic
Vertebral bodies, Head *Mat_Rigid
Contacts NHTSA neck Preserve contacts
Top of neck to head Constrained extra nodes
Neck to carotid Tied surf to surf
Vertebral bodies to neck Auto surf to surf
Boundaries Locked nodes Bottom of neck to T1
T1 Prescribed motion

Once this step was complete, initial runs of the model were conducted to evaluate the response of the
spine model in a side impact loading scenario. For these impacts, acceleration data from MCW far side
PMHS tests were used as the boundary conditions. Figure 4.16 shows al the plots of the initial load
configurations for the four load conditions of low belt and low delta-V, low belt and high delta-V, high
belt and low delta-v, and high belt and high delta-V.
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PMHS 134, Low Delta V, Low Belt

PMHS 135, High Delta V, Low Belt
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Figure 4.16. Boundary conditions for T1 from the MCW tests. The blue line is T1 x velocity (m/s),
the green lineis T1y velocity (m/s), and the red line is T1 z velocity (m/s).

The T1 velocity data from the tests was applied as a velocity to T1 in the model. The bottom of the neck
was constrained to move in the same manner as T1. The top of the neck was coupled to the bottom of the
head. During this phase of the model development, different versions of the material models used for the
neck fascia and ligaments were evaluated over arange of load conditions.

4.1.3 Kinematic Modeling Using THUMS

Given the response of the Kleinberger neck at high delta-V, the initial model configuration was
determined to be unstable and without a biofidelic response of the head and neck. To address this issue,
the boundary conditions to be modelled were used as inputs to the Tota Human Model for Safety
(THUMYS). The acceleration recorded for the seat in the MCW tests was applied to the seat as the
boundary condition for the THUMS model. The THUMS model was placed in asimilar sled configuration
asthetest configuration. This configuration was reconstructed from diagrams and descriptionsin Pintar et
a. (2008). Inthe THUMS model, there were nodes selected on each of the cervica vertebral bodies, the
first thoracic vertebral body, the shoulder attachment of the modelled seatbelt, and a node on the seatbelt
located at the sternum. The displacements of these nodes were recorded for each test configuration. These
displacement files were then used as inputs for the final model.
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4.1.4 Final Model Parameters

The final model used the neck fascia contoured to the head of the neck model as described as the final
configuration for the first version of the regional model. The ligaments and the intervertebral discs were
removed because each vertebral body was constrained. A shoulder structure that was modified from the
THUMS shoulder geometry was added to the model with the same material properties as the neck fascia.
This addition was to prevent the seatbelt from slipping under the neck. A seatbelt segment was also added
to the final model. This belt went from an upper attachment point, just like the full THUMS model, and
terminated at the approximate level of the sternum. The location of the upper attachment point was
measured from the level of T1 and comparable to the location of the anchor point in the PMHS tests. The
sternum attachment point was also estimated based on the similar location on the THUMS model. Figure
4.18 and Figure 4.18 show the complete model given a high belt configuration and Table 4.3 shows the
model parameters.

Figure 4.18. Front view of the final version
of the neck regional model.

Figure 4.18. Oblique view with the fascia
removed and transparent head and fascia.

Table 4.3. Model parameters for the final version of the integrated head, spine and neck model.

Materials Neck fascia and musculature *Mat_Elastic
Carotid *Mat_Simplified_Rubber
Ligaments, Disks REMOVED
Vertebral bodies, head *Mat_Rigid

Seatbelt

*Mat_seatbelt

Contacts NHTSA neck Remove all existing
Top of neck to head Constrained extra nodes
Neck to Carotid Shared nodes
Vertebral bodies to Neck Auto surf to surf
Seatbelt to neck Auto surf to surf
Bottom of neck to T1 Constrained extra nodes
Boundaries All Vertebral bodies, Seatbelt Displacement from THUMS
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The model was run given 4 conditions based on PMHS test configurations as shown in the test matrix in
Table 4.4. From Pintar et al. (2008), an intimal tear occurred in the PMHS test that experienced high belt
loading at both high and low speeds. Since multiple tests were conducted on the same PMHS, the time of
the carotid artery injury is unknown.

Table 4.4. Test Matrix for the model.

PMHS Test No. Belt Position Delta-V
134 Low Low
135 Low High
140 High Low
141 High High

4.2 RESULTS

There were several steps before the final version of the model; therefore, there were several intermediate
results that will be discussed in this section. The first segment was an initiadl model assessment to
determine the response of the Kleinberger neck (Kleinberger, 1993). The second was kinematic modelling
of the neck using the THUMS model.

4.2.1 Initial Model Assessment

The initial model assessment demonstrated instability of the Kleinberger neck in alateral impact scenario.
Also, the Kleinberger neck demonstrated a lack of biofidelic response of the spinal column. Findly, the
neck had no shoulder; therefore, the low belt configuration did not properly interact with the model.
Figure 4.19 and Figure 4.20 demonstrate the failure of the spinal column due to interaction between the
vertebral bodies and the low belt configuration.

Figure 4.19. The response of the Kleinberger Figure 4.20. Low belt missing the first
neck given a lateral impact scenario. version of the combined model.

These problems were a result of the geometry of the existing head and neck model. Specificaly, the
vertebral bodies had significant interaction between the lateral edges which prevented reasonable lateral
flexion. Additionaly, the ligament structures in the model were more efficient at constraining anterior to
posterior motion rather than lateral motion. Given these results, it was determined that the motion of the
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vertebral bodies would have to be determined in another manner. The existing THUMS finite element
model was selected as a method of obtaining displacement datafor each vertebral body.

4.2.2 Kinematic Modelling Using THUMS

The THUMS model was taken and seated in the same sled configuration as the PMHS subjects used in
datacollection. All of the loading scenarios ran to completion with qualitative improvements of the model
response. Figure 4.21 and Figure 4.22 illustrate the THUMS model in the high and low belt
configurations. The model response at the time of maximum extension is shown in Figure 4.23 to Figure
4.26 for each test configuration. This response qualitatively matched the PMHS test results. The time at
maximum extension of the THUMS model was noted in Table 4.5 for comparison with the regiona
carotid artery models.

Figure 4.21. THUMS model with the low belt Figure 4.22. THUMS model with the high
configuration. belt configuration.
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Figure 4.23 THUMS model at maximum neck Figure 4.24. THUMS model at maximum
neck extension, low belt and high delta-v

extension, low belt and low delta-v

Figure 4.25. THUMS model at maximum
neck extension, high belt and low delta-v

Figure 4.26. THUMS model at maximum
neck extension, high belt and high delta-v

Table 4.5. Time of maximum neck extension of the THUMS model.

Test Configuration

Time of Maximum extension

Low Belt, Low Delta-V
Low Belt, High Delta-V
High Belt, Low Delta-V

140 ms
135 ms
110 ms

High Belt, High Delta-V

120 ms
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4.2.3 Final Model Parameters

Using the THUMS model results as inputs for the final version of the combined neck and carotid model,
the 4 load configurations were examined. The first measure of the possibility of injury to the carotid was
the largest maximum principal strain value measured in any element of the carotid artery shells. These
valuesarelisted in Table 4.6. Asthistableillustrates, the highest strain value out of the models that ran to
completion was in the low belt, high delta-V configuration. There is a trend between the low belt
configurations in that as the delta-V increases, the maximum stain value increases. This trend was aso
postulated to apply to the high belt configurations.

Table 4.6. Maximum principal strain values for each test configuration.

Test Configuration Maximum Principal Strain Time of Maximum Strain
Low Belt, Low Delta-V 0.3182 136.5 ms
Low Belt, High Delta-V 1.5884 126.0 ms
High Belt, Low Delta-V 1.2884 136.5 ms
High Belt, High Delta-V Error Termination Error Termination

To examine the location of the higher strain values in the carotid artery, the fringe plot function in LS
Prepost (LSTC, Livermore, CA) was used to graphically illustrate the location of high strain values. The
areas of red, orange and yellow have higher strain. Areas in blue and green have alower strain value. To
have these fringe plots reflect the same relative scale, the maximum strain value (illustrated by dark red)
was set as 1.3. Thiswas based on the maximum value of 1.5884 recorded for the Low Belt, High Delta-V
configuration. The minimum value (illustrated by darker blue) was set as 0.

These figures illustrate the low levels of strain in the low delta-V configurations, especialy the low delta-
V, low belt configuration shown in Figure 4.28 and Figure 4.28.
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Figure 4.28. Fringe plot of the Low Delta-V, Figure 4.28. Close up of the same time point
Low Belt impact configuration. This is at the and the same approximate orientation with
time of the maximum strain, 125 ms. the carotid arteries isolated.
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The high belt, low delta-V plot, Figure 4.29 and Figure 4.30, showed higher strains than the low delta-V,
low belt plot, but lower strains than the low belt, high delta-V plot, Figure 4.31 and Figure 4.32. These
figures aso show that even though there were isolated elements in the high belt, low delta-v configuration

that achieved afairly high strain, there were not many elements that experienced higher strains.
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Figure 4.29. Fringe plot of the Low Delta-V,
High Belt impact configuration. This is at
the time of the maximum strain, 125 ms.
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Figure 4.31. Fringe plot of the High Delta-V,
Low Belt impact configuration. This is at
the time of the maximum strain, 125 ms.
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Figure 4.30. Close up of the same time point
and the same approximate orientation with
the carotid arteries isolated.
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Figure 4.32. Close up of the same time point
and the same approximate orientation with
the carotid arteries isolated.
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Next, to hypothesize the potential outcome for the high belt, high delta-v configuration the results from
the THUMS model were compared between the belt configurations and given a high delta-V. Figure 4.33
and Figure 4.34 illustrate the loading scenario that the regional model failed to run to completion in the
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THUMS model. When compared to Figure 4.35 and Figure 4.36 there is significantly less extension of
the spine in the high belt configuration. From these results it can be concluded that the high belt, high
delta-V configuration will have less neck extension on the side contralateral to the belt than the low belt,
high deltaV configuration. However, the high delta-V, high belt neck configuration will have more
compression of the neck fascia and carotids between the belt and the vertebral bodies.

Figure 4.33. THUMS results, High delta-V, Figure 4.34. Close up view of the High Delta-
High belt configuration. V, high belt THUMS results.
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Figure 4.35. THUMS results, high delta-V, Figure 4.36. Version 2 model results, high
low belt configuration. delta-V, low belt.



4.3 DISCUSSION

The resulting neck model illustrated several trends in the response of the carotid artery given a latera
impact and variable speeds and belt positions. The primary trend seen in the results was the compression
of the ipsolateral vessel, with respect to the belt, and stretching of the vessel on the contralateral side.
Based on Stemper et a, the strain to failure for the intima is approximately 0.40 strain and to total vessel
failure it is 0.60 strain (Stemper et a., 2005). Based on these values, at least one element in the high belt
and low delta-v, and low belt and high delta-v cases exceeded this limit. Based on the THUMS modeling
results, it is estimated that the high belt, high delta-v configuration would also have at least one el ement
exceeding this value.

This model also demonstrated the need for continued development of neck models for lateral impact
scenarios. The base neck model used for model development was validated solely in fronta flexion;
therefore, it was unstable given a lateral impact. The THUMS model was then used to determine a more
biofidelic neck response for the regional neck model. Another limitation of the regional model isthe basic
geometry used in the model. The head and vertebral bodies are relatively square and lack true anatomical
detail. The THUMS modédl, which was more anatomically accurate, had a more accurate model response
given the loading scenario. Another limitation introduced with the geometry of the model used was the
angular interfaces between structures. Again, this limited the ability of the model to replicate a biofidelic
response.

4.4 CONCLUSIONS

To determine the possible effect of a four point style restraint in a farside crash configuration, a regional
model of the neck and carotid artery was created. This model determined the strain in the carotid arteries
given a range of impact severities and seatbelt configurations. Given the model response and the
hypothesized strain to failure of the carotid artery, the carotid artery would have been injured in al of the
tests except the low belt, low delta-v configuration. More importantly, the model illustrated that given a
low belt configuration, the occupant was more likely to injure the contralateral vessel via an extension
type injury. Given a high belt configuration, the occupant was more likely to injure the ipsolateral vessel
via compression of the vessel between the seatbelt and the vertebral bodies.
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S5 FAR SIDE INJURY CRITERIA
AUTHORS: Richard Morgan, Tom Gibson

5.0 INTRODUCTION

The aim of this phase of the research (Task 5) was to conduct a literature investigation into injury
mechanisms in both lateral and frontal oblique directions in order to either identify or to develop injury
risk functions for far-side occupants. Before undertaking the subsequent investigations (Task 6 and Task
8), the object was for the Far-Side Impact Team to complete Task 5, as it was envisioned that the Task 5
Final Report would act as a handbook to support and guide Task 6 (Computer Modelling) and Task 8
(Countermeasure Devel opment).

The specific objectives of Task 5 were as follows:

1. To quantify injuries and identify mechanisms of injury in far-side impact;
2. Toidentify attributes that may affect injury risk;
3. To hep develop probability of trauma functions for measuring injury risk in this crash mode. At a
minimum, the functions were to include:
a. A headinjury criteria,
b. A traumametric for hard-structure neck injury,
c. Thebest construction of ametric for carotid artery dissection, and
d. Anabdominal criterion for far-side impact.
4. To help develop and quantify injury risk parameters (for both soft tissue and bone fracture) for use
in assessment of potential safety countermeasures.

This chapter summarises the work performed for Task 5, which involved an investigation of injury criteria
suitable for use with occupants in far-side impacts. The chapter includes both the identification of existing
risk functions and the development of new functions as appropriate for use in dummy development,
establishing injury criteria, and in modelling and countermeasure programmes.

5.1 INJURY IN FAR-SIDE IMPACTS

5.1.1 Injury Priorities

Gabler et a. (2005a) evaluated the risk of side-impact injury in far-side impacts. This analysis was based
on NASS CDS 1993-2002 and examined injury outcomes for over 4,500 three-point belted occupants of
passenger vehicles, light trucks and vans involved in a far-side impact. This analysis was used for the
work of this chapter to characterise the impact conditions that lead to far-side injuries and to set the
priorities for the development of a comprehensive set of injury risk functions. In a second paper, Gabler et
a. (2005b) compared the situation in Australia and the US. The injured body regions with the highest
priority in terms of Harm were found to be the extremities and the head followed by the spine, face, chest
and abdomen. Based on the far-side crash data in Gibson et al. (2001), the injury priorities for far-side
collisions were assessed by body region total Harm. These priorities guided the risk function development.

5.1.2 Specific Injuries in Far Side Crashes

Using NASS datafor the years 2002 (n = 28 cases) and 2003 (N = 32 cases), a brief case review was
undertaken of the actual injuries suffered in be belted driversin far-side impactsin NASS for the years
2002 (n = 28 cases) and 2003 (n = 32 cases), Digges (2006). The aim of this review wasto assist in
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understanding the specific injury types and the typical contacts causing these injuries. The injury types by
body region for these belted drivers are given in the Task 5 Final Report.

5.1.3 Summary

In summary, the Gabler et al. and the Gibson et a. studies established priorities. The prioritiesfor (1) the
capabilities required for the test dummy, (2) the associated injury risk functions for injury in far side
impacts, and (3) the issues in dealing with the current restraint systems:

e The highest priority injuries in far-side crashes to which potentia countermeasures can be applied are
head and spine

e Theimpact direction (or crash PDoF) is between 30° and 90° (note definition of PDoF)

e The most common vehicle components involved are: the vehicle interior, restraint system, roof, seat,
dashboard and steering wheel.

e Therestraint systemitself must not add to the seriousinjury.

5.2 AVAILABLE DUMMIES

It is of utmost importance in a project based on the use of a dummy to predict impact injury is that the
dummy has a high level of biofidelity in its responses. The published test data indicates that the most
biofidelic side-impact dummy is the WorldSID, as supported by Hautmann et al. (2003) and Scherer et al.
(2001). The THOR is an advanced frontal test dummy sponsored by the NHTSA, as explained in Haffner
et a. (2001). The research presented in Chapter 3 concluded that both the WorldSID and THOR had
adequate biofidelity to permit their use in developing far-side countermeasures. However, only the
WorldSID has calibration procedures and injury measures for the side impact crash mode. For thisreason,
this task addressed the injury measures required by WorldSID in order to specificaly address far-side
issues.

The injury risk functions developed as part of this research need to be supported by the available
instrumentation fitted to the WorldSID. Instrumented upper and lower extremities are available for use in
the WorldSID, as specified by Scherer et al. (2001).

