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Abstract

Car accidents are amongst the most common causes of fatalities for a younger population in
developed countries and woldde. While research using Anthropometric Test Devices
(ATDs) has led to improvements in frontal impact occupant protection, epiadegiciall data
on the effectiveness alevices forside impactprotectionremains inconclusive. Current
regulatory physicalside impact tests are limited to standardized-vahicle Moving
Deformable Barrier and rigid polenpacs, only one seating positioof the occupant, and a
unidirectional occupant surrogate (side impact ATD). allolress some limitations of the
existing research methgdand expand the understanding of the occupant respanse
potential for injury, numerical Human Body Models (HBMs) @alleen developed as
repeatable, biofidelic, omirectional, and frangible occupant surrogaiésoverallgoal of
this study was to improve the understanding of the underlying sources of conflicting
epidemiological and physical test data on thoracipaese in side impacts.

This study applied twbighly detailedHBMs in parametric investigations with simple
to complex impact scenarios ranging from a pendulum,-rigilil side sled, to a fulehicle
lateral impact and an accident reconstruction. Sulesglyy a thoracic side airbag and three
point seatbelt models were developed and integrated with the vehicle model to study the effect
of occupant prerash position on the potential for injury. Occupant response assessment
included global criteria (chedeflectionand viscous criterionlocal measurements at different
thorax levels, spine kinematics, and prediction of rib fracture locations and lung response.

This researchdentifiedlimitations in currentinalysismethod, demonstratingffects
on occu@nt responsef precrash arm positignwhich is known to vary widely among
occupants The magnitude of the arm effect was dependent on the lateral impact scenario,
where the occupant response demonstrated the highest sensitivity to arm orientatiéullin the
vehicle impact. The arrpositioneffect was more significant than changes in response to four
restraint combinations, where the assessment of the restraint performance was also dependent
on the thoracic response measurement locations and methodmgbac study using detailed
HBM, vehicle and restraint models provided new understanding of occupant response in side

impact crash scenarios.
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Chapter 1

l ntroducti on

Although heart disease and cancer comprise the leading causes of death in developed countries
(128,588 deaths in Canada and 1,229,772 in the United States in 2015) (Statistics Canada 2018;
Heron 2017, car accidents remathe leading cause of death amongst young peopt8@15

years oldand are the'8significant cause of fatalities for all agesridwide (WHO 2018). In

2016 there were 23,793 passenger vehicle fatalities in the United States (IIHS 2017) and 1,858
in Canaa (Transport Canada 2017), constituting 16% of accidental deaths in both countries
(Statistics Canada 2018jeron 2017. Vehicle drivers constituted 74% of fatally injured
occupants (IIHS 2017 he introduction of advanced safety systems has reducedithigen

of road deaths in recent yeamsmostly highly motorized countriphowever, the number of

injured occupants remairtggh (Schmitt 2014).Within Canada, 115,956 occupants were

injured in motor vehicle traffic collisions in 2017 (Transport Canad@ 01

(©)
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Figure 1.1: (a) Near-side impact location (Otte 2009)(b) road accident fatalities for

oblique ’ I \ oblique

from ahead from rear

side: 90° + 10°

different impact directions, side category includes neaside and farside impacts (IIHS
2017) (c) fatal injuries in side impacts by body region (NHTSA 2001) presented with a
Human Body Model.

Although frontal impact protection has been a high priority for many years, side
impacts have only received serious attention over the last couple of decadesmain a
challenge, due to a limited structural crush zone and space for the restraint systems such as

side impact airbags and curtains to operate. Veleleehicle sde impactin this context

1



encompassecollisions where a striking vehicle impactdarget vehicle at 90° + 10°, tde
location of thedriver (neasside) orthe passenger (faside) door (Otte 2009)Fig.1.1a) In
2016, 29% of road deaths in North America (IIHS, 20W@ye attributed to side crashes
(Fig.1.1b).

Side impacts were estated to be 2.26 more likely to result in fatal injury compared
to frontal impactg¢Bedard et al. 2002pased on the Fatal Accident Reporting System (FARS)
data from 19758.988. Severe to fatal injuries to the thorax were observed in 53 to 58% of front
seatoccupants in neagide impacts (NTHSA 2001, Kahane 2007) (Fig.1.1c), and pulmonary
contusion (PC), which is a serious injury resulting from thoracic blunt trauma, was sustained
by 26.9% occupants in neside impacts, where the PC frequency for occupiajuised in
front al I mpacts was hefeforég infur@® tnétbanisms to th2 ¢horéx,) . T
defined asnechanical interaction with the human body that results in injury to the human body
(Schmitt 2014), require further research in the side impact sosna

Countermeasures have been implemented to reduce the relative velocity between the
intruding vehicle door and occupant to mitigate injury severity in side impacts. In addition to
side door padding (Strother et al. 1984), the introduction of sidectirapags has resulted in
an overall reduction of injuries in side impacts, but to a smaller extent than was expected
(Aldaghlas 2010, Gaylor and Junge 2015, Griffin 2012, Kahane 2014, Maltese 2002, Tencer
2005, Weber 2004, Viano and Parenteau 2016, \\a$l6ii, Yoganandan 2005, Yoganandan
2007). While side curtain air bags were estimated to reduce fatalities3®g2%or driver and
front passenger due to a reduction of head injuries, the inclusion of torso airbags in vehicles
has only reduced thoracic urjes in neasside impacts by 8% on average (Kahane 2014,
McCartt and Kyrychenko 2007). However, in-Rade impacts, tSABs were associated with an
increase of fatal injury risk for driver and passenger (+4.9%), attributed to a wide range of
potential impat forces and directions, and occupant-gash position (Kahane 2014).
Furthermore, experimental tests by Viano and Parenteau (2016) demonstrated a negative
outcome of tSABs for predicted thoracic injury (+22% increase)

Welsh (2007) suggested that prep representation of the load transfer in the side

impact by the occupant surrogate is essential for realistic prediction ef@ddl occupant
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injuries. Human volunteers can participate in 4nrgorious tests only; therefore, impact
tolerance testing regres representative surrogates. Injurious experimental tests utilize
animals, Post Mortem Human Subjects (PMHSs), and standardized reusable mechanical
humanmodels or Anthropometric Test Devices (ATDs). To date, most of the focus has been
on the midsizedmale, often termed the B@ercentile maleMore recentlyside impact testing
has been conducted with an ATD with reference dimensions based®hpixeentile female
statureand body weightCurrentregulatory testsise ATDs in specific loading scemas and
seating positions (McNeill 2005, NHTSA 2006, NHTSA 2012). ATDs are designed to
represent the human body in terms of dimensions and impact response, and to provide a
repeatable response to test impact conditions for which they were designed, Grdejaear
impact). For vehicles sold in the United Statesl Canadaoccupant restraints, protective
systems and vehicle structures are tested for side impact compliance (e.g. FMVSS 214)
(NHTSA 2012a) and performance (e.g. NCAP) (NHTSA 2012a) withofiseSide Impact
Dummy (SIBIl) or the EureSID (ES2re) ATDs. In both cases a stationary vehicle is
impacted with a moving deformable barrier (MDB) representing a strikingsinatl sedan
vehicle, at 61 kph/38 mph (NCAP) or 54 kph/33.5 mph (FMVSS and EM¥14). The ATDs
are equipped with load cells and accelerometigas measure the occupant kinematic and
kinetic response during the test impacts. However, ATDs are not frangible, which means that
they are not capable aiemonstratindailure of tissueshat may occur in the human body,
corresponding to traumatic injup contrast, HBMs arbiofidelic, frangible human occupant
surrogates that can be used in parametric studies and side impact testragge okeating
positions.

Human Body Models (HBIs) represent important structural and-siestaining tissues
in the human body in detail. HBMs began with simple sprragsdamper models in the
19706s (Lobdel | 197 blodyndnopmlred gr @ ;mis eld 9t0d smuy IC
recently, advances ioomputational power have led to the development of detailed human
body modelsincludingthe University of Waterloo Human Body Model (UMBM) (Forbes
2005 2006 Yuen 20082010), Total Human Model for Safety (THUMS) (Oshita et al. 2001),
and the Global Hman Body Models Consortium HBM (GHBMBBM) (GHBMC 2014).
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HBMs include high-resolutionrepresentation of hard and soft tissues, nonlinear material
properties, and in some cases, the abiligitectly simulatenjury in impact scenariakrough
material filure HBMs enhance analysisapability, providingthe ability to evaluate nen
traditional load scenarios or different initial body positioH8Ms aresuitable for impacts
from any directionwhereas mosATDs are designed specifically for frontal, side rear
impacts. Further, new scientific knowledge obtained through biomechanical testing can be
applied directly to detailed HBMs, as they explicitly include important structural tissues. This
knowledge cannot be used directly in physical AMaghout re-designing, calibrating and
validating with respect to physical ATD test data (Wismans 20B%perience has shown that
incorporating new human response data into ATy take several years or even several
decadegAlbert et al. 2018).

1.1 Motivation for Research

Researchers have highlighted a need to understand injury mechanisms and sources of
differences between the field data and laboratory test results and injury predictions (Aldaghlas
2010, Hallman 2008, Loftis 2011, Luzdarro 2014, McNeill 2005, Samaltz®03, Tencer

2005a, Yoganandan 2007). Several studies have compared the responses of ATD and HBM
models and the corresponding injury predictions. Baudrit et al. (1999) evaluated the response
of the frontal impact ATD (Hybrid IIl), side impact ATD (EuroSiDand @ HBM (Lizee

1998) in a side impact. Comparison of the thoracic deflection and VC varied depending upon
the model used, and the differences were related to a relatively coarse mesh and limited
material properties in the early finite element modelsonsequence of limited computational
capacity. Pyttel et al. (2007) found large differences in predicted deformations and
accelerations comparing the EuroSID ATD and an early finite element HBM response in side
impact(ESI Hmodel, Choi et al. 1999ard suggested that the injury criteria calculated with

the ATD model may not represent individual characteristics of the human body, such as
geometry of the thorax, arm, and the pelvis segnemortantly, HBM allow for loading on
individual ribs and the jory risk to be assessed directly; whereas the ATD models can only

infer the potential for thoracic injury through a response metric such as chest deflection.
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Depending on the o0ccupan tthé armcpnbedprimarg at
load transnssion interface between the door and the occupant th&@arsequently
investigators have examindde effect of the arm position and compliance on the thoracic
response (Tencer 2005ab, Yoganandan 2H@)ever, minimal data are availalskgarding
the dfect of initial occupant arm position on injury response in side impact crash scenarios
(Viano 1991 1994 Watson and Cronin 2011). Several authors investigated the effect of arm
position with different results, depending on the occupant model chosendAFMHS) and
on the test scenario (frékght, velocity pulse, distributed or concentrated load). In most cases,
the PMHS were observed to be sensitive to arm position while ATD tests did not show a
significant effect. For fredlight impacts,the kinetic energyof the impactoris absorbed by
body of theoccupant body until the impactand body move at a common velog¢itye PMHS
arm in the loading path was observed to reduce the number of rib fradExperiments
includedconcentrated loadnpacs (pendulum) (Kemper 2008), and showed similar results
when the PMHS was dropped from a height of &n a rigid surface with arms above the head
or in the driving position (Stalnaker 1979). Other researchers did not identéffebes ofarm
position on injuy in freeflight pendulum tests (Cesari 1981). Studies on the ATD response to
lateral impact with different arm positions demonstrated no sensitivity of tH¥&ESTD to
the test configuration (Trosseille 2010), and Dalmotas (1991) suggested thabfettfiecarm
in the loading path investigated with use of the ATDs could mask the effect of different
restraint designs on the injury response.