Figure 2. The WorldSID prototype dummy.
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5.3 PROPOSED INJURY RISK CURVES

5.3.1 Risk Curves for the Head

Recapitulating, the aim of Task 5 was to conduct a literature investigation into injury mechanisms in the
lateral and fronta oblique directions to identify or develop injury risk functions for far-side occupants
involved in sideimpact collisions. In this section, the injury function, or recommended approach, to assess
risk to the occupant on the non struck sidein alateral crash is addressed.

The first of these guides to an injury function addresses the head. Using HIC as the dependent variable,
Gibson et al. (2001) analysed 55 lateral impacts to PMHS heads (after three outliers were dropped). Their
analysis demonstrated that the latera risk curves are similar to frontal risk curves for the head. In writing
the support document for a Notice of Proposed Rulemaking for Federal Motor Vehicle Safety Standard,
Kuppa (2004) equated the lateral HIC criterion to the frontal HIC criterion. The real-world crash analysis
suggests that, for the occupant on the non stuck side, the occupant will see lateral impacts to the head and
also frontal and crown impacts. This suggests we want risk curves for the front and side or one set of
curves that are sufficient—given the present stage of biomechanical research—to handle both conditions
The injury risk curve proposed for use with the WorldSID is the Mertz et a. (2003) curve. The curve
assumes a normal distribution with mean and standard deviation shown in Table and Figure.

Table 5.1. Probability of brain injury.

Body Region Independent Variable Mean Value Standard Deviation
Head HIC (15) 1,434 430

Mertz (2003) Probability of Brain Injury
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Figure 5.2. Probability of brain injury (Mertz et al, 2003).
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5.3.2 Injury Risk for the Neck

Therisk of an AIS> 3 neck injury is based on normalised tension, Fenson / Feritical » Where Feitica = 3,290

Newtons. The resulting risk curve for neck tensile loading is:
Probability density function = EXp [-((Fiension / Feriticas -1.250) 2)/(0.034848)]/(0.330885)

I:normalmd
P(AIS> 3) = (probability density function) dF
0

Mertz et al. Neck Tension

12

08

06 Mertzet al. Neck Tension

04 4

02

Probability Trauma due to Tension

0 02 04 0.6 0.8 1 12 14 16 18

Neck Tension/3,290 Newtons

Figure 5.3. Injury risk curve for neck tensile loading (Mertz et al., 2003).

An alowable upper cutoff point on neck shear is specified in Table 2.

Table 5.2. Limit for the neck.

Body Region Independent Variable  Mean Limit
Neck Shear (N) 3100

In addition, alimit on the bending moment of the upper 1oad cell of the neck isrecommended. The
bending moment of the neck should be at or below 143 Nm.

5.3.3 Risk Curves for the Upper Extremities
Following Duma et al. (2008), the risk function for the humerusisin terms of bending moment, and is
given by

_ —(0.0036 *x)*57

Risk of humerus fracture = 1
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Figure 5.4. Humerus fracture risk function for the 50th percentile male.

Following Duma et al. (2008), the risk function for the forearm isin terms of bending moment, and is

given by:

Risk of forearm fracture = 1

Figure 5.5. Forearm fracture risk function for the 50" percentile male
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5.3.4 Risk Curve for the Chest
Therisk of injury for the chest in terms of maximum deflection and V* C is shown in Table 5.6 and plotted

in Figures 5.6 and 5.8.
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Table 5.6. Risk of injury for the chest in terms of deflection.

Body Region Independent Variable Mean Value  Standard Deviation
Chest Maximum Chest Deflection (mm) 56.1 9.1
Chest V*C (m/s) 0.9 0.41
WorldSID Thorax (nFR 4+)

Injury Risk

Risk of Chest Injury

Chest Compression (mm)

Figure 5.6. Risk curve for the chest deflection.

Risk of Chest Injury using V*C

V*C (m/s)

Figure 5.8. Risk curve for the V * C.
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5.3.5 Injury Risk Curve for the Abdomen

Kuppa suggested an injury assessment curve based on internal abdomina force. The 1SO suggested an
injury assessment curve based on internal abdomina force. Mertz et al. suggested a limit on interna
abdominal force. Based on testing with rabbits, Rouhana et a. found abdominal trauma correlates with
V*C. Table 5.8 and Figures 5.8 and 5.9 show therisk of injury for the abdomen.

Table 5.8. Risk of injury for the abdomen.

Body Region Independent Variable Mean Value Standard Deviation
Abdomen Maximum Abdomen Compression (mm) 53.2 15.1
Abdomen V*C (m/s) 1.03 0.46

WorldSID Risk of Abdominal Trauma (AIS >= 3)

Risk of Abdominal Injury (AIS >=3)

0 10 20 30 40 50 60 70 80 90
Abdominal Compression (mm)

Figure 5.8. Risk curve for the abdominal deflection.
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Risk of Abdomen Injury (AIS >= 3) versus VC
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Figure 5.9. Risk Curve for the abdomen V * C.

5.3.6 Injury Risk Curve for the Pelvis

Kuppa suggested an injury assessment curve based on pubic symphysis force. The 1SO suggested an
injury assessment curve based on pelvic force. Mertz et a. suggested a limit on iliac crest, pubic, and
sacrum load.

The WorldSID pelvisis very different from that of other dummies. The pelvis consists of a conical shaped
polyurethane pelvic bone that mimics the human pelvic bone. The major landmarks of the WorldSID
dummy are close to the anatomical data. A vinyl skin surrounds the pelvic bone and this skin isfilled with
an elastomer. The hip joint of the WorldSID dummy consists of a ball and socket joint, this is a different
configuration from the existing side impact dummies which all have hyme joint construction." In contrast,
the EuroSID2, SID, and BioSID all have a fairly rigid metal pelvis surrounded by simulated flesh. This
may lead to a different response than what researchers are currently expecting of a dummy pelvic
response.

As a consequence of this design direction, the risk curves for pelvic trauma are two in number. The first
risk curve, for externa pelvic loading, is based on the independent variable acceleration. The second risk,
for loading going through the pubic symphysis, is based on the independent variable pubic force. Table
5.8 shows therisk of injury for the pelvis, while Figures 5.10 and 5.11 show the corresponding plots.

Table 5.8. Risk of injury for the pelvis.

Body Region Independent Variable Mean Value Standard Deviation
Overall Pelvis Acceleration (G) 86.6 21.2
Pelvis Symphysis Pubic Force (N) 1,800 400
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Figure 5.10. Risk curve for pelvis acceleration.
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Figure 5.11. Risk curve for pubic symphysis force.
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5.3.7 Limits for the Spine

While al is not know with respect to the failure properties of the spine and there are many methods of
testing, the following provides a first order approximation for thoracolumbar injury criteria (Kemper and
Duma, 2006). Table 5.9 shows the limits for the spine.

Table 5.9. Allowable limits to be closely monitored for the spine.

Site in Spine Pure Pure Tension (N) Pure Shear (N) Combined
Compression (N) Compression/Moment
Upper Thoracic 3100 800 900 100 N-m (@ 1400 N)
Middle Thoracic 4500 1600 1300 146 N-m (@ 2000 N)
Lumbar 6200 2200 1800 200 N-m (@ 2430 N)

5.3.8 Injury Risk for the Lower Extremities

Following Kerrigan et al. (2004), the suggested risk function for femoral fractures is approximately:
p(femoral fracture) = 1 — EXP [-EXP(6.24242 In(M s — 38.45862)] .

Following Kerrigan et al. (2004), the suggested risk function for tibia fractures is approximately:
p(tibial fracture) = 1 — EXP[-EXP(5.69112 In(M1a) — 33.05211)]

Mertz et a. (2003) proposed a tibia shaft fracture risk curve for the adult male population based on
maximum bending moment:

Probability density function = EXP[-(( M - 318)2)/(15,488)]/(220.5833)
M
p(tibial fracture) = | (probability density function) dM
0
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6 CRASH SIMULATIONS & TEST CONDITIONS

AUTHORS: Kennerly Digges, Pradeep Mohan, Brian Alonso & Joseph
Cuadradro

6.0 INTRODUCTION

6.0.1 Chapter Organization

An objective of this task was to study issues associated with far-side ded testing and crash testing using
computer simulation.

Section 6.1 reports studies of finite element simulations of vehicle and moving barrier crashes into a Ford
Taurus. A principal purpose was to determine the degree to which the moving barriers produced damage
patterns that were similar in shape and extent to those produced by vehicle impacts. A secondary purpose
was to determine the damage patterns for a frequently occurring crashes at 60 degrees and crashes that
impact the front wheel's, producing Y -damage (See Figure 2.16 for definition of Y -damage).

Section 6.2 reports studies of MADYMO simulations to determine a dummy or human model that best
matched the kinematics of a cadaver that was tested in a far-side crash. A principal purpose was to
establish a validated model for use in evaluation occupant response in the far-side crash environment. A
second objective was to compare existing dummy models to the cadaver kinematics.

Section 6.3 applied the MADY MO human facet model to explore center console configuration and crash
pulse issues associated with sled testing in far-side crashes. The cadaver test program summarized in
Chapter 3 required a console to provide restraint to the pelvic region. The height of the console should be
sufficient to provide pelvic restraint without causing excessive loading of the abdomen. The modeling
effort in Section 6.3 explored the occupant kinematics when subjected to consoles of varying heights. In
addition, the MADY MO human facet model was used to explore a crash pulse issue associated with sled
testing in far-side crashes. The cadaver test program summarized in Chapter 3 required a crash pul se that
was representative of a vehicle-to-vehicle crash. However, the test ded had limited capability to duplicate
the highest accelerations that were observed in acrash test. The MADY MO model was used to determine
an appropriate sled crash pulse.

Section 6.4 applied MADYMO models to explore the interaction between five different dummy models
and five different countermeasures. The dummy models were:
(1) Hybrid Ill; (2) BioSID; (3) EuroSID I; (4) EuroSID 11, and (5) SID2s.

With these dummy models, five restraint configurations were simulated:
(1) Basdline (standard 3-point belt); (2) Reverse belts, (3) Base with chest airbag; (4) Base with
shoulder airbag, and (5) Base with chest and shoulder airbag.

Section 6.5 used data from crash tests and MADYMO occupant modeling to explore the relationship
between the crash PDOF as documented in the accident data and the test ded configuration required to
simulate the same far-side crash environment.

Although not part of the far-side project, a complementary series of six crash tests with both near-side and

far-side dummies was conducted by The Australian Department of Infrastructure [Newland, 2008 Stapp
Car Crash Conference]. One purpose of the tests was to examine dummy to dummy interaction.
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6.02 Results

The Finite Element Models used in Section 6.1 indicate that the IIHS barrier produced similar damage on
a Taurus patterns to those produced by a full size pickup truck. The NHTSA barrier and the Y damage
test produced |ess damage to the Taurus front door than the IIHS barrier.

The average CDC extent of damage produced in actua IIHS crash tests is considerably less than the
average extent of damage to vehicles with far-side occupants injured at the AIS 3+ severity level. (See
Figures 2.15 and 2.16.) This result suggests that the barrier test speed of a far-side test should be higher
than the speed used by IIHS in their side impact tests for consumer ratings.

The MADY MO modeling effort summarized in Section 6.2 found that the human facet model matched the
cadaver kinematics very well and it was considered suitable for evaluation of occupant motion in the far-
side crash that was smulated. The MADYMO dummy models (Hybrid 111, BioSID, EuroSID 1,
EuroSID2 and SID2s) did not accurately reflect the motion of a human cadaver under the same impact
configurations as the cadaver test.

The conclusion of Section 6.3 was that the force exerted by the occupant on the center console increased
as the height of the center console increased. As the center console height increased above 8 inches, it
loaded the occupant’ s abdomen and ribs.

The modeling documented in Section 6.4 shows that a square wave sled test pulse can produce similar
occupant kinematics to the desired car-to-car pulse.

The modeling research reported in Section 6.5 found that the side-impact dummies, designed primarily to
test for occupant injuries on the near-side are limited in their ability to emulate occupant kinematics for a
far-side impact. However, modals for the WorldSID and THOR were not available and, therefore, not
evaluated. Also, modelling indicated that the Hybrid 1l dummy, designed primarily for frontal impacts,
islimited in its ability to test for far-side impacts. Although the five anthropomorphic test devices (ATDs)
simulated in MADYMO for far-side impacts failed to produce desired kinematics, the human faceted
MADY MO model did show promise by properly reproducing occupant kinematics.

Despite the short-comings of the dummies for reproducing far-side kinematics, the reaction of these
dummies in MADYMO to certain countermeasures offers some insight into future studies. A reverse 3-
point seatbelt effectively restrained the occupant. However, this belt configuration significantly increased
neck force levels, amost crossing injury threshold levels. Chest and shoulder airbags on the inside of the
occupant contained the occupant and prevented excursion. However, these configurations left the head
and neck unrestrained and showed awkward movement of the head. In addition, the use of a petite
dummy indicated some vulnerability of small sized occupantsto airbags.

The results from the study reported in Section 6.6 show that a sled test can effectively mimic the
kinematic response of a far-side occupant in the side and corner impacts for which there was crash test
data. It isimportant to understand that a side impact with a 60 degree PDOF does not trandate to a sled
test with a sled angle of 60 degrees! For example, the SNCAP test has a direction of force of 63 degrees
but an appropriate sed angle of 87 degrees. The difference is due to the rapid rotation of the struck
vehicle to align with the striking vehicle.

The impact angle, initial vehicle velocities, delta-V, and impact location are all important factors in
developing a proper sled test configuration. However, no direct correlations were able to be determined
between a single variable and the ded pulse or correct sled or instrument panel angle to be used in the test
configuration. The use of the approach documented by this study can provide a basis for determining the
best sled configuration to mimic any far-side crash condition.

77



Tests conducted in Australia have shown that the presence of a far-side dummy does not interfere with the
side protection measurements made by the near-side dummy. However, there was interaction between
the near-side and far-side dummies during the rebound of the near-side dummy. The interaction occurred
well after the far-side dummy dlipped out of the shoulder belt [Newland, 2008 Stapp Car Crash
Conference]. These test results indicate that it may be feasible to incorporate a far-side dummy in the
vehicles used in consumer information tests. Such a proposal was presented at the ESV meeting in June,
2009 [Digges, 2009 ESV Conference]. This paper presents smulations of safety belt geometry and
pretensioning that indicate relatively simple countermeasures can improve far-side protection.

6.03 Conclusions
The following conclusions are based on computer modeling:

1. The lIHS barrier and test procedure produces vehicle damage patterns on a Ford Taurus that are
generally similar to an occupant compartment impact by a pickup truck with a principal direction
of force (PDOF) in the range of 60 to 90 degrees. However, the damage severity produced by the
[ITHS test procedure is less that reported in the maority of real world crashes with MAIS 3+
injuriesto far-side occupants.

2. The MADYMO human facet model can be used to simulate human kinematics in a far-side crash.
The MADYMO dummy models (Hybrid I11, BioSID, EuroSID 1, EuroSID2 and SID2s) did not
accurately reflect the motion of a human cadaver under the same impact configurations as the
cadaver test. However, these dummy models provide useful insights.

The presence of a console higher than 8 inches causes undesirable chest loading.

A sguare sled pulse can be adjusted to adequately simulate a far-side car-to-car impact
environment.

5. A side crash with a PDOF of 60 degreesis not accurately simulated by a sled test with an angle of
60 degrees. Vehicle rotation has a large influence on the kinematics of the far-side occupant
relative to the vehicle Computer modeling is useful in determining the appropriate ded
configuration to develop countermeasures for far-side crashes.

6.1 CRASH TEST CONFIGURATIONS FOR THE FAR-SIDE
ENVIRONMENT

6.1.1 Introduction

In Chapter 2, the crash environment associated with injury producing far-side crashes was defined using
US Accident data and confirmed from Australian data. The analysis indicated that for belted occupants
with MAIS 3+ injuries, the 50% median crash severity was a lateral delta-V of 28 kph and an extent of
damage of 3.6 as measured by the CDC scale [SAE Standard J224, Collision Deformation Classification].
The most frequent damage area for serioudly injured belted occupants was the front 2/3 of the vehicle
(42%), followed by the rear 2/3 (21%). The most frequent principa direction of force (PDOF) was 60°
(60%), followed by 90° (24%). The head and chest were the most frequently injured body regions, each at
about 40% [Gabler 2008]. The injuring contacts that most frequently caused chest injury were the struck-
sideinterior (23.6%), the belt or buckle (21.4%) and the seat back (20.9%) [Fildes 2007].