Although physical tests using PMHS provide important insights into impact response,
they are costly and sensitive variance introduced by test subjects. Tests involving ATDs
have led to improvements in occupant safety, rbanhy investigators have suggested that
further improvements in safety systems could be achieved by introducingongputational
analysis toolsAldaghlas 2010, Hallman 2008, Klaus 1983, Loftis 2011, Lorenzo 1996, Luzon
Narro 2014, McNeill 2005, Samaha 2003, Tencer 2005ab, Yoganandan 2007). Information
collected during the physical tests is limited to-areanged measured parameters, such as
displacements, forces, and acceleratjarsd many desired variables are difficult to measure

without unacceptable levels of tissue disruptidnmerical models with relevant verification
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and validation (ASME 2006) enable-d@epth analysis, covering not onlyetiglobal responses

but also component, material or tissue level responses, to bridge the gap between the ATDs
and human occupants, as more anatomically accurate and biofidelic surrogates. HBMs enable
detailed parametric on occupant response in complexcingeganarios, providing repeatable

test conditions that reduce variance associated with physical experiments.

1.2 Research Objective and Scope

This thesisprovidesa newunderstanding obccupant response in side impact scenarios and
identifiesunderlying soues of conflicting epidemiological and physical test e\ath respect

to the effectiveness dfioracic restraintsA range of impact scenarios, from simple pendulum
and rigidwall side sledteststo a fullvehicle side crash and accident reconstructicgrew
investigated in parametric studies with two stait¢he-art HBMs. The effect of occupant pre

crash position and interaction with door padding, a tpaet seatbejtandthoracic side airbag

on the potential for thoracic injury was assessedermsof global criteria (chest deflection,

VC), local measurements at different thorax levels, spine kinemptediced rib fracture
locations and lungstrain, strain rate, or pressuasponselLimitations of current side impact
researchmethodswereidertified through a demonstration of occupant response variation due
to precrash position, where the highest sensitivity to arm orientation was observed in full
vehicle impactsSide restraint effectiveness assessment was demonstrated to be dependent on
the thoracic response measurement method and location. However, the arm effect was
significantly more pronounced than thédferences among thiur restraint combinations

considered irthis thesis

1.3 Organization of the Thesis by Chapter
This thesis is organigeinto seven chapters, including the introduction (ChaptéFidy)1.2)

Chapter 2 provides background information on side impact kinematics, and statistics related to
automotive injuries types, severity, and criteria with focus on the thoracic anatdrirgpama
relevant to side impact crash scenarios. An overview of occupant surrogates used in side impact
testingis provided including a summary of developmenttbétwo HBMs usedn this thesis.

The advantages and limitations of each occupant surragatiscussed. Lateral impact testing
6



scenarios used to represent vehicle side esmie presentedlong with theprocesses for
verification and validation processof computational vehicle, seat, and restraint models with
respect to experimental dafehe epidemiological and experimental studies on thoracic side
airbags (tSABs) effectiveness are reviewed. Lastly, limitations of existing research methods

are highlighted.

Chapter 3 summarizes a lesdstudy to investigate and verify the thorax respdose
the HBM in impact scenarios using the UMBM and GHBMGHBM. The process of
integrating the occupant with vehicle, seat, and restraints is explained. Simulation results are

compared to existing experimental and +walld crash data on occupant injury.

Chapter 4 presents the results of a study on occupant surrogate response sensitivity to
door compliance and arm peeash position. Occupant response was evaluated using both
global and local ridevel response. Interactions between the arm position aad tdm
material properties were analyzed. This chapter demonstrates high sensitivity of tHBMW

injury response to parametric changes, where the arm position effect is the most significant.

Chapter 5 details an evaluation of the effect of arm posaiomccupant response,
depending on the side impact loading type. The-HBM response in full vehicle scenario
discussed in Chapter 4 is compared to standardized biomechanical pendulum andlkigid
sled tests. The UWBM response is discussed with redpicpast hypotheses on the arm
position effect in side impacts, and recommendations for a side impact scenario to represent

vehicle side crash are outlined.

Chapter 6 discusses the effect of variations of restraints parameters and combinations
in interacton with two precrash arm positions for occupant response. The contribution of four
thoracic side airbag (tSAB) locations, two tSAB pressure settings and two seatbelt
configurations (belted / unbelted) for predicted occupant injury severity are compared
considering the effect of occupant arm position. Chest compression methods specific for
PMHSandATDs are compared to examine the occupant response and interaction with the seat
belt system and tSABIhe dependence oéstraint performance assessment anrésponse

measurement method used are demonstrated.
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Chapter 7 summarizes the overall conclusions, demonstrating the potential of HBM to
improve understandindpe underlying sources of conflicting epidemiological and physical test
data on thoracic responseside impacts. This thesis enabled an identification of limitations
in current methodology, demonstrating a variation in occupant response due todhraspre
arm position. Future research directions and recommendations for application BBtk

for the improvement of occupant protectianme discussed.
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Chapter 2

Background

2.1 Thoracic Injuries Resulting from Automotive Side Crashes

Blunt chest traumis associated predominantly with vehicle crashes/(®® of chest injuries)
(Weaver et al. 2013gndinjuries tothe thorax are responsible for 58% of fatalities in side
impacts (Kahane 2007More specifically, pilmonary contusion (PCxsia common blunt
traumainjury resulting from side impact loadinBC accountior over 35% of serious thoracic
injuries (Danelson et al. 2018nd isthe most significant contributor the development of
potentially fatal acute respiratory distress sypnae (ARDS) (Becher 2012 brief overview

of thoracic anatomy and injury is presented in this chapter, followed by an introdiadtien

physical and numerical human surrogatsed in vehicle developmeand testing

2.1.1 Thorax Anatomy

The upper part of theuman trunk between the abdomen and neck is referred to as thorax. The
thoracic cage comprises hard tissues, namely ribs, vertebrae, and sternum, connected by costal
cartilage and intervertebral disi¢sg.2.1a), andsupports soft tissues: muscles, faseessels,
nerves, and skin. Tficombination of hard and soft tissues, referred tthashoracic wall,
protects the internal organs (RR@a) in the thoracic and abdominal region from external and
internal loads, and provides structure to enable breatiihe thorax also provides attachment
points forthe musculature of thgpper bodyincluding theupper extremities.

Ribs are considereds long bonesbecausetheir length significantly exceeds the
transverse dimensions (F2dlb), and comprise a densecortical bone shell filled with
trabecular bone. Ribs7 are called vertebrocostal (true) ribs, and connect thoracic vertebrae
with the sternum through a costal cartilage extension. Rib8, &alled vertebrochondral
(false) ribs, indirectly connect thawic vertebrae with the sternum, attaching to costal cartilage
of ribs immediately superior to them. Free (floating) ribs;121 originateat thethoracic
vertebra and connect at the end to posterior muscles of the abdomen.
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Figure 2.1: (a) Thoracic cage (b) central left rib (adapted from Gray 1918).

Internal organs enclosed within the thoracic cage comprise the heart, lungs, and vessels
(aorta, pulmonary artery, and smaller vasculature)ZR2@. The lungs are divided into lobes,
two for the left lung, three for the right lung, and their primary function is to transfer oxygen
and carbordioxide between air and blood. The exchange occurs during a diffusion process at
the level of the alveoliyvhich are microscopiair sacg0.2-0.3 mm in diameter, Weibel 1977)
wrapped in capillaries (Fig2b). Clusters of alveoli form alveolar sacs, which then connect to
respiratory bronchioles through alveolar ducts. Respiratory bronchioles connect takermin
bronchioles that run to higher order bronchi, and eventually to the main bronchi and trachea.
The heatrt fits in the space between the lungsZkg, pumpingblood in two circuits:
first, drawing oxygenated blood from tipeilmonary circuit Iung9 and pumping it to the
systemic circuiti.e., throughout the body, andcend, pushing venous, deoxygenated blood

to the pulmonary circuit.

2.1.2 Thoracic Injury Types in Side Impacts

Injuries to the thorax can be classifiedether hard tissugribcagg injuries or soft tissue
injuries.Rib fractures occur most often at the rtdrax leve] at the greatest curvature of the
rib (Fig.2.1b) as a result of direct blunt impact or indirect compressive loads (Moore et al.
2011) A rib fracture ordiscontinuity of theconnection between sternum and cartilage or

cartilage and rib can lead penetratingnjuries of underlying soft tissueRerforation of the
10



thoracic wall, where the space between the lung and thoracic wall fills with air, is referred to
as pneumothoradn a case where the cavity between the lung and thoracic wall filled with
blood due to internal bleeding is referred to as hemothorax. The lung subjected to external

pressure from the fluid in chest cavity may collapse, which leads to breathing impairment.

(@) (b)

Trachea

Aorta
& Pulmonary e

/ \artery Deoxygenated blood

Oxygenated blood

Respiratory bronchiole

Alveolus

5 Capillaries
' Alveolar

duct
Alveolar

pores

Figure 2.2: (a) Lungs (Gray 1918) (b) alveolar structure (adapted from OpenStax
2013)

Lung injury at a large scale or tearing is referred to as pulmonary laceratigotured
or puncturd lung releases air or blood, which may accumulate in the chest cavity and cause
closed pneumar hemothorax. Pulmonary laceration is one of the injury mechanisms leading
to pulmonary contusion (PC) (Wagner et al. 1988), where damage and bleeding occur at
alveolar level. Alveoli fill with fluid and collapse, impairinthe breathing process and
potentially leadingo aninflammatory reaction. If more than 24%tbetotal lung volume is
contusedtherisk of ARDS onset rapidly increas@®echer 2012)

Heat injury types include laceration and contusion. Cardiac laceration can be caused
by severedeformationof the heart between hard tissues, such as between the sternum and
vertebrae, or contact with fractured ribs. Laceration or its extreme form, hetanterugan

cause high volume internal bleeding or heart failure. Aside from laceration and rupture, cardiac

I Download for free ahttp://cnx.org/contents/ccc4ed®487408b-99347a0d279d853a@@equired by
Creative Commons license permission for the image).
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contusion can impair the functionality of the muscular fibers resulting in defective heart rhythm
and cardiac arrest (Moore et al. 2011). Similauryntypes are observed in side impacts for the
aorta and large vesseRupture of theaorta is a severe injugommonlyleading to fatal blood

loss (Thomas and Frampton 1999).

Classification of Thoracic Injury Severity

A variety of injuries scales have®en developed to facilitateage at a crash scene, at a trauma
centre, and during the assessment of restraint effectiveness during vehicle design process. The
Abbreviated Injury Scale (AIS) (AAAM 2015) is the injury scatmstwidely usedby the
automadive industry and crash response teams. The simplified AIS Ecalbde2.1) provides

a number that translates to a potential threat to life as a result of certain injury, on a scale from
0 (no injury) to 6 (fatal). The detailed AIS scale provides a cedgience that describes
location, type, and severity of the injubased on body region$i head, 2 face, 3i neck,

4- thorax, 51 abdomen, 6 spine, 7i upper extremity, 8 lower extremity, 9 unspecified

(AAAM 2015).