This task applied finite element models of vehicles and barriers to determine the degree to which the
NHTSA and IIHS barriers produced the extent of damage that would be expected in afar-side crash that is
representative of the 50 percentile injury producing crash. The research is documented in more detail in
reportslisted in the Reference section [Mohan, 2005].
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The baseline test for this study was the impact of afull size pickup truck into the side of a Taurus. For a
deltaV of 28 kph and a 90 degree impact with the occupant compartment, the extent of damage was
approximately 3.6.

This test formed the basis for comparing the deformation produced by the NHTSA and IIHS barriers.
Other crash conditions were conducted to determine the crash severity that produced deformation that was
similar in extent to the 90 degree test.

6.1.2 FEM Model Simulations

FE Model of the Ford Taurus was chosen as a representative mid-size sedan for this study. The model is
one of the most detailed models developed and validated at the National Crash Analysis Center. The
model consists of 850K elements (Guerra, 2006). The Taurus FE model istarget vehiclein this study.

The US-LNCAP and the IIHS side impact barriers were used as the bullet vehicles in this study. Both of
these barriers were recently developed at the National Crash Analysis Center (Kildare 2005). The barriers
have been validated for the available |oad cell wall tests. The third bullet vehicle used was a GM C-1500
pick up truck that was developed and validated by the NCAC.

The five different impact configurations and the measured lateral delta-V for each of the configuration are
shown in Figure 6.1.1. The first two configurations were based on the US-.LNCAP and IIHS test
protocols respectively. The remaining three impact configuration was with a GM C-1500 pickup truck.
In the first case the impact point was at the mid of the front door and the impact angle was 60°. The next
case was set-up similar to the IIHS side impact protocol except that the bullet vehicle was a pick-up truck
instead of the barrier. In the third case the impact point was at the front body hinge pillar.

DeltaV —25.8 kph DeltaV —25.2 kph

DeltaV —22.2 kph DeltaV —28.8 kph DeltaV —23.8 kph

Figure6.1.1: Crash Configurations Simulated with FEM Models
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Figure6.1.2: Max Crush at Mid-door

6.1.3 IIHS Crash Test Deformations vs. Model Results

The crush measures from the above impact configurations are shown in Figure 6.1.2. The impact
configuration with the pick-up truck produced the max exterior crush at the windowsill. The extent of
damage was about CDC 3.8. Except for the Y-impact configuration the other 4 cases produces similar
crush characteristics.

The crush measures from the US-LNCAP simulation were compared to the test data available from
NHTSA. The FE model yields a softer response compared to the test data. The model needs to be further
validated and the front seat models needs to be included to obtain better correlation with the test data
However, the results are considered to be useful for comparing the damage patterns.

The IIHS database of side crash tests was examined to determine crush profiles of vehicles tested. The
data on the following 12 vehicles were available: Honda Accord, Nissan Altima, Toyota Camry, Subaru
Forrester, Mitsubishi Galant, Saturn L series, Chevy Malibu, Mazda 6, Volvo S40, Saab 9-3, Hyundai
Sonata, Dodge Stratus.

A plot of the average deformation at the mid level of the door for the 12 vehiclesis shown in Figure 6.1.3
as the plot in blue. The average delta-V of these tests was 23.6 kph. The average CDC extent of
deformation was 2.2. The pink plot shows the FEM simulation for the IIHS barrier impact with a Ford
Taurus at adeta-V of 25.8 kph.

The higher deformation in the FEM simulation is partially due to the elastic component of deformation
that is present in the FEM results but not in the IIHS test results. After the test there is a spring-back of
the door structure. There may also be differences due to the higher delta-V for the FEM test. Finadly, the
model may not account for some of the structural interactions including seat and floorboard interactions.
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Figure 6.1.3 provides two adjustments to the FEM model. The red curve adjusts the FEM deflection for
spring-back. Scaling the FEM curve by a factor of 0.7, as shown in the light blue curve, brings the FEM
model close to the IIHS average deformation pattern.
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Figure 6.1.3: Side deformation — Average of 12 [IHS Testswith Delta-V of 23.6 kph and Predictions
from FEM Modd with a Delta-V of 25.6 kph; Adjustmentsto FEM model for Spring-back

6.1.4 Discussion

Figure 6.1.3 shows a comparison of the residual deformation typical of I1HS tests and the deformation
predicted by the Taurus model. The predicted shape of the deformation matches the test data. However,
the extent of deformation predicted by the model is higher. This result suggests the need for further
validation of the model to predict the extent of damage. However, the model is assumed to be useful in
predicting the shape of the damage.

The shape of the damage predicted by the model for the IIHS test was generaly similar in shape and
extent to the damage produced by a pickup impacting the occupant compartment. Both the NCAP test and
the Y damage test produced less damage to the front door than the IIHS test or the pickup impacts with the
occupant compartment. This observation indicates that the IIHS barrier is the most suitable for simulating
vehicle impacts to the front door of the occupant compartment.

As reported in Chapter 2, the average CDC extent of damage for far-side occupants who sustain AIS 3+
injuries is 3.6. The average CDC extent of damage produced in the IIHS tests plotted in Figure 6.1.3 is
2.0. Thisdifference suggests that the far-side test aped should be higher than the near-side test speed used
by IHS.

The maximum deformation for the pickup impact was within 230 cm of the centerline of the Taurus. This

produced an extent of damage of approximately 3.6. The Y-damage impact produced a lower extent of
damage than that produced by the central impacts.
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6.1.5 Conclusions

The Finite Element Models indicate that the I1HS barrier produced similar damage on a Taurus patterns to
those produced by a full size pickup truck. The NHTSA barrier and the Y damage test produced less
damage to the Taurus front door than the IIHS barrier.

The average CDC extent of damage produced in actual 1IHS crash tests is considerably less that the
average extent of damage to vehicles with far-side occupants injured at the AIS 3+ severity.

Further work is needed to validate the FEM model at the higher crash severities that cause serious injuries
in far-side crashes.

6.2 HUMAN FACET MODEL VALIDATION AND DUMMY
EVALUATION

6.2.1 Introduction

The objective of this research was to use either of the two MADY MO human models provided by TNO —
finite-element and faceted — to create a model that accurately ssimulates occupant motion in far-side
impacts. This model will then be used as the baseline for future modeling. This task provided a
comparison of the kinematics of dummy and human models in the far-side crash environment. The
research is documented in more detail in reports listed in the Reference section [Alonso, 2004].

To date, anthropomorphic test devices (ATD’s) have not been designed with consideration for human
motion in far-side impacts. Thus leaving the question whether ATD’s designed for frontal impacts or
near-side crashes can adequately be used to model human motion in far-side.  Previous tests with a
BioSID dummy confirmed that the dummy does not suitably model the human motion, especially with
consideration to the spine, since it is rather rigid. This was compared with a similar test with a human
cadaver in far-side. (Fildes et al., ICROBI, 2002). Figure 6.2.1 illustrates these MADYMO dummies
compared with a cadaver test.

From top left to top right, the dummies are Hybrid 111, BioSID, and EuroSID 1. The bottom left and
center are EuroSID 2 and SID2s, respectively. These dummy models were exposed to a crash pulse from
a 2000 Taurus side impact NCAP test at 62 kph. The cadaver video, at the bottom right, shows the head
excursion of the dummy does not nearly match that of the cadaver in relation to the passenger seat. This
cadaver test was exposed to a slightly higher speed of 65 kph.

In addition to the ATD MADYMO models, TNO provides two human cadaver models. One model was

based on finite elements and the other used faceted surfaces. These two models were examined for
suitability in far-side impacts.
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Time = 0.175000 Time = 0.175000 Time = 0.175000

Figure 6.2.1: Dummy Modelsin Far-side with Cadaver Comparison - Hybrid |11, BioSID, EuroSID
1, EuroSID2 and SID2s

6.2.2 Results

The TNO human finite element model proved to be difficult to use. First, the dummy cannot be initially
positioned - the finite elements are fixed and validated in a certain position. Secondly, the runtime for the
computer was extraordinary by MADYMO standards. It took a multi-processor machine 36 hours to run
on 4 processors simultaneously. Findly, the model consistently went mathematically unstable. The
meshed surfaces experienced extensive deformation causing the nodes to become chaotic and difficult to
calculate further. The model could not run to completion. Figure 6.2.2 shows the human finite element
simulation with theoretical center console pelvis support.

By examining figure 2, one must question the biofidelity of this model for far-side. The pelvis trandation
shown in the model is perhaps unrealistic. Also, the human model displayed extensive intrusion into the
body, which atrue human is unlikely to react in such away with respect to the pelvis. It is noted that the
model was developed and tested preliminarily for frontal impacts.

Conversely, the TNO human facet model showed promise when modeling a far-side crash. This model is
simpler than the finite element model. It assumes rigid bodies surrounded by fixed nodes creating a
faceted surface. Further, advantageous to this model is the representation of a flexible spine by modeling
each vertebra with individual rigid bodies. Also, it provided flexibility in initial positioning by rotating
joints for the knees, hips, shoulders, elbows, etc.
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Some modifications were made to the model in order to make the human properly react with the seat belts.
It isdifficult for MADY MO to mathematically calculate a facet to facet surface contact. The quantity and
penetration of nodal surface into nodal surfaceis difficult to resolve. Therefore, additional €llipsoids were
added to the human undernesth the skin layer. These ellipsoids surrounded the same rigid bodies that the
facets do, except are used for the belt contact surfaces instead of the facets. Ellipsoids were added for the
rigid bodies making the pelvis, abdomen, shoulders, and upper arms. Besides the seat belt contacts, these
ellipsoids are inconsequential to the rest of the model.

KN

==Y

Figure 6.2.2: Human Finite Element Simulation

Upon placing the human facet model into the interior of the vehicle, positioning it properly, and defining
the contact functions; the model duplicated the motion of the cadaver quite well. The excursion and upper
body motion of the two were similar. Figure 6.2.3 shows the two synchronized at discrete time steps.

The crash pulse recorded during the cadaver test was used as the input for the MADYMO model. This
pulse measured the lateral acceleration of the Holden Commodore as it was struck on the far-side.

One difference between the two models is noted in the shoulder belt. In the MADYMO model, the
shoulder belt easily fals off the occupant. In the cadaver, some light friction keeps the belt on the
occupant. In the MADYMO model, it is difficult to model friction between to faceted surfaces, which
may explain this.



0 ms

Figure6.2.3; Human Facet Model with Cadaver Comparison
To further examine the human facet model, a direct comparison with a Hybrid 11l MADYMO model was

made. A pulse from an IIHS barrier test was used to excite both models simultaneoudy. Figure 6.2.4
shows snap shots of the two at 0, 100, and 150 milliseconds.
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Human Facet MADYMO Model vs Hybrid IIl MADYMO Model - [IHS Pulse

Figure6.2.4: Human Facet MADYMO Model vs. Hybrid Il MADYMO M odel

In Figure 6.2.4, the vertica line through the passenger seat estimates the maximum intrusion distance
from the impact. This estimation comes from a finite element vehicle model conducted at the GWU —
National Crash Analysis Center (Digges et al, AAAM, 2005). The difference between the human facet
model and Hybrid 111 is clear when examining the occupant excursion towards the impact. The head
location for the human facet model is similar to a cadaver test while the Hybrid 111 model prodyces quite
different results..

6.2.3 Conclusions

Using visual approximations, the human facet model moved similarly to a human cadaver test under the
same impact configuration. Using this single test as a benchmark, comfort was gained in this model — it
moved more similar to the human than any crash dummy or other computer model did. In contrast the
human finite element MADYMO model seemed not to be too realistic, and it was difficult to use. As
shown in Figures 1 and 4, the MADY MO dummy models (Hybrid 111, BioSID, EuroSID 1, EuroSID2, or
SID2s) did not accurately reflect the motion of a human cadaver under the same impact configurations as
acadaver test.

In the future, this model should be refined and correlated to more cadaver tests. Parameters such as chest
and head acceleration plots should be examined more closely and checked for correctness.
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6.3 EFFECT OF SLED TEST PARAMETERS ON DUMMY
KINEMATICS

6.3.1 Introduction

The objective of this task is to use the MADY MO computer simulation tool to examine the effects of the
crash pulse and the center console height on occupant motion in far-side impacts. The research is
documented in more detail in reports listed in the Reference section [Alonso, 2004].

When examining occupant motion in far-side impacts, it is apparent that few countermeasures exist to
l[imit motion towards the far-side surface. Occupant head strikes to the far-side surface (a-pillar, door,
roof, or b-pillar) are observed in real world crash investigations. Thisis also confirmed in cadaver testing
with full vehicleto vehicle collisions.

For belted occupants, which this study limitsitself to, the lap portion of a 3-point seatbelt hel ps to keep the
occupant’s pelvis in the seat. However, the shoulder belt provides little resistance for the upper body,
while the lap portion keeps the pelvisin place. The center console aso prevents the pelvis and abdomen
from trandating towards the impact. However, the size, shape, and even presence of a console vary
among vehicle models.

Another objective was to use the MADYMO computer simulation tool to determine whether a square
acceleration pulse of equal energy to a peaked crash pulseis suitable for far-side cadaver Hyge sled tests.
The Hyge sled at Medical College of Wisconsin was designed to run square shaped decel eration profiles.
This sled will be used for future far-side human cadaver or dummy experiments. A previous cadaver test
for far-side utilized a full-vehicle - Holden Commodore. This vehicle was struck on the far-side according
to ECE 95 protocol. The test produced a multi-peaked acceleration pulse, as measured in full-vehicle
crashes (Fildes et a., ICROBI, 2002).

6.3.2 Methods

A previous Task with MADYMO modeling, reported in Section 2, found the TNO human facet model
placed inside a simplified vehicle model visually correlated rather well to a smilar cadaver test. This
grossly validated model served as the foundation for the center console experiment. The model contained
on occupant seated in the normal driving position with a steering wheel, center console, transmission
tunnel, and a 3 point belt system.

The lateral acceleration pulse from the cadaver test performed by Fildes et a. with a Holden Commordore
was used as the input for each run (Fildes et al IRCOBI 2002). Only the y-direction acceleration was
considered, ignoring X, z, roll, pitch, and yaw accelerations. As part of the study, the square sled pul se of
the MCW dled was scaled to provide the same energy as the Holden crash pulse.

Ten different levels for the center console were chosen. Firgt, the center console was made flush with the
driver and passenger seats. Each iteration of the model raised the center console by 25 mm (approximately
linch). The center console started out as flush then moved up by one inch until standing 10 inches above
the seats.

6.3.3 Results

The vehicle crash pulse in Figure 6.3.1 was applied to the human facet model and the height of the center
console was varied. The combined forces placed on the center console for each iteration of console height
was determined. Figure 6.2.2 shows the peak force for each center console height.
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The two curves from Figure 6.3.1 were used as the input for a MADYMO model with the TNO human
faceted occupant. The model was only accelerated in the y-direction (lateral) according to the curves.
Any accelerations in the x or z directions were ignored, in addition to not accounting for vehicle rall,

pitch, and yaw. Both simulations were run from O to 200 milliseconds. For any time beyond 170ms, the
accel eration was assumed to be 0 "/ 2.
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Peaked Pulse Square Pulse

Figure 6.3.3: Human Facet M odel with Peaked and Squar e Pulses

Figure 6.3.2 contains snapshots of the vehicle and sled pulse animations simultaneousy. The model
predicted the occupant excursion in a square wave impact was dightly greater than the excursion in a
peaked wave impact, this is demonstrated in the snapshot at 175ms. Also, the occupant’s reaction to the
peaked pulseis delayed to that of the square pulse. .
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6.3.4 Conclusions

The model predicts that the height of the center console changed the occupant excursion dlightly, perhaps
not as much as would be expected. The force exerted by the occupant on the center console increased as
the height of the center console increased, however, when the center console remained low, the belt
restraint system restrained the pelvis rather than the center console.

It appears that as the center console height increased above 8 inches, it loaded the occupant’s abdomen
and ribs. However, this was not measured on the MADYMO model due to the difficulty of using the
faceted surfaces.

The plots for the lap belt force numbers are inconclusive at this point. The human facet model used has
not been correlated to atest and the forces have not been checked for correctness. From the plot in figure
3 it is seen that the magnitudes of the belt forces did not change significantly as the center console height
changed, especialy within the first 60 milliseconds. This could be interpreted that the lap belt holds the
restrains the pelvis regardless of center console height. Beyond this the shape of the plots move rather
erratically. Thisis when the pelvis moves upward over the center console, which changes as the center
consol e changes.

In examining the consequence of different crash pulses, there were differences in excursion distance and
time delay. However, the motion of the two human models remain remarkably similar based on these
results from MADYMO modeling. Nearly the same result was achieved between the two with
acceleration pulses of equal energy. Similar peak acceleration magnitudes of the head, chest, and pelvis
were produced. The square pulse was considered to be satisfactory for smulating a far-side crash.