Table 2.1: Thoracic injury with a corresponding AlS scale @dapted from Cavanaugh
2002.

AIS Rib cage injury Soft tissue injury
Minor 1 Single rib fracture Skin abrasion, contusion,
laceration

Major skin laceration, partia

Moderate 2 2-3 rib fractures, sternunmdcture )
thickness tear, bronchus

>4 rib fractures, B rib fractures

Serious (not life Minor heart contusion,

. 3 with haemothorax or . :
threatening) unilateral lung contusion
pneumothorax
Severe .(I'fe >4 rib fractures with hemothorax Severe heart contusion,
threatening but 4 : o
i pneumothorax, or flail chest intimal tear of aorta
survivabk)
Major aortic laceration, heal
Critical 5 Bilateral flail chest perforation, ventricular hear
rupture
Aortic laceration with
Fatal 6
haemaerhage

12



2.1.3 Thoracic Injury Criteria in Side Impacts

Translaton of the kinematicresponse of an occupant surrogate to the probability of injury of
certain severityor a human occupaig performed with use of injury criteria. Thaury risk
curves,providing alink betweenlaboratory predictionsand experimenth data, have been
developed for each body region separat€hpracic injury criteria for side impacts wérased
on PMHS testgonducted over the last 30 years (Viano et al. 1989a, Cavanaugh €lal. 19
1993, Pintar et al. 1997, EEGERO5 1995, Kuppa 2004, NHTSA 2013 correlation between
kinematic responses, such as displacements and accelerations, and injury assessed during a
posttest autopsy, has been established and referred to as injury diMeriz 2003). The
PMHS resultsare often normalizetbr the anthropometry of an average,'5ercentile male
or scaled to other statur@Suppa 2004) and implemented in vehicle test standards. After the
kinematic response of the ATD is measured duringrgact test, a probability of injury of
certain severity to humanoccupant is inferred based oretimjury criteria (Kuppa 2004).
Currently used thoracic injury criteria for side impact include thoracic lateral
compression (NHTSA 2012) and the ViscougdZion (Lau and Viano 1986, NHTSA 2012).
Thoracic compressiors measured as change of thorax breadth normalized with respect to
initial thorax breadth (Viano et al. 1989). Compression leveB3d% correspontb a 50%
probability of AIS 3+ injury(Viano et al. 1989)The FMVSS 214 injury threshold for an ES2
re ATD is 44 mm (NHTSA 2012a), and a good side impact rating with 1IHS requires 34 mm
or less of lateral chest deflection of a SIBATD (IIHS 2017).
The Viscous Criterion is calculatesing the normalized compression Cdgfined as
the chest deflection at a given time D(t) divided by initial chest breadtiitiplied by the
velocity obtained by differentiating the time history of the rib deflectioft) (Fig.2.3, Lau
1986). Test standards usually report only the maximum of the VC values measured at all rib
levels, referred to as VCmax (ECE R 95 1995)/Cmaxvalue of1.0 m/s corresponds to a
50% probability of AIS 3+ injury (Lau 1986IHS 2017)
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Figure 2.3: Calculation of the Viscous Criterion (from Lau 1986). Di initial chest
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breadth. D(t) T time-history of the chest deflection in mm. C(t} chest compression, V(t)

T chest deformation velocity inm/s.

The Thoracic Trauma Index (TTI) ishastoric side impact injury criterion based on
lateral accelerations measured at three thoracic vertebrae levels and normalized depending on
the occupant age (where applicable) and weight. The TTI is calculatethaan of the T12
and either T4 or T8 acceleration, depending which is higher (Kuppa 2004). Although TTI was
reported to correlate with thoracic injury (Kallieris 1994), it is not used in current safety
standards.

Spinecurvature, namely a relative latedéstance between the vertebrae, was described
by Kaneko et al. (2007) as a potential metric that correlates with chest compressiaba in
impacs. Consistent spine curvature during the side impact was associated with lower chest
deflection and VCmax vaks in ATD tests. However, up to date the criterion has not been

guantified or formalized.

Rib Fracture Location Prediction

Human Body Models incorporate tissue level injury criteria, which enable prediction of
specific injury types and locationRib fracturesn the University of Waterloo Human Body
Model (UW-HBM) are predicted based on element erosion with a von Mises based failure
criterion, embedded as a function of the effective strain rate in the linear-plastic cortical

and trabecular bonmaterial (138.3 MPa for strain rate of 1/s) (Forbes 2005, Yuen 2010) as a
14



strain rate dependent linear elagilastic material incorporating a failure definition based on
von Mises stress at failure as a function of the effective strain rate.

The GlobaHuman Body Models Consortium (GHBMC) Human Body Model predicts
locations of rib fracture locations based on a plastic strain failure criterion embedded in cortical
and trabecular bone material definition. The rib bone materials follow an et
material definition (piecewise linear plasticity), and rate effects are accounted for through the
CowperSymonds model that scales yield stressfL.$na User 6s Manual 200
model, elements that exceed the threshold effective plastic strairoé@l@d.8 for the cortical
bone and 0.13 for the trabecular bone erode and are virtually removed from the rib (GHBMC
2014). Eroded elements can be located during graphicalppmstssing of the results and
classified as a rib fracture location.

The TotalHUman Model for Safety(shita 2001 Iwamoto 2002 also includes a
strainbased criterion for the cortical bone, and the threshold values proposed for element
erosion varied between 0.0203238 (Mendozd/azquez et al. 2014).

Internal Organ Injury Risk
The GHBMC HBM was described as sufficiently validated to predict potential for pulmonary
contusion(PC) and diaphragm injurie€GHBMC 2014) However, no Crash Induced Injury
(Cll) criterion and threshold was provided for PC.

The UWHBM lung material modewas developed by Yuen (2010), based cemivo
impact experiments performed on rats, pressoleme experiments performed on dog lungs,
and human lung tissue biaxial experiments. Yuen (2010) examined a variety of previously
proposed criteria (Gayzik 2@0; 2008) to predict PC onset:
proposed threshold value: 0.78), strain rate (threshold value: 243 1/s), instantaneous product
of strain and strain rate (threshold value: 103 1/s), and his own criterion of threshold dynamic
pressure (52.4 kPa). The dynamic pressure criterion was correlated to tensile deformation of
the lung tissue and demonstrated a capacity to capture the spalling effect, observed to result in
hemorrhagic lung injury (Yen 1988). Although different criteriaP&@ prediction have been
proposed in the | ast decade (Gayzi k 2011,
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contribution of the hydrostatic lung material response and evaluating response locally. Using
the pressure criterion, Yuen predicted patches of cedtlisgs in the UMHBM similar to
PC patterns in trauma patients (Yuen 2010).

2.2 Occupant Surrogates

One of the firstvolunteerstudies on the effects of abrupt decelerations on human body in
interaction with restrainteasconducted byCol. St ap p @the pgrposewopevaluation

of military ejection seat design (Stapp 1947, 1949). The National Biodynamics Lab (NBDL)
further investigated occupant response using a rigid sled accelerated and decelerated in
different directions to mimic a frontal or latecaish pulse (Wismans 1986, Thunnissen 1995).
Althoughvolunteer tests have provided important data on living human response under crash
conditions, experiment relatively high energidsave not been repeated in modern times due

to ethical concerns ana possible risk of injury to theolunteer Therefore, PosiMortem

Human Surrogates (PMH§ and ATDs have been utilized as human surrogates in
biomechanical experiments at impact severities and decelerations which could potentially
exceed physiological paiand injury thresholds. Both ATD and PMH&sedesearctas a

long history of development, and a number of updates have been proposed over the past several

decades to improve the response measurement angrposssing

2.2.1 History of PMHS Tests and Developments
PMHSs have been widely used in biomechanical research dimeel950s due tathe

anatomical accuracy in representing the human b&#§HS testing is widely used to
determine impact response and tolerafi@st scenarios utilizing PMHSnclude penduim
impacts, sledmpacts (Fig2.4), and investigation of interaction with passive restraints (door
design, seatbelts, and airbagSjperiments assessing PMHS response in full vehicle impacts
are very limited (Klaus and Kallieris 1988erg et al. 1998).

To measure occupant response during side impassumentedmetallic bands,
referred to ashestbandsare placed around the PMHS thorax, usually at two anatomical

locations: at the level off4sternecostal joint, and at the level of xiphoidal proce$ghe
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sternum (Pintar et al. 199 Deformation of the chestbands during impact is used to calculate
chest deflection magnitude and pattétowever, interpreting chestband contours can present
challenges due to theomplex deformatios of soft tissuesparticularly for higheBMI
subjectsAdditional accelerometers or load cells can be fixed directly to hard tissues at certain
anatomical landmarks to measure displacements, accelerations, and(Baneest 2005)
Recent studies (Trosseille et al. 20Tigasured saintime histories using strain gauges
bonded directly t’MHS ribsto track strain measurements directly. However, measurements
are limited to a few locations, and installation of the strain gauges prior to the test requires a

surgical procede, which can affect the structural thoracic response

Figure 2.4: Instrumented PMHS prepared for a rigid-wall sled test (adapted from Pintar
2007)

2.2.2 History of ATD Developments

ATDs were first developto studyloadingdue to deployment of aircraft ejection sedte
first ATDs were designed to represent tieght and weight of a misized maleviator, and
the use of the soalled 58™-percentile male as the reference body sizentually became a
standard in automotive testing (NHTSA 2012R)ost current ATDs are esignedfor one
standard driving seating position and specific impact directionsi@whlidated with respect
to measurements performed on PMHfder the same loading conditio3fferent ATDs

are used for frontal (Fi@.5a), side (Fig2.5b,c), and rear (Fig.5d) impact tests.
17



Figure 2.5: Anthropometric Test Devices representing a 50th percentile male occupant
for: (a) frontal i Hybrid Il (adapted from humaneticsatd.com), (b) sidei ES-2re
(adapted from humaneticsatd.com), (c) sidé WorldSID (adapted from Hitech.com.sg,

and (d) reari BioRID Il (adapted from IIHS.org) impact testing.

The acuracy ofa surrog@te such as aiTD in replicating PMHS response for the same
impactscenaridFig.2.6a,b)s referred to as biofidelity. ATD and PMHS impact responses can
be compared using gross kinematiesgment accelerations, afudces measured at external
loadng sufaces(Fig. 2.6¢). For concentrated load impacts, such as pendulum impacts, force
and displacement time histories of impactors are compared between the ATD and PMHS.
Internal responses can be comparsithgdisplacements and accelerations measured aircert
anatomical landmarks (FB6d). The ATD response needs to fall within a biomechanical
corridor, namely a range of responses predicted by PMHSs (Scherer 2009). The biofidelity
index of two side impact ATDs, USSID andR28&:, compared by Scherer (20@®presented
in Table 2.2, where scores 8.0 indicate excellent, 6:8.6 good, 4.%.5 fair, 2.74.4
marginal, and below 2.8 considere@n unacceptable biofidelity rating (ISO 9790).
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(a) (b) (c)
XEl
k

Figure 2.6: ATD integrated with: (a) a rigid wall sled, (b) pendulum impactor.
Measurement of: €) external forces exerted by the occupant on the impacted walld)
internal response of the occupant in terms of displacements and accelerations (atip
from Kuppa 2004).