6.4 VARIATIONS OF DUMMIES AND COUNTERMEASURES

6.4.1 Introduction

Callisions occurring on the far-side of the vehicle to the occupant position account for a significant
portion of automotive fatalities and HARM annually. All side impacts generally account for 35% of road
trauma (Fildes 2002). Of these side-impact injuries, those resulting from impacts on the far-side of the
vehicle account for 40% of HARM (Fildes, Digges, etc.). Despite these statistics, most research and
regulations to date for side-impacts are dedicated to near-side, without further understanding of injury
mechanisms of far-side.

Impacts on the far-side are most commonly characterized by a head injury and fewer chest and abdominal
injuries (Fildes 1994). These outcomes stem from occupants excursion out of the seat and contacting the
far-side door, impacting vehicle or object, or occupant (Fildes 1994). This same excursion and occupant
kinematics are not seen in near-side impacts due to the nature of the event.

Since most side impact research and regulations are focused on near-side impacts, side-impact dummies
are designed to consider injury criteria and biofidelic requirements of near-side hits. These are
characterized by broad intruding impacts to one side of the body. Conversely, far-side is marked by
excursion out of the seat and towards source of impact. Typica modern vehicle interior arrangements are
limited in the ability to hold the occupant in place during this situation and thus results in upper torso
movement and spinal bending. In contrast, the occupant usually absorbs near-side impacts in the ribs and
hips. The stark differences in these two side-impact scenarios places the suitability of current side-impact
ATDsfor far-side impact testing into question.
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This section of the report seeks to further evaluate the available dummy models using computer
simulations to assess dummy responses to typical countermeasures in far-side crashes. For thoroughness,
multiple angles and multiples speeds were used in the simulations. Additional details on this research are
reported in the Reference section [Alonso, 2007].

6.4.2 Methodology

The model work commenced with a previous MADYMO model designed primarily for frontal impacts. It
contained a Hybrid 111 crash test dummy seated inside a full vehicle interior. From this, any vehicle
acceleration could be applied linearly in the x, y, or z-axis directions, concurrently with rotational
accelerations around the three axes. Contact interactions and force deflection functions between the
dummy and vehicle interior were previously defined in the model. The first far-side simulations began by
applying y-axis acceleration pulses for a side impact test to this same model.

Upon deleting the Hybrid 111 dummy from the model, the remaining vehicle interior was used as the basis
of future simulations with other dummy models. The origind model was written in MADYMO Version
5.4 and converted to MADYMO 6.0.1 in XML computer language. All further modeling conducted in
MADYMO 6.0.1 table format.

Five dummy models in total were analyzed, they were:
(1) Hybrid I11; (2) BioSID; (3) EuroSID I; (4) EuroSID 11, and (5) SID2s.

With these dummy models, five restraint configurations were simulated:
(1) Baseline (just vehicle interior); (2) Reverse belts, (3) Base with chest airbag; (4) Base with
shoulder airbag, and (5) Base with chest and shoulder airbag.

The five dummies and five restraint configurations were subjected to both a lateral and a 45 degree crash
pulse. This totaled 50 simulations for the dummies. The human facet model was also subjected to the
simulation matrix.

Figure 6.4.1 shows each dummy’s prediction of neck injury for the air bag configurations. Three metrics
were used: F,, neck tension and compression; F,, neck shear force; and M,, the bending moment about x-
axis. All these measurements were taken at the upper and lower bodies of the neck. The graphs display
the peak forces and moments for each measurement. The vertical axis represents the percent value of the
injury assessment reference value.

6.4.3 Discussion

For each of the simulations in the configuration with only a standard 3-point belt, it was seen that
occupant excursion existed towards the passenger seat, but did not reach the door. Although the five
dummies reacted similarly, differences till existed. For example, the BioSID, with arigid spine was not
able to bend easily around the center console, transmitting more load into the neck. Conversdly, the
Hybrid 111 with the exact same neck contained lower forces. The more flexible spine of the Hybrid 111
allowed it to bend and thus decrease neck forces.

To assess the dummies' suitability for far-side testing, additional countermeasures were introduced to
reduce occupant excursion. The countermeasures were: chest and shoulder airbags and a 3-point seatbelt
in the reverse direction. Each limited occupant excursion, however, exposed more unique possibilities of
injuries.
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A chest airbag prevented some excursion, but not nearly as much as the shoulder bag or reverse belt.
However, it restrained each dummy in the rib region, which introduces the potential for rib injuries.

The shoulder airbag restrained each dummy at the top of the torso. This was effective at preventing
occupant excursion, however, it eft the head unrestrained. By restraining the upper body and leaving the
head unrestrained additional load was transmitted to the neck. For this countermeasure, the Hybrid 111
neck measurements were close to the injury value, but still below the injury threshold.

The chest and shoulder bags together acted similarly to the shoulder bag alone. This situation looked
much like a near-side impact and contact with adoor. Again, the head was unrestrained and put additional
stress on the neck.

The SID2s was the only odd sized dummy used. The EuroSID | and I, BioSID, and Hybrid 1l are all
based on a 50" percentile male. The SID2s, based on a smaller individual, exposed the vulnerability of
the chest and shoulder bags to smaller sized occupants. The SID2s struck the chest bag with its shoulder
and the shoulder bag with its head/neck. Positioning of these bags may be difficult for oversize and
undersized occupants. Additionaly, the chest and shoulder bags showed possible weaknesses of the
countermeasures for elderly occupants with weak bones. The chest bag put nearly all forces into the rib
areas, and the shoulder bag onto bones of the shoulder.

The reverse 3-point belt is a ssimple and cheap method of restraining an occupant for far-side collisions.
The simulations demonstrated the effectiveness of such a countermeasure. All ATDs were prevented from
moving over the center console, by loading the neck and shoulder. Although effective at restraining
motion using the neck, this sensitive area of the body can lead to further injuries. MADYMO was able to
show significantly higher neck load forces for this situation, many beyond injury thresholds.

6.4.4 Conclusions

Side-impact dummies, designed primarily to test for occupant injuries on the near-side are limited in their
ability to emulate occupant kinematics for afar-sideimpact. A Hybrid Il test device, designed primarily
for frontal impacts, islimited in its ability to test for far-side impacts. Based on historical crash data, the
leading cause of injury in side-impacts on the far-side is head strikes with the opposite side hard vehicle
surfaces. The occupant kinematics that led to this result were reproduced with a post mortem human
subject (PMHS). The PMHS, seated in the vehicle, moved out of its seat and contacted the far-side B-
pillar when its vehicle was impacted on the far-side.

Computer simulations offer an easy way to test additional dummies and circumstances. Five
anthropomorphic test devices (ATDs) were ssimulated in MADYMO for far-side impacts and all failed to
produce desired kinematics.

Despite the short-comings of the dummies for reproducing far-side kinematics, the reaction of these
dummies in MADYMO to certain countermeasures offers some insight into future studies. A reverse 3-
point seatbelt effectively restrained the occupant. However, it significantly increased neck force levels.
Chest and shoulder airbags contained the occupant and prevented excursion. However, these
countermeasures |eft the head and neck unrestrained and an awkward movement of the head resulted. In
addition, the use of a petite dummy showed that positioning of these airbags for different size occupants
may be difficult.
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6.5 SLED TEST CONFIGURATIONS FOR THE FAR-SIDE CRASH
ENVIRONMENT

6.5.1 Introduction

In order to devel op countermeasures for occupants seated on the non-stuck side of avehicleit is necessary
to specify the ded test procedures to evaluate the safety performance. To date there have been very few
crash tests with dummies on the far-side of the crash. The primary purpose of this study isto develop sled
tests that mimics the far-side crash environment. The crash orientations selected for this study include
crash tests of vehicles that undergo significant yaw during the event. A successful duplication of occupant
motion in far-side crashes will prove that a sled test is an effective, cost-efficient means of testing and
devel oping safety countermeasures for far-side occupants.
This research applies finite element vehicle modeling and MADY MO occupant modeling to determine the
sled test conditions required to simulate crash environments that produce significant numbers of AIS 3+
injuries to far-side occupants. Of particular interest are angular crashes and crashes that produce vehicle
rotation that could influence occupant kinematics. The SNCAP test was included in the study because the
striking barrier’ s direction of travel is 63 degrees relative to the centerline of the struck vehicle.
The following crash modes were modeled in this study: The NHTSA Test 4660 is discussed in this
summary. The other results are contained in the paper documenting the research [ Cuadradro 2008].

o SNCAP Crash Test

o Y Damage Crash Test

o 40% Overlap 30° Corner Impact Crash Test (NHTSA Test 4660)

6.5.2 Background

The crash environment that produces injuries in far-side impacts has been studied by others [Gabler 2005,
Digges 2001]. A large number of crashes that produce serious injuries occur in configurations that
produce rotation of the impacted vehicle. To date, the countermeasures being evaluated in sled tests that
do not consider the complications created by vehicle rotation [Bostrom 2003]. A requirement exists for
appropriate ded test configurations to permit the economical development of effective far-side
countermeasures. Initial considerations of the ded test requirements for crashes with rotation have been
published by Smyth [2007]. The present study is based on a thesis for a Master’s degree at the George
Washington University [Cuadrado, 2008]. The thesis contains additional simulations based on finite
element models of vehicle-to-vehicle crashes and in-depth evaluations of the requirements for a sled crash
pulse.

The change in velocity, or delta-V, is a metric frequently used by researchers and experts to define crash
severity and determine injury causation [Palmer 2006]. Numerous studies have analysed the relationships
between the vehicle delta-V, occupant delta-V, and occupant injury [Marine 1998, Buhdorf 1996, Roberts
1993]. For cases with negligible vehicle rotation, the occupant delta-V is similar to that of the vehicle
[Cheng 1989]. However, the delta-V must be calculated for every position within the vehicle if it rotates to
account for the change in angular velocity and angular displacement [Fay 1996]. Taking the rotational
component into consideration means that the total delta-V for occupants on one side of the vehicle will be
reduced while increasing the total delta-V for occupants on the other side of the vehicle [Fay 1996]. This
fact is pertinent in understanding the differences in the crash environment between near and far-side
occupants.

Another important consideration is that near-side occupants contact the inside of the vehicle within 50 ms
of theinitial impact while far-side occupants can strike the interior as late as 180 ms after impact [ Solinski
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1997]. Thisis particularly significant in side collisions. Near-side passengers are commonly struck by the
intruding interior while far-side occupants have sufficient interior space to permit more of the crash
energy to be absorbed by restraint systems before contact with the vehicle interior occurs. In addition, the
longer “ride down” time for far-side occupants permits more time for arotating vehicle to move relative to
the occupant. Consequently, the influence of the vehicle's motion and intrusion will be different for far-
side occupants.

6.5.3 Methodology

The kinematics of far-side occupants exposed to impacts that involve vehicle rotation are largely
unknown. As of 2007 there are over 5000 crash tests in the National Highway Traffic Safety
Administration (NHTSA) database, but only three tests were found to have been performed with
a far-side dummy. These tests were unable to be used in this study because they were not
instrumented with accelerometers in the lateral direction and poor video quality prevented
accurate yaw data to be obtained through video analysis. In addition, US Government research has
not conducted crash tests in configurations that are responsible for most of the far-side injuries.
Consequently, the far-side occupant motion in a crash test configuration must be determined in order to
design aded test for each considered case. The cases chosen in this study were based on three full-scale
crash tests that were availablein the GW film library. None of these crash tests contained a dummy on the
far-side of the vehicle.

The methodology involved running the MADYMO model in two steps [MADYMO 2004]. The
MADYMO human facet model was selected based on the validation of the model for far-side occupant
simulations by Alonso [2005] and summarized in Sections 3 and 4 of this Section.

In the first step, the actual vehicle acceleration and yaw experienced by the subject vehicle in each crash
test were used to create the acceleration environment for aMADY MO model to determine the motion that
a far-side occupant would undergo in each crash mode. The computer model permits the vehicle to
undergo both linear and angular accelerations that vary with time. Consequently the actual rotation of the
vehicle can be smulated. However, it is assumed that the sled angle will remain constant. The challenge
was to determine the appropriate sled angle to simulate the far-side crash environments represented by
injury producing events.

The second step was to determine a ded test with a constant angle of rotation that best simulates the far-
side occupant motion and contacts. In this step, runs with different sled angles were conducted and the
far-side occupant motion was compared with the response in the crash test from step one.

The input variables of the ded test model were altered until the occupant motion matched that of the crash
test model. The reference condition for the evaluation of occupant motion was the occupant restrained
only by alap belt. The objective was to match the trgjectory of the head as closely as possible to the
occupant in the crash pulse model. The lap belt configuration was chosen to maximize the amount of
distance the occupant’s head would travel unimpeded. Errors that may be indistinguishable when
comparing 3-point belted occupants will be exacerbated due to the longer travel distance. The proper
configuration was then simulated and compared for occupants using 3-point belt restraints. The final ded
test configuration can then be used in an actual ded test to mimic the occupant motion of a far-side
occupant exposed to the original crash environment.

The dummy model seating position was determined from the 2000 Ford Taurus SNCAP NHTSA Test
Report (Test No. 3263). Although more far-side accidents occur with an occupant in the driver seating
position, the passenger position was chosen to allow for a greater travel distance before interacting with
the vehicle instrument panel.
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In this study, the sled angle is defined as the angle that the buck is rotated with respect to its position in the
crash pulse tests. The pulse is applied to the buck in the negative x-direction of the global coordinate
system. The dled angle for a frontal impact test is 0° and is 90° for a side impact test. The initial sled
angle for each pulse was set to the impact angle between the bullet vehicle/barrier and the longitudinal
axis of the target vehicle. The simulations were then run using the baseline vehicle crash pulse. The sled
angle and pulse were then adjusted on atria and error basis until the timing and contact locations of the
sled test occupant matched that of the crash pulse model.

Figure 6.5.1. Comparison of 30° Corner Impact Crash Pulse Test (left) to Initial Sled Test
(right)

Results from sled test ssmulations revealed that the angle between the occupant’ s torso and the instrument
panel significantly differed between the crash pulse model and ded test model (see Fig 6.5.1). This
difference is only noted in crashes where vehicle yaw was a factor. Therefore, the difference was
attributed to the rotation of the vehicle relative to the occupant.

In order to deal with crashes in which the vehicle rotates relative to the occupant, the dashboard on the
sled was rotated. This technique created a ded buck with the seat and floorboard in the coordinate system
of the crash tests' initial position and an instrument panel in the coordinate system of the crash tests' fina
position. This sled modification allowed for the vehicle yaw to be considered (see Figure 6.5.2).

o,

Figure 6.5.2. Comparison of 30° Corner Impact Crash Pulse Test (I€ft) to Initial Sled Test (right)
with Rotated I nstrument Panel
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6.5.4 Simulations

The sled test configurations are defined by the following parameters. pulse shape, pulse magnitude, pulse
duration, sled angle, and instrument panel angle. Three crash test cases are presented in detail to
demonstrate the process used to determine the proper ded configuration. The cases to follow will
concentrate on the appropriate sled angle and instrument panel angle. A discussion of the crash pulses can
be found in the documentation for the compl ete study [ Cuadrado 2008].

The available crash tests did not have a dummy located in the far-side seating position. Consequently, the
motion of the far-side occupant was simulated using the MADY MO human facet model. The smulation
was accomplished by applying the vehicle accel eration pul se measured at the occupant location during the
actual crash. This smulation was called “Pulse” because the actua crash pulse was applied to the
simulation

Two belt configurations were simulated. These configurations were lap belt only and conventional three
point lap and shoulder belt. In the baseline simulations, the far-side occupant was restrained by a lap belt
only. This belt configuration was chosen to provide the most extreme upper body excursion for a
restrained occupant. This configuration also represented a worst-case scenario in the event the shoulder
belt had no influence on the kinematics.

The kinematics obtained from the lap belt “Pulse” simulations formed the basis for judging the suitability
of asled configuration to provide the same general motion and upper body contact locations. The ded test
was simulated applying a constant direction acceleration pulse that was representative of the crash to an
occupant compartment configuration that was rotated relative to the direction of travel. The simulations
of the ded configurations were labeled “ Sled”.

It was found that in some crashes, the rotation of the vehicle relative to the occupant was sufficient to
require that the dashboard be rotated as well as the sled angle. The kinematics of the far-side occupant
restrained by a lap belt was compared with the kinematics from the “Pulse” simulation. The ded and
dashboard angles were adjusted until agreement was reached. After agreement of the lap belt
configurations, the “Pulse” and “ Sled” simulations with three point belts were compared.