Table 2.2: Biofidelity scores of tiree side impact ATDs (Scherer 2009scale G10; 10
is best]

USSID ES-2re WorldSID

head 0 5 10

neck 2.5 4.2 5.3
shoulder 0 4.5 10

thorax 3.1 4 8.2

abdomen 4.4 4.1 9.2

pelvis 2.5 3.2 5.1
overall 2.3 4.2 8

Objective Rating Methods
ATD response agreement with PMHS experimental data is also assessed olijbciive
rating methodsuch asCorrelation and Analysis (CORA) developed by the Parmgrior
Dummy Technology and Biomechanics (PDB 2012) (Thunert 2012). CORA evaluation can
consist of corridor rating, cros®rrelation rating, or both, with weight for the rating
importancesubjectively chosen by uséfor the corridor component, CORA coamnps the fit
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of evaluated signals to experimental or wsetr corridors. The crosrrelation component
provides a score rating based on shape, phase shift, and area calculated below two compared
signals.A CORA score equal to 1.0 correspernd overlappng, identical curvesywhile a

CORA score of 0.0 would mean no correlation betweemibdel response and dafarating

scale used for the purpose of this thesis was adapted from the existing biofidelity rating (ISO
1999) to qualitatively describe the cslation between two responses (Tab®.Zorrelation

values of 0.86 and above indicate good match between the compared curves. Reasonable
correlation corresponds to rating between 0.65 and 0.85, and rating below 0.65 indicates poor
correlation. Crosscorrelation was also used to assethe sensitivity of the response for
different impact scenarios (e.g. horizontal and vertical arm positions for the HB&psS
correlationratingover 0.86 corresponds to small effect of the varied parameterD@b60
moderate effect, and 0.65 to 0.0 indicates large effect size (Cohen 1988) (#able 2.

Table 2.3: A rating scale describing the Table 2.4: A rating scale describing

correlation. sensitivity.
poor 0.0 O rati large 0.0 O rati
reasonable 0.66 O rati moderate 0.66 O rat
good 0.86 O rat small 0.86 @ rilat(

Sidelmpact ATD Model Usedin This Study

Computationamodels of ATDs have been developed over the last four deRides7a), in
parallelwith the increasing computatiahcapacity of modern computers (Cronin 2011). These
modelsevolved fromsimplified multibodyrepresentatios (rigid bodies connected through
kinematic joints) (Wismans 2005)to finite-element (FE) modelfDYNAmore 2015,

Humanetics 20179apturing geometry and material properties in more detailXFag).
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Figure 2.7: (a) Computational model of the ES2re ATD (DYNAmore 2015) integrated
with a rigid -wall sled mode] (b) physical component test utilizing the EQre ATD
(Aekbote 2007).

Although the physical World® ATD biofidelity rating was higher compared to other
side impact ATDs (Scherer 2009), the overall performance of the numerical WorldSID ATD
model evaluated by Park et al. (2014) in comparison to three PMHS responses demonstrated
crosscorrelation ratingCORA) comparable to the ESe ATD model. Moreover, the E&e
ATD model demonstrated the highest correlation with PMHS experimental data for rib
deflection responses (WorldSID=0.13, -E&=0.63). Therefore, due to application in
standardized vehicle tasj (NHTSA 2012a) and performance comparable to other side impact
occupant surrogates, the 2& ATD was used in this thesis.

The ES2re ATD thorax consists of three metal baQdé r iebcapsu)ating three rib
deflection potentiometers that reach fraspine box mounted on the ATD spine towards ribs
on the impacted side of the thorax (Riga). Deformations of the three ribs are intended to
correspond to deformations of the upper and lower thorax, and of the abdominail aresat
sized human occupant respectively For the numericalES-2re ATD model, the chest
compression was defined as the change in length of a discrete element connecting two nodes
located on the rib modules (Figg2). The location of the nodes corresponded to the physical
potentioneter attachment poin(gig.2.8b) therefore, thorax compression was measured in the

same manner as in the physical ATD.
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Figure 2.8: (a) Computational model of the side impact ESre ATD thorax, (b) ES-2re
rib potentiometer (Stricklin 2009).

Verification of the E&re side impact ATD FE model was conducted through
simulations of calibration tests (United States Code of Federal Regulations 2008) and
comparing the responses to standards forsighay ATD results by the model developer
(DYNAmore 2014). The calibration tests were repeated by Watson (2010).

(@)

Figure 2.9: Calibration tests of the ES2re ATD: (a) isolated rib module mpact, (b)
exposed thorax pendulum impact(c) shoulder pendulum impact (adapted from Watson
2010, Gierczycka et al. 2015).

Thoracic calibration at a component level included a drop test performed for each rib,
where a 7.7&g (7.81bs), 150mm ( 5. @adoy was digpped from different heights
(Fig.29a, 210a). Full thorax response assessment included a 5.5 m/s lateral rigid pendulum
impact to the middle of the second rib, where the ATD arm and jacket were remove@®lfFig.2.
2.10b). The same impactor (25. 4 mm, 6 0 d ikg, Ble6tibe in weiglat)nvds uged@ . 4
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to evaluate shoulder response in a lateral impact of 4.3 m/s. The ATD model was found to meet
the Federal Code (2008) requirements for all theugited impact scenarios (Fig.2,2c1(c)
(Watson 2010).
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Figure 2.10: Chest deflection in: (a) isolated rib module test for four impact velocitiegb)
exposed thorax pendulum impact(c) pendulum acceleration in the shoulder pendulum
impact. Dotted lines: experimental corridors, solid lines: simulated response (Watson
2010, Gierczycka et al. 2015).