6.5.5 Simulation Results

Table 6.5.1 presents the final ded and instrument panel angle for 3 different tests modelled in this study.
The details of these ssimulations are included in the paper that documents the study [Cuadradro, 2008].
Although the moving barrier in the SNCAP test had a direction of travel 63 degrees to the struck vehicle
centerlines, the appropriate sled angle was amost 90 degrees (87°). The Y damage tests had the same sled
angle (87°), but required arotated interior that resulted in the greatest total angle of 95.4°.

The instrument panel angle is equal to the vehicle rotation when the event is considered ‘over’ in each
case. For thisreason, it is dependent upon the location that the force of impact acts and the moment that it
places on the vehicle with respect to the vehicle's center of gravity. This effect is observed by comparing
the SNCAP and Y damage tests, which both contact the side of the vehicle. The MDB in the SNCAP test
contacts the subject vehicle near its center causing the PDOF to pass near the vehicle center of gravity.
The bullet vehicle in the Y damage test contacts the target vehicle in the front of the vehicle creating the
8.4° of rotation observed in the test. It follows that the amount of energy transmitted by the bullet vehicle
inaY damage crash configuration could influence the sled configuration.
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Table 6.5.1. Summary of Sled and I nstrument Panel (IP) Angle

TEST
SLED IP TOTAL
TEST CONFIGURATION IMPACT ANGLE | ANGLE | ANGLE
ANGLE
63° SNCAP —25.8 k/hr 90° 87° 0.0° 87.0°
90° Y Damage ~ 26 k/hr 90° 87° 8.4° 95.4°
30° Corner Impact - 57.6 k/hr 30° 43° 8.5° 51.5°

Thetotal angle for each test configuration is composed of the ded angle, or angle of the sled buck, and the
instrument panel angle, which is equa to the amount of rotation experienced by the vehicle during the
event. An increase in the impact angle of the bullet vehicle to the target vehicle typically increases the
sled angle, but adirect correlation can not be made between the two angles.

For the three cases simulated, the occupant kinematics of the sled tests accurately mimicked the occupants
of their corresponding crash tests. The ded test configuration determined from the lap belt tests was aso
found to be the proper configuration for occupants wearing 3-point belt restraints

The accuracy of the ded test occupant excursion is greatly dependent upon the amount of vehicle rotation
in the crash test. This is seen in the Head Excursion Cross Plots as the ded tests occupants move in a
relatively linear motion while the vehicle rotates underneath the crash tests occupants. The Head PDOF
plots reiterate these findings as the Sled curves remains relatively constant and the Pulse curves change
dependent on the amount of vehicle rotation. In al casesthe Head PDOF of the Sled and Pulse curves are
nearly identical when the event is considered ‘over’ for the crash mode.

6.5.6 Conclusions

The results from this study show that a sled test can effectively mimic the kinematic response of afar-side
occupant in the side and corner impacts for which there was crash test data. The impact angle, initial
vehicle velocities, ddta-V, and impact location are al important factors in developing a proper sled test
configuration. However, no direct correlations were able to be determined between a single variable and
the sled pulse or correct ded or instrument panel angle to be used in the test configuration. Of equal
importance to each of these variables is how the structure of each vehicle interacts with one another. This
interaction is highly dependent upon the previously mentioned variables but can dragtically change with
small variationsin the impact conditions.

Although the results from this study conclude that crashes are too complicated to correlate a single input
variable to the ded configuration, certain sled configurations may accurately represent a wide range of
crash environments. For example, a sled test angle of 87 degrees appeared to be appropriate for both the
SNCAP and the Y -damage test conditions that were smulated. The use of the approach documented by
this paper will provide a basis for determining the best sled configuration to mimic any far-side crash
condition.
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7 COMPUTER MODEL DEVELOPMENT
AUTHORS: Clay Douglas, Brian Fildes, Tom Gibson & Peter Hillard

7.0 INTRODUCTION

In current vehicles, the primary form of restraint for a far-side occupant is the outboard mounted three-
point (lap-sash) seatbelt. However, it has been recognised that this design does not aways provide
sufficient thoracic restraint in far-side impacts. In the early 1990’s, Mackay et al. (1993) observed that of
those far-side occupants sustaining AIS 2 head injuries, 35% experienced excursion from the shoulder
section of the seat belt. A similar finding was reported more recently Gabler et a. (2005), where he
observed that 32% of the AIS 2+ head injuries could be attributed to contact with the right interior, b-
pillar and roof. In order to be subjected to impacts from these contact sources, it is likely that the occupant
slipped out of the shoulder portion of the seatbelt. Another finding by Gabler and colleagues was that the
seat belt was the cause of 86% and 24% of AIS 2+ abdominal and chest injuries respectively sustained in
far-side crashes (Gabler et al., 2005). There have been few laboratory tests investigating the problem of
seatbelt performance in far-side impacts (Adomeit et al., 1988; Horsch, 1980; Kent et al., 2003; Tdornvall
et al., 2005), primarily due to the lack of government regulations and consumer tests. Another issue which
has not yet been analysed isthe role of seat back contour and its effect on lateral restraint.

Due to the lack of far-side impact regulations, no ATD has been designed specifically for far-side impacts.
It has been proposed that the WorldSID is the best of the available ATDs for this impact configuration, but
it still exhibits certain limitations (Fildes et al., 2002). In his comparison of ThorNT and WorldSID against
PMHS in a series of far-side impacts, Pintar concluded that both types of ATDs had limitations (Pintar et
al., 2008). WorldSID appeared to operate better in lateral impacts and in cases where plate-type
countermeasures are used, whereas Thor-NT was better in oblique impacts and evaluating belt-type
countermeasures. The results from both the WorldSID and the Thor-NT were implicated by the
performance of the thorax-abdomen regions, which were not capable of accurately measuring deflection.

While there may not be a well accepted physical ATD for far-side impacts, there is potential to use
computer models to further investigate occupant dynamics and countermeasures. The TNO Human Facet
Modd (HFM) has been proposed as the best model available far-side impact analysis (Alonso et a.,
2008). Alonso and colleagues compared the BioSID, EuroSID I1, SID-11s, TNO Human FE Model and the
HFM through simulating a simplified far-side impact modelled on physical test results from Fildes et al.,
(2002). Despite the simplified approach, it was clear that from the models investigated, only the HFM was
suitable for use in far-side crash simulations. The TNO HFM is a multibody model consisting of rigid and
flexible bodies connected by a series of joints whose exterior contact surface is made up of facets (Figure
7.1). While the model does not strictly use the finite element method, it provides an increased level of
sophistication compared to earlier ellipsoid models.

In terms of occupant biofidelity under impact loadings, the HFM has been partialy validated for
frontal, rear and lateral impacts (TNO, 2005). De Lange et al. (2005) demonstrated the most complete
validation of the HFM thus far showing that in latera impacts the model compares well to the most
advanced side-impact ATD, the WorldSID (8.6 compared to 8.0). In these lateral impacts, De Lange and
colleagues used simulations based on physical requirements from 1SO-TR9890. This demonstrated the
model’s latera biofidelity for the head, neck, thorax, abdomen and pelvis. The primary aim of this aspect
of the collaborative project was to develop and validate an occupant model for far-side impacts. This
model was then designed to be capable of predicting trends in occupant response when subjected to
various impact configurations.
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Figure 7.1. The modified TNO Human Facet Model in a sled set-up (left) and the model without
thorax elements present, but with spine and shoulder ellipsoids present (right).

7.1 TESTS CONDUCTED AND RESULTS

The version of the TNO Human Facet Model used in this study is that modified and described in Douglas
et a. (2008). The model runs in MADYMO Version 6.2.2. All mathematical models were created to
geometrically match physical testing. The HFM was exercised through a series of pendulum, quasi-static
rig, sled and full-vehicle tests with the results compared to volunteers, PMHS and ATDs where available.

All channdls are filtered according to SAE-J211. Thoracic and abdomen deflections were measured at the
site of impact using the displacement of the deformable bodies which are pre-existing in the HFM
(DISVEL output files). The HFM has four sets of deformable bodies located on the front and lateral sides.
All HFM accelerations and contact forces were derived from the LINACC and CNTFRC outpuits files in
the MADYMO.

7.1.1 Quasi-static far-side tests

These tests aimed to characterise the influence of belt geometry and pretension on the belt to shoulder-
complex interaction in alateral far-side impact. This was achieved using atest rig that rotated the subject
in the frontal plane, about an axis running horizontal to the ground through their thorax. When rotated 90°,
the subject experienced a 19 latera force. The subject was seated normally in a Volvo V80 seat with the
belt in the driver's position (Figure 7.2). The seat x-position (fore/aft) was instrumented such that 5
positions: 0, 60, 120, 180, and 240 could be determined. These positions (measured in millimetres from
most-rearward) represented 0%, 25%, 50%, 85%, and 100% forward.

Figure 7.2. Rotating quasi-static rig: the actual rig (left) and the simulated rig (right).
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Three subjects were put through the entire matrix of tests: a Hybrid I11 50th percentile male; a Hybrid 111
50th percentile male with a spring-spine (as seen in Bostrom et al., 2005); and a mid-sized male volunteer
(V1) (180cm, 80kg). The Spring-spine was added to the Hybrid 111 ATD to allow the spine to shear, bend
and eongate. A second volunteer (V2) with broader shoulders and greater chest depth was exposed only
to the X=120mm, ON pretension configuration to highlight the difference body size had on the resulting
restraint. V1's shoulder breadth was approximately 480mm, whereas V2's was 560mm. The shoulder
breadth of the human model was approximately 460mm.

The only measurement from the physical quasi-static tests was whether the seat belt dlipped off the
shoulder or not. Slip was deemed to have occurred if the belt slipped off the shoulder and loaded the upper
arm. Five physical tests were conducted with each subject at the same configuration. As such, the
percentage of times belt dip occurred for each configuration was determined. As the model’s shoulder
was not standard, shoulder anteroposterior (AP) thickness was varied to quantify the model’ s sensitivity to
this dimension. The standard AP thickness used was 106mm, which represents a 50th percentile male
(Tilley et al., 2002). Here, shoulder AP thickness was increased to 116mm and also decreased to 82mm to
replicate dimensions for 99" and 1% percentile males respectively (Tilley et al., 2002). The results from the
four rearmost D-ring positions are shown (Table 1). For V1, the most-forward D-ring (X=0mm) gave the
same results as X=60mm. Hence those results are not shown.

Table 7.1. Quasi-static test results at 1g. The numbers represent the proportion of time slip
occurred at that configuration while the shading represents cases that match V1's response.

VOLUNTEER 1 (V1) HYBRID IIl SPRING-SPINE

D-ring Pos. ON 100-150N{200-250N D-ring Pos. ON 100-150N{ 200-250N
60 100 100 100 60 100 60 0
120 100 100 20 120 100 0 0
180 100 0 0 180 0 0 0
240 100 0 0 240 0 0 0

HUMAN MODEL HYBRID Il

D-ring Pos. ON 125N 225N D-ring Pos. ON 100-150N{ 200-250N
60 100 100 100 60 60 0 0
120 100 100 0 120 0 0 0
180 100 0 0 180 0 0 0
240 100 0 0 240 0 0 0

The results from the volunteer tests indicated that a trend exists between moving the D-ring rearward,
increasing pretension, and thus, an increased likelihood of the belt engaging the shoulder. A visua
example of subjectsin cases of belt slip and shoulder or thorax engagement can be seen in Figure 7.3. The
results also highlighted that the model correctly predicted the binary outcomes from the mid-sized
volunteer tests, in addition to the trend observed between D-ring position, pretension and belt dip. The
only difference being the case of X=120mm, 200-250N, where the model was not able to predict a 20%
likelihood of dip. This model was only capable of predicting 0% or 100% likelihood, as the input
parameters are fixed for a given configuration. In the physical testing, some minor differencesin test setup
may have been present. Hence the reason for completing five tests at any one configuration.
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Figure 7.3. Volunteer 1 (left), Hybrid Il Spring-Spine (centre) and Human model (right). Cases
indicative of belt slip are seen on top, with cases engaging the shoulder or thorax on the bottom.

In addition to the dlip or no-dlip condition, model T1 lateral (Y) displacements were plotted to quantify the
effect of D-ring position and pretension on the thorax lateral displacement (Figure 7.4). The results
indicated that the belt dipping (or not dslipping) off the shoulder is a crucia factor influencing the
magnitude of thorax lateral displacement. For cases where the belt slips off the shoulder, T1 displacements
average 138mm, whereas when the belt engages the shoulder the average displacement is 126mm. This
only equates to an average 9% reduction in T1 latera displacement. It should be noted however that the
maximum displacements for cases with dip occurred approximately 200ms earlier that those with

engagement.
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Figure 7.4. T1 lateral displacement versus time for cases with belt slip (left) and those
engaging the shoulder (right).
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As previously mentioned, V2 was only tested in the X=120mm, ON pretension case. At that configuration,
no belt dip was observed for the larger occupant. Despite this only being a single configuration, it
suggests that anthropometry plays a major role in governing restraint. It also implies that outboard
mounted three-point belts may better restrain larger occupants in far-side impacts. Due to this effect, it
was expected that varying the model’s shoulder AP thickness would affect belt to shoulder interaction.
Results suggest that this dimension is an important factor in governing restraint (Table 7.2). Specifically,
that an increased shoulder thickness increased the likelihood of the shoulder engaging the belt and vice
versa. Other factors such as shoulder breadth and chest depth may also be contributors, however this was
not possible to vary with the model at hand. Hence, thus far, all these results suggest is that the model is
sensitive to shoulder AP thickness. Further investigations should be carried out with more volunteersin an
attempt to better quantify this relationship.

Table 7.2. Sensitivity of model to shoulder AP thickness.

HUMAN MODEL (1% SHOUL DER) HUMAN MODEL (99% SHOULDER))
D-ring ON 125N 225N D-ring ON 125N 225N
60 Y Y Y 60 Y Y Y
120 Y Y Y 120 Y N N
180 Y N N 180 N N N
240 Y N N 240 N N N

HUMAN MODEL (50% SHOUL DER)

D-ring ON 125N 225N
60 Y Y Y
120 Y Y N
180 Y N N
240 Y N N

7.1.2 Pendulum tests

In far-side crashes, occupants commonly sustain oblique impacts to the thorax and abdomen region either
caused by contact with rigid objects or the seat belt. For this reason, pendulum impacts previousy
conducted by Viano (1989) were simulated. In Viano’'s work, impacts were concentrated not only to the
upper abdomen but also the pelvis and thorax. Subjects were impacted more than once, however impacts
were never focussed on the same side and body region more than once. PMHSs in many cases sustained
severe skeletal damage. The pendulum used was a 23.4kg (60lb) mass accelerated to speeds of
approximately 4.3, 6.8 and 9.5 m/s. The results were subsequently scaled to these three test speeds. For
the purposes of this study, we focussed on the results of upper abdomen impacts. Impacts to the thorax
were previoudy demonstrated by De Lange et a., (2005) as they form part of 1SO-TR9890. Upper
abdomen impacts were focused at the height of the xiphoid process incoming at an angle of 60 degrees
(from frontal), focussing at the spine. The HFM was positioned and impacted by a pendulum at 4.3, 6.8
and 9.5 m/s, as described in Viano (1989). Model Force-Time and Force-Deflection characteristics for the
upper abdomen are reported and compared to PMHS corridors.

Images of the model setup and impact in the pendulum tests can be seen in Figure 7.5. The results from
the pendulum test simulations (Figure 7.6) indicate that the HFM force-time responses for all three impact
speeds fit within the corridors defined by Viano (1989). Upper abdomen force-deflection curves on the
other hand do not closely match those of the PMHSs. The model’ s thoracic region appears stiffer than the
PMHSs, particularly at lower impact severities. Generaly, the deflections observed in the PMHS tests
exceed that observed by the HFM by at least afactor of two for a given impact severity.
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Figure 7.5. Images from the pendulum impact simulations.
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Figure 7.6. Force-time/force-deflection responses of pendulum impact test simulations
(Viano, 1989).

7.1.3 Pelvic Offset Sled Tests

Far-side impact data suggests that during a crash, contact between the pelvis and centre console is made
prior to any thoracic or head impact — a similar interaction as seen in the pelvic offset tests. As aresult of
these similarities, sled tests previoudy conducted by Pintar et d., (1998) were simulated. These tests were
originally conducted for the NHTSA in lieu of changes to near-side impact regulation FMV SS 214. Sled
tests were conducted in a variety of configurations with a flat wall and pelvic offset condition, either
padded with 110mm of paper honeycomb cardboard (PHC) or not padded. Two speeds were selected,
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6.8m/s and 9.5m/s for the tests with PMHSs and ATDs (SID and EuroSID). While the pelvic offset tests
were originaly conducted to identify if there was any benefit/disbenefit of pre-loading the pelvis in a
near-side impact, they also provide an interesting source of datafor far-side impacts.

The HFM model was exercised in rigid pelvic offset tests conducted at 6.8m/s. Model responses for
Pelvis, T12, T1 accelerations in addition to thorax and abdomen deflection are reported and compared
against PMHS corridors. Images of the model setup and impact in the ded tests can be seen in Figure 7.8.
The results seen in Figure 7.8 illustrate that the HFM provides a reasonable prediction of PMHS
kinematics. While the magnitude of peak forces and accelerations are generally close to that seen in the
PMHS results, there is difference between the phasing of the upper body responses of the HFM and
PMHSs. This was attributed to differences in shoulder breadth and arm position of the HFM and PMHS.

Figure 7.8. Images from pelvic-offset simulations.

7.1.4 Full Vehicle Crash Test

A full-scale crash was conducted by Fildes et al. (2002) to better understand occupant kinematicsin afar-
side impact (Figure 7.9). A PMHS was positioned in the driver’'s seat of a large passenger sedan which
was impacted by an ECE-R95 MDB at 65km/h. As anecdotally seen in the real-world, the belted PMHS
managed to traverse from the driver’ s side of the vehicle across to the passenger side and strike its head on
the b-pillar. Subsequent full-vehicle and sled tests were conducted to further evaluate the potential
performance of the existing ATDsin afar-side impact.

The vehicle interior geometry was generated from the pre-deformed buck used in the ded tests by Fildes
et a. (2002). Sled pulse and PMHS response were also generated from the published data (Fildes at dl .,
2002). Modd responses are reported for Pelvis, T12, T1 accelerations, Spinal Elongation, Head Laterd
Excursion, HIC and Lap Belt Load and are compared to PMHS resullts.
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Figure 7.8. Pelvic Offset Simulations (Red) and PMHS (Corridors)

Figure 7.9. Far-side test buck (left) created from the PMHS full-scale test (right)
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Images of the model setup and impact in the full-scale test can be seen in Figure 7.10. As can be seen in
Figure 7.10, the HFM (@) dips out of the belt and (b) achieves a head impact against the intruded vehicle
structure, both similar to that seen with the PMHS in the full-vehicle test. Quantifiable results shown in
Table 1 indicate that the HFM reasonably predicts PMHS kinematic response in the full-scale test.
Specificaly, it is able to generate pelvis and lower spind kinematics quite well, in addition to matching
the magnitudes of lap belt load and head |ateral excursion.

Figure 7.10. Images from full-scale test simulations

While HIC levels are lower than that experienced in the physical test, a head strike was still achieved.
Generating a head strike with similar severity was going to be difficult given the limitations in replicating
locd contour variations of the tested vehicles b-pillar and door with a simplified MADYMO model that
only included static intrusion not dynamic (Table 7.3).

Table 7.3. Peak Results from PMHS Test Compared to HFM

Measure PMHS Model
HIC 600 208
Head Y Displacement (mm) 670 621
T1Y Acceleration (g) -12 -7
T12 Y Acceleration (g) -23 -21
Spine Elongation (mm) 70 50
Pelvis Y Acceleration (g) -30 -28
Lap Belt Load (N) 1037 1153

7.1.5 Far-Side Sled Tests

Shoulder belt forces and head displacements from far-side sled tests conducted with unembalmed PMHS
and WorldSID ATD were used as means of model validation and comparison in this first phase of impact
(Tables 7.4 and 7.5). Impacts at 60° (30° from lateral) and 90° (pure lateral) were conducted at 30km/h
(19mph) using a unique far-side impact buck which included, as a standard configuration, a centre console
and outboard three-point belt system (Figure 7.11) [Pintar et a. 2006]. Impact speed was chosen based on
median delta-v estimations by Gabler et al. (2005b) for occupants sustaining AI1S3+ injuries in far-side
crashes. The effects of adjacent occupants, airbags and intrusion were not considered in these particular
sled tests.
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Figure 7.11. Human model in simulated far-side buck.

Table 7.4. Sled test matrix.

Test Impact Direction D-Ring Position Pretension Test Subjects
1 90 Forward ON PMHS 1, WorldSID
2 90 Middle 100N PMHS 2, WorldSID
3 60 Middle ON PMHS 3, WorldSID

Table 7.5. PMHS sex, age and anthropometry.

PMHS Sex (M/F) Age (Years) Height (m) Weight (kg)
1 F 74 1.60 70
2 M 80 1.73 67
3 M 81 1.75 70

For this study, three configurations of impact angle, seat belt geometry and pretension were investigated
(Table 7.4). The D-ring positions were not arbitrary but meant to replicate realistic real-world belt
positions at average and extreme conditions. As a realistic worst-case scenario for the shoulder and thorax
escaping the belt, a 90° impact with a forward mounted D-ring (located 120mm above and 30mm rear of
the shoulder) was performed. A second 90° test was conducted with a mid mounted D-ring (located
120mm above and 90mm rear of the shoulder) and 100N of pretension applied. This middle position was
deemed to be an average D-ring location for a B-pillar mounted belt. A third test was conducted at 60°
(middle D-ring) to investigate model behaviour in angled far-side impacts.

For Test 1 (Forward D-ring, 90°, No pretension), al test subjects (PMHS, WorldSID and Model) slipped
out of the shoulder portion of the seat belt (Figure 7.12). In all cases, the belt provided restraint via
loading the thorax in the early phases of impact, however this was more prominent in the model. The belt
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subsequently slipped past the shoulder and got caught on the upper arm near the elbow (Belt force-time
traces found in Pintar 2008, Task 2 Final Report; Appendix ).

Theresulting latera (YY) head displacements for all test subjects were similar (within 5%) (Figure 7.13). In
contrast to the physica test results, the Modd spent in excess of 100ms a 95% of maximum
displacement, whereas the PMHS and WorldSID only spent 60ms and 65 ms respectively. This was
related to the human model continuing to slip and not rebound as quickly as the PMHS and Worl dSID.
This being partly related to the model’s dightly lower lateral velocity compared to both PMHS and
WorldSID.
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Figure 7.12. Head Trajectories in Test 1: 90° far-side test with Forward D-Ring and No pretension.
Transverse plane (left) and Coronal Plane (right), 0-240ms shown.

For Test 2 (Middle D-ring, 90°, 100N pretension), the shoulder-complex of all test subjects engaged the
seat belt. Both WorldSID and the Model predicted the peak magnitude of shoulder belt force very well
(within 4%), however this peak was delayed 10-12ms compared to the PMHS test (Table 7.6).

For Test 1 — 90° Fwd D-ring ON Pretension. Test 2 - 90° Mid D-ring 100N Pretension. Test 3 -
60° Mid D-ring ON Pretension.

Table 7.6. Peak shoulder belt force and timing for test subjects.

TEST 1 TEST 2 TEST 3
Peak Force (N) Timing (ms)| Peak Force (N) Timing (ms) | Peak Force (N) Timing (ms)
PMHS 2410 89 2982 96 3808 101
WorldSID 1700 99 2806 106 3030 98
M odel 2629 99 2927 108 2867 96

The magnitude of head latera displacement for all three subjects in Test 2 was within 6%, despite the
Modd and WorldSID reaching these maxima up to 10ms later than the PMHS (Figure 7.13). The Model
did however predict less inferior (Z) motion than both WorldSID and the PMHS. In the AP (X) direction,
WorldSID moved very little, whereas the Model and PMHS showed posterior rebound.
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Figure 7.13. Head Trajectories in Test 2: 90° far-side test with Middle D-Ring and 100N pretension.
Transverse plane - Left and Coronal Plane — Right. (0 - 190ms shown).

For Test 3 (Middle D-ring, 60°, No pretension), the PMHS and WorldSID engaged the belt at the shoulder
and then subsequently slipped out. The Model on the other hand did not engage the belt at the shoulder,
instead hooking on the upper arm. Despite the difference in loading locations, the shoulder belt force
magnitude was similar for both WorldSID and the Model, however the PMHS loading was much higher
(Table7).

As can be seen in Figure 7.14, despite the difference in shoulder belt loading locations, the PMHS,
WorldSID and Model head coronal trgjectories are similar. In the transverse plane, variations are observed
between human surrogate head displacements. This observed difference is explained by the way in which
al three human surrogates interacted with the shoulder belt. For the model, the belt dipping off the
shoulder allowed more anterior motion to be achieved.
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Figure 7.14. Head Trajectories in Test 3: 60° far-side test with Middle D-Ring and no pretension.
Transverse plane - Left and Coronal Plane — Right. (0 - 190ms shown).

In light of these results, it appears that the human model is generally capable of mimicking events seen in
the ded tests. It should be noted that these impacts only represent one PMHS for each configuration. As
aready mentioned in the quasi-static tests, the fact that anthropometry of the model and PMHS are not the
same makes it difficult to draw definite conclusions pertaining to model biofidelity. Furthermore, since
factors such as airbags, adjacent occupants and intrusion were not simulated, the head excursions reported
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only reflect what is seen in cases where these factors are not influential. When those factors are present,
issues of model rebound after maximum excursion are of less significance.

7.1.6 Parameter Study

Two separate parameter studies were conducted to investigate the effect of D-ring position, pretension
levels and impact direction on occupant-to-seat belt interaction (Table 7.8). Vehicle interior geometry was
identical that used in the far-side ded tests previoudy described. D-rings located in the forward and
middle positions were as previously described. High and low D-rings were located 90mm rear of shoulder
and Omm and 150mm above the shoulder respectively [Pintar et al., 2006]. The low D-ring position was
aimed to replicate a vehicle with a seat-mounted retractor. The high belt position was the realistic worst-
case position for neck loading (if positioned inboard).

Table 7.8. Parameter study matrix.

D-ring position(s) Pretension Levels Impact Directions
Study A Fwd, High, Mid, Low ON, 100N, 200N 60, 90
Study B Middle ON, 100N 30, 40, 50, 60, 70, 80, 90

Study A investigated the effect of 4 D-ring positions and three pretension levels on whether the belt
slipped off the shoulder and the resulting head trgjectory (assuming no adjacent occupants, airbags or
intrusion). This was performed for both 60° and 90° impacts (Figures 7.15 and 7.16). Head displacements
in the corona (Y Z) plane were focused on.
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Figure 7.15. Head coronal plane trajectories in 60° far-side impacts with varying D-ring positions
and pretension levels (0-190ms shown).
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Figure 7.16. Head coronal plane trajectories in 90° far-side impacts with varying D-ring positions
and pretension levels (0-190ms shown).

It was firstly observed that the belt dipped off the shoulder in all 60 and 90 degree impacts without
pretension, regardless of D-ring location. When pretension was added, regardless of severity, the belt did
not dip off the shoulder. Additionally, these results suggest lower or more rearward D-rings and the
addition of pretension reduce lateral head excursion in both 60 and 90-degree impacts.

Study B investigated the effect of impact direction and pretension on occupant-to-belt interaction and the
resulting head trgjectory. Head trajectories in the transverse and coronal planes can be seenin Figures 7.18
and 7.19. Results indicated that the model’s shoulder escaped the belt at impact angles greater than 40°
when no pretension was used. When pretension was used, the belt restrained the shoulder in all cases and
generally reduced lateral displacement. Furthermore, these results indicate that if no pretension is applied,
head lateral excursion is similar for impact angles 80° to 90°. The addition of pretension was shown to
generally reduce head inferior (Z) motion asimpact angle increases from 30° to 90°.
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Figure 7.18. Head transverse plane trajectories in 30° — 90° impacts without pretension (left) and
with 100N of pretension (right).
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Figure 7.19. Head coronal plane trajectories in 30° — 90° impacts without pretension (left) and
with 100N of pretension (right).

7.2 DISCUSSION

The primary aim of this work was to develop and validate an occupant model for use in far-side impacts.
Thisfirstly involved demonstrating that the model was generally capable of mimicking human-like motion
in far-side impacts and then drilling down further to identify the models capabilities and weaknesses. This
chapter is a collection of the work that has been undertaken thus far on this task to develop a far-side
model.

As previously described, a far-side occupant model is unique in terms of its biofidelity and use
requirements. Where the frontal impact ATD (Hybrid I11) needs to be operational both in belted and
unbelted impacts, afar-side model needs to be operational in both no countermeasure, and countermeasure
situations. In a current vehicle, it is reasonable to suggest that a far-side model would be expected to dip
out of the shoulder belt and shift laterally towards the vehicle's nearside and potentialy impact the
intruding door. In contrast, the model also needs to work in situations where devices such as Autoliv's
inboard side airbag are present. It is arguable that for these particular impacts, a near-side dummy such as
WorldSID will be capable. However, should belt type countermeasures be used in the vehicle, WorldSID
may not be the most suitable dummy and the likes of THOR may be more indicative of human response.
Again, this highlights the benefit and potential cost effectiveness of having a computer model of afar-side
occupant that can achieve both these tasks.

The HFM’s ability to mimic near-side biofidelity requirements (ISO-TR9890) was demonstrated by De
Lange et d., (2005). It was shown that the HFM’s lateral biofideity on a subsystem level was good
(8.6/10), almost as good as the best performing dedicated side impact dummy, WorldSID (8.0/10). While
ISO-TR9890 is a near-side impact dummy standard, the lateral biofidelity of any side impact model on a
subsystem level should largely be the same. 1SO-TR9890 defines subsystem biofidelity requirements of
the head, neck, thorax, abdomen and pelvis. Using those biofidelity predictors, associated injury criteria
would be based on measures such as Head (HIC), Neck (Bending and Tension), Thorax and Abdomen
(Deflection) and Pelvis (Force and Acceleration). The HFM is capable of measuring all these biofidelity
requirements and injury criteria.

Generally speaking, the main differences between near and far-side crashes are that in a far-side impact:
(1) the thorax and shoulder interact with the sash belt more; (2) the thorax is seen to shear away from the
pelvis after impact with the centre console; and (3) the occupant can achieve large lateral excursions.
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Addressing the issue of sash belt to thorax and shoulder interaction, quasi-static and dynamic far-side
impacts (2.4 and 2.5) looked at the influence of belt geometry and pretension on restraint provided by the
seat belt. In the 1g quasi-static tests, the human model was able to demonstrate both of the critical findings
from the volunteer tests. Firstly, thorax lateral restraint is dependent on seat belt geometry and level of
pretension applied to the belt. Specificaly, the seat belt is less likely to slip off the shoulder with a more
rearward D-ring and increasing levels of pretension. However, modeling suggested that once the belt
engages (or dips off) the shoulder, the effect of D-ring position and pretension is negligible.

Secondly, the relationship between the shoulder engaging the belt (or dipping) and seat belt geometry and
pretension is highly dependent on human anthropometry. Only two volunteers were needed to demonstrate
the uniqueness of humans in this sense. While the modeling only focused on a single parameter change
(shoulder AP thickness), it was able to replicate the same trend as seen in the volunteer tests. Specifically,
a person with greater shoulder depth islesslikely to dip out of the shoulder belt.

In Parameter Study A, it was shown that without pretension in 60 and 90-degree impacts, the belt is likely
to dip off the shoulder regardiess of D-ring position. The addition of pretension facilitated the shoulder
engaging the belt in all cases, with the effect of pretension level being minor. Furthermore, as seen in the
quasi-static tests, D-ring position generally has little effect on lateral displacement once the belt has either
slipped off or engaged the shoulder. Results did however suggest that a low D-ring yields lower latera
displacements.

The concept of alow D-ring decreasing lateral restraint contradicts previous work by Rains et a. (1998)
who claimed that raising the D-ring reduced lateral excursion in far-side rollover tests. However Rains et
a. based their conclusions on results from a Hybrid 111 ATD, which this paper has aready shown is not
capable of accurately mimicking seat belt to shoulder-complex interaction.

Whilst lowering a D-ring and applying pretension seem relatively simple methods of increasing lateral
restraint, due care must be taken regarding the use of a low positioned D-ring. In severe frontal impacts,
such a design may potentially increase restraint to the upper torso, causing the kyphotic thoracic spine to
straighten and press on the thoracolumbar spine, resulting in anterior wedge fractures [Begeman et al.,
1983]. Degpite this model not being validated for severe vertical loading, some spinal compression was
observed in these far-side impacts. Further research should be undertaken to ensure that such a design is
not going to have adverse effects on other body regions.

In Parameter Study B, the influence of impact direction and pretension on occupant-to-seat belt interaction
was estimated. When no pretension was used, the model’s shoulder did not escape the belt until impact
angles exceeded 40 degrees (from frontal). This result agrees with previous findings by Adomeit et al.
(1988) and Horsch (1980). Interestingly though, despite the difference in shoulder belt loading locations
for the PMHS and Mode in the 60 degree impacts, the resulting lateral head excursion was similar.
Further research needs to be conducted to better understand this shoulder to belt interaction in far-side
oblique impacts. The reason for thisis that evidence already suggests that 60-degree impacts are the most
important far-side crashes to understand (Gabler et a., 2005b). Results also indicated that when the impact
angle is between 80 and 90-degrees, lateral head excursion is similar. This suggests that the shoulder
portion of the seat belt provides very little thoracic restraint at these angles compared to more frontal
impacts.

In addition to the work on belt interaction, it was important to determine if the model’s thorax could
mimic the loading observed in far-side impacts — namely the shearing away from the pelvis and also
oblique loading to the upper abdomen. This was achieved through simulating pelvic offset and pendulum
tests.

As previously shown, pendulum impacts were conducted with the upper abdomen of the HFM at 60
degrees from frontal. These impacts were chosen to highlight whether the HFM was capable of measuring
deflection in an oblique direction. Thisis critically important as oblique angled far-side impacts are more
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common and injurious than purely lateral impacts. The loading to the abdomen and thorax in those cases
generally comes from loading due to the sash bet, adjacent seat, intruded structures and adjacent
occupants.

The results of this study showed that while the HFM is capable of measuring upper abdomen deflection in
the frontal and lateral directions, it could not replicate the large deflections seen by Viano (1989). While
deflection is generaly considered a good measure of thoracic injury and matching PMHS results is
considered essential for model validation, the deflection seen in Viano's data is very large. The PMHS
used in those tests were impacted multiple times, and as such this may have affected the result. 1SO-
TR9890 uses the force-time responses for the upper-thorax. As such, since the lower-thorax force-time
responses match within the corridors, the biofidelity of the model in that region appears reasonable.

Within this study the performance of the HFM in a pelvic offset ded test was also considered. These tests
were chosen to highlight whether the HFM was capable of simulating a thoracic impact subsequent to
pelvis impact. The results of this study showed that the model was capable of replicating pelvis, T1 and
T12 accelerations. There were differences observed in terms of phasing, however this issue was primarily
attributed to differences in shoulder breadths of HFM and PMHS. Simulated sled tests using a flat-wall
instead of a pelvic offset condition are also considered useful for characterising lateral biofidelity. Such
tests were simulated by De Lange et al., (2005) whereby Wayne State University (Heidelberg type) flat-
wall tests were reconstructed.

While the pendulum and pelvic offset tests proved useful in evaluating whether the HFM was capable of
far-side-type loading, it was important to demonstrate that the whole body kinematics are aso well
predicted by the model. Hence the unique full-vehicle far-side PMHS test conducted by Fildes et a.,
(2002) was smulated. While the results generally compared favourably to the PMHS, it is important to
note that the PMHS results represent a single cadaver. As such, those results are only indicative of what
may be representative of humans in far-side impacts. The authors of this study are well aware of this
limitation. As such results were shown to demonstrate that model response was cadaver-like, and not
necessarily representative of alarge sample of humans. Two important factors likely to influence results
include differences in anthropometry and muscle tone between PMHS and HFM. In addition, the model
was approximated from the vehicle used and only static intrusion was modelled rather than dynamic.
Nevertheless, the results demonstrated by the HFM highlight that it is capable of mimicking human-like or
cadaver-like kinematicsin afull-vehicle far-side impact.

With the HFM being shown to be a reasonable predictor of kinematics and kinetics in far-side impacts, it
could be used for initial development tests for far-side countermeasures. While physical countermeasures
will always need to be tested and optimised with federalised dummies (where possible) using a computer
model such as the HFM may provide insight into design features required that will not be captured by the
physical dummies. Already, it has been shown that the HFM was capable of producing human-like
kinematics in far-side impacts from 30-90 degrees. Furthermore, as the HFM has been shown to be able to
replicate belt-to-shoulder interaction well based on both impact angle, pretension and belt position, using a
computer model provides a unique tool to identify these worst case scenarios and then run the physical
tests.

While it has been demonstrated that the TNO Human Facet Model can meet the biofidelity and
performance requirements outlined in this study, it isimportant to note that more in-depth far-side PMHS
laboratory tests with PMHS need to be conducted. Such tests should aim to establish biofidelity corridors
for models and ATDs. The study by Pintar et al., (2008) provided a baseline for how one might conduct a
far-side ded test and what results you would expect to see. However, more tests need to be conducted in
the same impact configuration to determine biofidelity corridors.

In light of the limitations of this study, it is hypothesized that introducing methods that encourage the belt
to engage the shoulder will reduce both the likelihood and severity of head and thorax contacts with
intruding structures or other occupants. However, further research needs to be conducted taking these
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additional factors into consideration. Additionally, the influence of both driver and passenger airbags in
angled far-side impacts needs to be explored.

7.3 CONCLUSION

This work has highlighted that the modified version of the TNO Human Facet Modd shows good
biofidelity compared to PMHS results from quasi-static, pelvic offset tests, sled tests, pendulum tests and
afull-scale far-side crash test. The model’ s primary limitation is that its thorax is less capable of matching
the severity of deflection observed in the PMHS pendulum tests.

In addition, this work has quantified some of the factors influencing occupant-to-seat belt interaction in
far-side impacts. Results from both quasi-static and dynamic tests indicate that lower positioned D-rings
with the addition of pretension offer potential benefit in far-side impacts. Specificaly by increasing the
likelihood of the shoulder engaging the seat belt. It was aso observed that occupants are likely to escape
the shoulder portion of the belt at far-side impact angles greater than 40 degrees from fronta when no
pretension is used. The addition of pretension alowed the shoulder to engage the belt in all impacts from
30 to 90 degrees.

This body of work on model validation is not yet complete. It is the task of the author Clay Douglas to
complete this work for submission of his PhD thesis. This is expected to occur during 2009. Final results
will be available at that time.
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8 COUNTERMEASURES BENEFITS ANALYSIS

AUTHORS: Ola Bostrom, H. Clay Gabler, Kennerly Digges, Brian Fildes
& Clay Douglas

8.0 FAR SIDE COUNTERMEASURES

Throughout this report, the conventional three-point belt has been the baseline countermeasure for
preventing far side occupant injuries.. In some configurations of belt slack and geometry, the three-point
belt-restrained far side occupants are primarily restrained only by the lap portion of the belt. Sled tests
and full scale crash tests (Digges and Dalmotas, 2001; Fildes et al., 2002; Bostrom et al., 2003) have
shown that, in a side impact, the far side occupant may slide out of the seat belt and flail toward the struck
side of the vehicle. In rea world crashes, the occupant then may collide with the surfaces or objects on
the nearside including the intruded nearside door, the adjacent seat, and the nearside occupant.

Several far side impact injury countermeasures, for three-point belted occupants, have been proposed and
evaluated. The countermeasures include belt pretensioning (Stolinski et al., 1999; Douglas et a ., 2008),
the side support airbag (SSA) (Bostrom and Haland, 2005), reversed geometry shoulder belts (Bostrom et
a., 2005), criss-cross shoulder belts (Bostrom and Haland, 2005), the V-shaped 4-point belt (Rouhana et
a., 2003 and 2006), inflatable curtains (Kahane, 2008) and even an adjacent occupant (Frampton et a,
1998). Table 8.1 (from Bostrom et al., 2008) lists most of the proposed countermeasures including

references.

Table8.1. Lidt, feature, examples, test specifications and r eferences of examples of concepts of far

various degrees

pretensioners

model of human

side counter measur es.
Countermeasure Feature Examples Av, angle, dummy Reference
Pyrotechnical and
Belt pretensioner Ee:tléiets‘leaglélfgd electrical retractor, 32 knllI/SmSe?u?;gl Douglas et al
g y buckle and latch plate 9. 2008

Inboard side
support

Restrain the occupant
from moving inboard

Side support airbags,
side support wings

24 km/h, 60&90
deg, BioSID spring
spine

Bostrom and
Haland,
2005

24 km/h, 60&90

Bostrom and

occupant

curtain, window bags

deg,
BioSID spring Hg(l)%%d’
Criss-cross, reversible spine
Altered 3-point Restrain the occupant | 3-point, rucksack-belt, About 24 km/h
belt geometry from moving inboard V-shaped 4-point belt | (FMVSS214) Post- | Rouhana et
(V4) Mortem Human al 2006
Subjects
30 km/h, Bostrom et al
90 deg, Thor 2008
Nearside head Provide cushioning Head and thorax
and thorax between deformed airbags. inflatable 50 km/h, Bostrom et al
airbags struck side and roags, | 90 deg, WorldSID 2008
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Advanced belt systems such as criss-cross belts, V-shaped 4-point (V-4) belts or rucksack belts, shown in
Figure 8.1, would benefit not only far side struck occupants, but occupants subjected to frontal impacts as
well. In afrontal impact, the more symmetrical, thoracic loading provided by these belt systems may help
to reduce thoracic injuries (Bostrom and Haland, 2005; Rouhana et al, 2003). It is important though to
design these belts not to cause new injury patterns such as neck injuries. Research is underway to gauge
the potential for any restraint to cause neck injuries (Fildes et al 2005).

AN K

Figure8.1. Threeversionsof altered 3-point belt geometry, criss cross, V4 and rucksack
(from Bostrom et al 2008).

Seat belt systems, which improve restraint of the far side occupant, may also benefit the nearside
occupant. In a side crash where there are two adjacent front seat occupants, the nearside occupant may be
struck on one side by the deformed side structure and on the opposite side by the adjacent, far side,
occupant.

It is critical to understand that median injury test conditions may represent only a minimal injury risk.
Consequently, tests conducted under these conditions may result in low injury assessment outcomes.
Injury incidence is a result of both exposure and risk. For this reason it is crucial to determine exposure
and risk as afunction of crash severity to compute the opportunities of countermeasures.

8.1 COUNTERMEASURE TESTS

Sled tests to evaluate countermeasure performance if far side crashes were conducted by Autoliv.
Typica dummy kinematics are shown in Figure 8.2 [Bo;strum, 2005], Figure 8.3 [Bolstrom,
2008] and Figure 8.4 [Bolstrom, 2008]. The dummies in these figures were BioSID with spring
spine, aThor and aWorldSID.

Figure 8.2. Photographstaken at 1, 85 and 150 ms - side
support airbag test with a BioSID spring spineat 90 degreesand dV 24 km/h.
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Figure 8.3. Photographs at 1, 85 and 150 ms from tests
with a Thor restrained by an extra belt (no load limiting) at 90 degreesand dV 30 km/h.

Figure 8.4. Photographs at 1, 50 and 100 msfrom tests
with a belted WorldSID interacting with an inflatable curtain at 90 degreesand dV 50 km/h.

Real-life crash analysis indicates that occupants on the struck side of a vehicle may also be injured by
contact with an adjacent occupant in the same seating row. The injury consegquences of occupant-to-
occupant impacts can be severe, and sometimes fatal. With the support and assistance of the program
Newland et al. (2008) investigated the risk of such impacts by analysing real life crashes and also
evaluated the feasibility of potential countermeasures by conducting and anaysing six full scale side
impacts where both front seat row seats were occupied with dummies. Examples of dummy interaction in
two crash ssimulations are shown in Figures 8.5 and 8.6.

!““lt-!l_ = _-‘fﬁ. F o

————

S5ms 115ms 135ms

Figure 8.5. Two belted WorldSID dummiesinteracting in a poleimpact. The dummy inter action
started after the critical (in termsof injury values) near side occupant interaction with the side
interior. The HI C exceeded 8000 for both dummies. From Newland et al 2008.
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115ms " 135ms
Figure 8.6. Two belted WorldSID dummiesinteracting in a poleimpact wher e side support airbags
wer e present in-between the dummies. No injurious head contact occurred.
(from Newland et al 2008)

Thefield crash analysis suggested that the risk of injury to adriver seated on the non-struck sidein aside
impact crash islikely to be increased by the presence of an adjacent front seat occupant. Moreover, the
side support airbag (altered seat belts were not tested) was shown to be effective in preventing interaction
injury in the vehicle-to-pole test.

8.2 INJURY REDUCTION ANALYSIS

Within the programme, Bostrom et a estimated the injury reduction opportunities of altered seat
belts, side support airbags and inflatable side curtains for belted far side occupants in planar side
impact crashes [Bolstrom, 2008]. The anaysis was based on rea life crash analysis and
mechanical simulations of occupant motion.

Head or thorax injuries caused by contact with the struck side are the dominant type of injury
among belted far side occupants in planar side impacts. In contrast to the situation in belted
nearside and frontal impacts, the injury mechanism seems to be bimodal in that the occupant may
or may not reach the opposite side of the car. Although over half of all seriousinjuries take place
for dV below 30 km/h (Gabler et al, 2005), the risk of a serious head/thorax injury is small (3%).
A full-scale replication of adV 30 km/h far side impact crash is likely to reveal dummy readings
indicating only asmall risk of serious or fatal injury.

Neverthel ess, the countermeasures evaluated in this study, do, to various degrees, either restrain a
belted far side occupant from colliding with the struck side or cushion the struck side in planar
side impacts, therefore, the potential opportunity is considerable. The opportunities of three
promising conceptual countermeasures are summarized in Table 8.2

Table 8.2. Estimated opportunity of far side counter measur es mitigating Al S3+ and fatalities at the

dV threshold
Conceptual Dv threshold Far side Far side
countermeasure (km/h) AIS3+ Fatalities
Alte_red seat belt _(4-p0|nt), 0-30 715 (57%) 83 (18%)
side support airbags
Side curtain 30-50 350 (28%) 136 (30%)
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Other injuries, such as injuries caused by the countermeasure or extremity injuries (majority of
the remaining), were not addressed in this study. Also not addressed was the opportunity of the
evaluated countermeasures to protect nearside occupants (7% of al far side occupant head
injuries were caused by occupant-to-occupant interaction) or to protect occupants exposed to
other crash circumstances such asrollover, oblique or high-speed frontal crashes.

8.3 CONCLUSIONS

A countermeasure 100% effective in reducing the risk of a serious or fatal head and thorax injury
up to adV of 20 km/h would potentially reduce the number of seriousinjuries by 18%. A if the
effectiveness extended 0 to 30 kph the injury reduction woud be 57%. According to crash tests
shown or referred to in this study side support airbags and altered 3-point belt geometry could
constitute such countermeasures. Possible injuries being induced by these countermeasures were
disregarded.

A countermeasure 100% effective in reducing the risk of fatality in far side impacts for dv
between 30 and 50 km/h would reduce the number of fatalities by 30%. According to crash tests
shown in this paper and a recently published benefit analysis, an inflatable curtain, with suitable
coverage area and stand-up time, could constitute such a countermeasure.
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9 GENERAL DISCUSSION & COMMENTS
AUTHORS: Kennerly Digges & Brian Fildes

9.0 INTRODUCTION

The ARC Far Side Impact Collaborative Research Project was initiated jointly by Dr. Kennerly
Digges and Dr. Brian Fildes and was based on observations from their earlier research. In a 1995
study, Fildes observed that, in Australia, serious head injuries were more frequent among
occupants exposed to far-side crashes than near-side crashes [Fildes, 1995]. Digges conducted
crash tests of vehicles with far-side dummies and found that conventional three-point safety belts
provided very little restraint for the upper body [Digges, 2001]. An examination of US accident
data found that in far-side crashes, the unfavourable safety belt geometry produced chest
abdominal injuriesin relatively low severity crashes.

Head injuries were frequent in higher severity crashes. Since there were no existing standards,
qualified dummies or accepted test procedures for far-side crashes, this safety improvement
opportunity was selected for ajoint collaborative research project. The objective was to provide
the technology base to permit the development and test of countermeasures for far-side crashes.
To accomplish this objective, a number of tasks were defined and teams of researchers with
international recognition were invited to participate on a cost sharing basis. Industrial partners
were invited to participate and contribute funding to the project. The George Washington
University contributed a substantial amount of funding by way of a grant received from the Ford
Motor Company. The ARC approved the project proposa and provided overall funding and
sponsorship of the project. A list of the participants is included in the Acknowledgements
Section.

To meet the research objectives it was necessary to develop the technical basis for the crash
dummies, injury criteria, and test procedures to be used in evaluating far-side countermeasures.
The development of test procedures required an understanding of the crash environment that
produces serious injuries in far-side crashes. The development of suitable dummies required a
comprehensive test program that subjected both dummies and cadavers to far-side crashes. The
injury criteria research required additiona research to understand the injury mechanism for
carotid arteries. In order to develop countermeasures and assess benefits, validated computer
simulations needed to be developed. Finaly, methods of conducting benefits analyses of generic
countermeasures required research.

The research involved the following projects:

e Definition of the far-side injury environment and the opportunities for injury reduction

e Development of representative test conditions and injury criteria for use with far-side test
dummies. The development of injury criteria required research to understand the nature
of injuries to the carotid artery from shoulder belt loading of the neck.

e Development and validation of computer human models for use in the evaluation of far-
Side countermeasures.
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e Assessment of the occupant kinematics representative far-side crashes that produce injury
and of the dummies available for the evaluation of far-side countermeasures. Occupant
kinematics were assessed by a comprehensive biomechanical test program of post mortem
human subjects (PMHYS).

e Assessment of the opportunities for injury reduction based on generic countermeasures

The organization of the Far Side Impact Collaborative Research Project has been described by
Fildes (2005). It involved the assembly of aresearch team from industry, government and academia
in Australia, Europe, and the United States. The research team has devel oped a technology base of
far-side dummies, injury criteria, computer models, and representative test environments that can
be used to evaluate countermeasures for far-side crash protection. This chapter provides an overview
of the results of the research.

9.1 DEFINITION OF THE FAR-SIDE INJURY ENVIRONMENT

In the US, the National Highway Traffic Safety Administration (NHTSA) maintains the
NASS/CDS database of vehicle crashes in the United States. The NASS/CDS is a stratified
sample of light vehicles involved in highway crashes that were reported by the police and
involved sufficient damage that one vehicle was towed from the crash scene.

In the NASS/CDS data query, far-side occupants in planar crashes were defined as drivers in
vehicles with right side damage or right front passengers in vehicles with left side damage.
Driversin rollovers that were passenger side leading were classified as being in far-side rollovers.
The converse was true for passengers. Each NASS/CDS case contains a weighting factor that is
used by the NHTSA to extrapolate the individual cases to the nationa numbers. The
distributions to follow are based on the NASS/CDS weighted events.

Table 1 shows the annual distribution of MAIS 3 and greater injuries by belt use, crash direction
and crash mode, using at least nine years of datafor years prior to 2004 [Digges, 2006].

Table9.1. Annual MAIS 3+ Injuriesfrom NASS/CDSin Near-side and Far-side Crashes by Crash
Type and Direction

Crash Type/ Belt Use Planar Roll Total
Far-side Belted 2,166 3,540 5,706
Far-side Unbelted 5,095 6,325 11,420
Far-side Total 7,261 9,865 17,126
Near-side Belted 7,360 3,532 10,892
Near-side Unbelted 6,714 5,551 12,265
Near-side Total 14,074 9,083 | 23,157
Near-side/Far-side Total 21,335 18,948 | 40,283
% Dueto Far-side 34% 52% 43%

123



These datain Table 9.1 shows that about 43% of the MAIS 3+ injuriesin side crashes and
rollovers occur in far-side crashes. More than half of the MAIS 3+ injuriesin rollover arein far-
sideroalls.

An in depth analysis of the crash environment for belted occupants in far-side crashes was
presented in a earlier papers [Gabler, SAE 2005 and ESV 2005]. The anaysis indicated that for
belted occupants with MAIS 3+ injuries, the 50% median crash severity was a lateral delta-V of
28 kph and an extent of damage of 3.6 as measured by the CDC scae [SAE Standard J224,
Collision Deformation Classification]. The most frequent damage area for seriously injured
belted occupants was the front 2/3 of the vehicle (42%), followed by the rear 2/3 (21%). The
most frequent principal direction of force (PDOF) was 60° (60%), followed by 90° (24%). The
head and chest were the most frequently injured body regions, each at about 40% (Gabler 2008).
The injuring contacts that most frequently caused chest injury were the struck-side interior
(23.6%), the belt or buckle (21.4%) and the seat back (20.9%) (Fildes, 2007)

9.2 TEST CONDITIONS AND INJURY CRITERIA

Finite element vehicle models were used to compare the damage patterns induced in a 2004
Taurus when impacted in the side by a GMC 1500 pickup truck at a crash severity of 28 kph
lateral delta-V [Mohan, 2005, Digges, 2005]. The 60 degree impact produced an extent of
damage CDC 4. The 90 degree impact produced a CDC extent of damage of 3.6. The FEM
Taurus model was impacted by both NHTSA and the IIHS barrier at a lateral delta-V equivalent
to 28 kph. The IIHS barrier produced a damage pattern that closely duplicated the pattern of the
pickup truck at 90 degrees but produced the maximum damage at the same location as the pickup
test at 60 degrees. Since the IIHS barrier and test condition is generally accepted as a de facto
standard, the I1HS barrier impact was established as the baseline for assessing the performance of
available dummies based on MADYMO computer modelling. However, the test speed was
increased to produce alateral delta-V of 28 kph.

The MADYMO human facet model was initialy validated for the far-side crash condition by
duplicating the far-side PMHS test reported by Fildes [2002]. The model validation was reported
in a separate paper [Alonso, 2005]. The model was then used to evaluate occupant kinematics
when subjected to a 28 kph delta-V pulse that approximates the one produced by the IIHS barrier
[Alonso, 2007]. The human facet model was also used to evaluate the consequence of variations
in crash pulse and in generic countermeasures. The MADYMO human facet model was
considered to be a good tool for assessing the influence of countermeasures on occupant
kinematics in far-side crashes [Alonso 2007].

The accuracy of the seat belt to shoulder interaction for the MADY MO human facet model was
evaluated by Douglas [ESV 2007 and AAAM 2007]. The shoulder complex of the model was
modified to better duplicate the belt interaction. Validation of the model was based on low
severity human volunteer tests and higher severity PMHS tests involving varying belt
configurations and levels of pretension.

Initialy, a range of current side impact test dummies (BioSID, BioSID_Mod, EuroSID1, and
WorldSID were compared with a single PMHS test to evaluate their potential to represent a
human in a far side crash [Fildes 2002, Bostrom 2003]. Subsequently, the MADY MO computer
models of the existing adult side and frontal dummies were compared with the human facet
model [Alonso, 2007]. The dummy models evaluated included the following: Hybrid I11, Biosid,
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Eurosid 1, Eurosid 2 and SID2S. It was evident from the evaluation that none of the standard
dummies possessed the kinematics to duplicate the motion observed in either the initial PMHS
test or the MADYMO human facet model. Consequently, these dummies were eliminated from
further testing. The WorldSID and the THOR-NT were subsequently selected as the best
candidates for a far-side dummy. Sled testing indicated that the BioSID with a modified spine
and shoulder unit did provide reasonable human-like kinematics [Fildes 2002, Bolstrom 2003].
However, this modified dummy was not a serious contender given its pure research status.

The WorldSID Working Group has proposed injury criteria for use when the dummy is subjected
to near-side impacts. Many of the injury measures are also applicable to far-side impacts. The
WorldSID criteria applicable to far-side impacts has been summarized and criteria needed for the
evaluation of far-side countermeasures has been added in the Task V Report prepared for the
project [Gibson and Morgan 2008]. The Task V Report contains the available injury risk
functions for the head and face, neck, spine, shoulder, thorax, abdomen, pelvis, lower extremities
and upper extremities. It contains proposed injury risk curves for head, neck (skeletal), spine,
chest, abdomen, pelvis, lower extremities and upper extremities.

One of the injury measures currently missing from dummy measurements is the criteriafor injury
to the soft tissues of the neck. Of particular concern is the injury to the carotid artery from direct
or induced loading by the shoulder belt or by other countermeasures. This issue was attacked by
teams from Autoliv, Medical College of Wisconsin, and Wake Forrest-Virginia Tech. Tests of
carotid artery specimens found that the pinching mechanism of injury was difficult to produce.
The failure mode of the carotid artery when subjected to simulated loading from the seat belt
tended to be tension rather than pinching. The tension failures occurred as a result of a
longitudinal stretching of the artery. This result suggests that when the belt loads the neck, the
artery on the opposite side is more vulnerable to injury that the near side artery that is pinched by
the belt. This observation was confirmed by tests od cadavers in four-point belts conducted by
Ford. The results from this task were reported in a series of papers [Stemper, IRCOBI 2005, J.
Bio., 2005, Bio. Sci. Inst., 2005, IRCOBI 2006, J. Trauma, 2007, Annas Bio.Eng., 2007, J. Bio,
2007, and Gayzik, AAAM, 2006 and Bio. Sci. Inst., 2006].

9.3 OCCUPANT KINEMATICS AND AVAILABLE DUMMIES

A review of the crash test films available at the NHTSA/FHWA Crash Film Library found only
one documented test of a far-side crash. In this crash the crash direction was 90 degrees and the
delta-V was approximately 15 Kph. The dummy dlid out of the shoulder belt. Six far-side
crashes were subsequently conducted and documented [Digges, 2001]. In this series of tests,
angle of impact was 60 degrees and the deltaV was 40 kph. The tests evaluated variations in
shoulder belt tension and latch plate design. In al configurations, the Hybrid 11 dummy slid out
of the shoulder belt. These tests suggested that additional countermeasures would be necessary to
limit the excursion of the upper body.

Fildes [2002] reported on efforts to develop a dummy for use in far-side impacts. He found that
existing dummies lacked the flexibility in the spine to duplicate the kinematics of a baseline PHMS
test. In alater paper, Fildes reported better results based on limited testing of a BioSID dummy in
which the spine had been replaced with a coil spring [Fildes 2003]. He recommended continuing
research to develop a dummy and injury criteria so that countermeasures could be specified and
evaluated.
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9.4 THE BIOMECHANICAL TEST PROGRAM

Under the Far Side Impact Collaborative Research Program, a series of PMHS tests was
conducted by the research staff at The Medical College of Wisconsin [Pintar, 2006, 2007]. The
purpose of the PMHS tests was to assess the kinematics that needed to be reproduced in a
dummy. The development of injury criteriawas not arequirement. A test program that involved
18 different test configurations was conducted. Each test condition was run first with a PHMS
and then the WorldSID and THOR-NT dummies were subjected to the same test condition. The
test variations included test impact angle (60 and 90 degrees), test speed (11 and 30 kph),
shoulder belt type (inboard and outboard anchorages), center support (chest and shoulder load
paths), shoulder belt tension, and shoulder belt anchorage location (high, low, mid and forward).

Both the WorldSID and the THOR-NT response in far side impacts compared favorably to the
PMHS responses. The WorldSID performed somewhat better in the 90deg tests while the
THOR-NT was better in the 60deg tests. However, both dummies closely mimicked the head
trajectory of the PMHS subjects in the testing conditions to which they were subjected. The
greatest limitation of the dummies was the location of the chest deflection instrumentation. Some
relocation of the chest instrumentation would be required in order to accurately measure this
parameter in far-side crashes. The test results have been reported by Pintar [Pintar 2007] who
concludes, “The THOR and WorldSID dummies demonstrate adequate biofidelity to develop
countermeasures in this (far-side) crash mode..”. [Pintar 2007].

9.5 CRASH TESTS WITH BOTH NEAR SIDE AND FAR SIDE
DUMMIES

A supplementary research program of crash testing was conduced by The Australian Federal Office
of Road Safety with the partnership of the Hyunda Motor Company, Transport Canada, New-South
Wales Roads and Traffic Authority and Va. Tech/Wake Forest. A series of six tests were conduced
to with an objective of evauating occupant-to-occupant contact. Three of the tests were impacts
with a moving deformable barrier and three were impacts with poles.

A moving deformable barrier side impact test at 65 km/h with WorldSID dummies in both the near-
side and far-side front seat locations indicated that interaction between the dummies occurred a
about 90 ms[Newland, 2008]. In thistest, the belt restraint system alowed the dummy to dlip out of
the belt. The interaction between the dummies was late enough so that it did not influence the
interaction of the near-sde dummy with the near-side countermeasures. The interaction was also
late enough to permit the far-side dummy to slip out of the shoulder belt.

These tests indicated that interaction between dummies does occur. However, the presence of the
far-side dummy did not influence the injury measures of the near-side dummy in the near-side
impact. This result suggests that a far-side dummy could be incorporated in tests for near-side
occupant protection without influencing the injury measurements from the near-side impact.

The incorporation of a far-side dummy in crash tests that rate vehicles for near-side protection has
been proposed [Digges, 2009].
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9.6 COUNTERMEASURES AND INJURY REDUCTION ANALYSIS

Sled tests and computer simulations were conducted to evaluate the performance of altered 3-
point belt geometry, side support air bags and air curtains. Crash tests and sled test results have
been published [Bolstrom 2005 & 2008, Newland 2008]. Computer simulations of safety belt
performance in far-side crashes has also been published [Douglas 2008, Digges 2009 and
Eschmedia 2009]

A countermeasure 100% effective in reducing the risk of a serious or fatal head and thorax injury
up to a Dv of 20 and 30 km/h would potentially reduce the number of serious injuries by 18%
and 57% respectively. According to crash tests shown or referred to in this study side support
airbags and atered 3-point belt geometry could constitute such countermeasures. Possible
injuries being induced by these countermeasures were disregarded.

A countermeasure 100% effective in reducing the risk of fatality in far side impacts for Dv
between 30 and 50 km/h would reduce the number of fatalities by 30%. According to crash tests
shown in this paper and a recently published benefit analysis, an inflatable curtain, with suitable
coverage area and stand-up time, could constitute such a countermeasure.

9.7 CONCLUSIONS

The far-side crash environment that produces 50% of the MAIS 3+F injuries for belted adult
occupants in planar crashes is as follows: (1) Lateral Delta-V = 28 kph and (2) CDC Extent of
Damage = 3.6. This crash environment was reproduced by a simulated crash of a full size
Chevrolet pickup into a Ford Taurus using finite element models. The damage pattern was found
to be generally similar to that produced by the IIHS barrier. However, it was necessary to impact
the vehicle far-side at a higher delta-V than specified in the IIHS test for near-side safety ratings.

The MADYMO human facet model was shown to accurately duplicate the human kinematics
when applied to an available test of a PMHS in a far-side impact. Further improvements in the
model shoulder to belt interaction has been accomplished, based on human volunteer testing at
low severity far-side impacts and PMHS testing in more severe impacts. The modified
MADY MO human facet model offers a basis for evaluating human kinematics when exposed to
far side impacts. Consequently, the model should be useful for evaluating design variablesin far-
side safety systems. The MADY MO models of the Hybrid 111, Biosid, Eurosid 1, Eurosid 2 and
SID2S were found to produce kinematics that did not duplicate the human response. Research to
apply computer models to assess countermeasures is underway and will be reported when
completed.

The WorldSID and the THOR-NT both demonstrated a high degree of biofidelity in 18 tests that
were representative of a large range of far-side crashes. Either dummy appears to be a
satisfactory measuring device with regard to its kinematic response. However, changes in the
location of the chest instrumentation would be required to obtain accurate readings of the
maximum chest deflection. The available injury risk functions to be used with the WorldSID has
been collected from the literature and summarized in areport developed under the project.

Crash tests conducted by FORS Austraia indicate that a far-sde dummy could be incorporated in
tests for near-side occupant protection without influencing the injury measurements from the near-
side impact.
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Sled tests and computer simulations indicate that countermeasures such as atered 3-point belt
geometry, side support air bags and air curtains offer substantial opportunities for injury
reduction in far-side crashes. Serious injury reduction opportunity in the order of 57% was
estimated for improved belts and side support air bags. Air curtains designed for far-side crashes
offer afatality reduction opportunity of 30%.

All technical impediments to the crash test and evaluation of far-side countermeasures have now
been removed by the research conducted under the ARC Far Side Impact Collaborative Research
Project.

There continue to be alarge number of injuries that occur in far-side planar crashes and rollovers. A
number of countermeasures have been demonstrated that could mitigate the injury producing
environment of far-side crashes. Thereis at present no marketing incentive for introducing far-side
countermeasures. The absence of regulatory and consumer information tests of far-side safety is now
the mgor impediment to improved safety.

Improved safety features in far-side crashes offer a large opportunity for reducing motor vehicle
casudties. The research cited in this paper provides the technical basis for evauating and
developing far-side countermeasures. A program of consumer information is now required to
encourage far-side crash protection improvements. Ultimately, minimum safety standards should
be adopted.
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