After integration of the ATD model with the vehicle and restraint models, the vehicle
was subjected to a 54lk (33.5 mph) MDB impact reglating a FMVSS 214 side impact test
to facilitate a direct comparison with the available ES2ATD results of a physical MDB tests
of the same vehicle make and generation, namely the 199® MY Ford Taurus impact tests
(NHTSA 2000), achieving a good meha (Fig.211) (Watson 201Q)

(a) Upper rib deflection  (b) Middle rib deflection  (c) Lower rib deflection
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Figure 2.11: Rib deflection responses of the EQre ATD model in the full vehicle FMVSS
214 test (NHTSA #3522#3482 adapted from Watson 2010, Gierczycka et al. 2015).
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2.2.3 History of Human Body Model developments

Advancements of computational technol@mg the recognition of the biofidelity limitations

of ATDs led to development ofumerical models othe human body, to bridge the gap
between the ATDs and real occupants. Initial Human Body Models @iBddch as the
lumped thorax model (Lobdell 1973kd finiteelement (FE) thorax models, includinigilang
(1994) (Fig2.124), Wang (199), Lizee (1998), and Elawahri (201Q)represented isolated
body segments. Fubody models originated as multibody representations (Cheng 1994)
(Fig.2.12b), facet HBMs (Wismans 2005), and combinations of the FE thorax with simplified
multibody represeantions of other body parts (Plank et al. 1998). Within the following decade,
first facet and fulbody FE models were developed: Total HUman Model for Safety (THUMS)
by Oshita et al. (2001) (F@l12c), HUMOS by Robin (2001), occupant models by Ruan et al.
(2003), andhe THUMS elderly occupant model (Tamura et al. 2005). The FE models were
deformable and haithe potential tosimulatetissue failure.

(a) (b)

Figure 2.12. Early developments:(a) finite element model by Huang (1994) under a side
sled impact (b) multibody model by Cheng (1994)(c) finite element THUMS model by
Oshita (2001) integrated with a pendulum impactor.

Current HBMs provide detailed anatomical representation of esin@timale or of a
small female, reflecting the automotive safety standards (NHAEAR&a)andcan be morphed
to a wide range of body sizes and shap&sgng et al. 2016 HBMs enable parametric studies
through a repeatable, fully controllable environment, coimligi advantages of both PMHS

and ATDs in a numerical environment (Wismans 2005, Cronin 2011).
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2.2.4 The University of Waterloo Human Body Model

The UWHBM originated from a thorax model developed by Deng et al. (1999), and further
enhanced at the Universitybfaterloo (Forbes 2002006 Campbell 20092014 Yuen 2009)
(Fig.2.13)through a refinement of material properties and adding simplified pelvis, abdomen,
head, and lower and upper extremities. The mooteigprisesl 59,159 elements and 180,655

nodes.

(@) (®)

(1) Outer Swface Muscle
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tissue

@) Aorta
(4) Heart

(3) Lung
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Figure 2.13: Thoracic section of the UW HBM, pendulum impact test(a) front view,
(b) lateral view (Forbes 2005).

The full-body UW-HBM was validated through frefight 4.3 m/s and 6.7 m/s frontal
pendulum impacts (Kroell 1971, 1974), frifight oblique (4.3m/s and 6.7 m/s) and lateral
(4.3 m/s) pendulum impacts (Viano 1989) (Fi@y42), limited stroke 5.6 m/s lateral pendulum
impacts (Chung 1999) (Fig.Xb), Wayne State University (WSU) rigidlall side sled tests
at 6.67 m/s and 8.89 m/s (Cavanaugh et al. 1990, 1993) (Fg).2and National Highway
Transport Safety Administration (NHTSA) rigislall side sled tests at 6.67 m/s and 8.89 m/s
(Pintar 1997) (Fig.24.4d, Fig.215).
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() (b) (©) (d)

Figure 2.14: Lateral impact scenarios for the UWHBM model assessment: (a
obliqgue pendulum, (b) lateral pendulum, (c) WSU-type rigid-wall sled impact, (d)
NHTSA-type rigid-wall sled impact

Figure 2.15. Comparison of the UWHBM and PMHS kinematics in a 6.67 m/s NHTSA
rigid sled impact (Forbes 2005, adapted from Gierczycka et al. 2015).
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UW-HBM Response Assessment
Three clest deflection measurement locations in the-BM model corresponded to the
three rib levels in the physical ATD to enable interpretation of the results obtained with the
two occupant surrogates. The ATD upper rib corresponded to rib 4 in thelRIWmodel
(Samaha 2001), and the distances between the rib levels for measuring chest deflection in the
UW-HBM (Fig.2.16a) were the same as between the ribs ofpthsical ATD (Fig.2.16b).
Measurements at rib 6 in the UWBM corresponded to the location of the il rib in the
ATD, and measurements at the level of rib 8, to the location of the lower rib in the ATD.

In the PMHS laboratory tests the measurement of the upper thorax deflection is
typically collected through a chestband locasggproximatelyat the leel of the 4" rib, the
middle rib corresponds to the level of the xyphoid process (approximé&tely) and the lower
band is locate@pproximatelyat the level of 10 rib (Pintar et al. 1997) (Fig.25). Where a
direct comparison between PMHS and tWBM results was necessary, the chest deflection
measurements were taken at ribs 4, 7 and 10 (Yuen 2010). All the results involving a direct
comparison between the ATD and the tWBM involve a comparison of measurements at
the level of ribs 4, 6, and 8.

(b)

56mm
| 56mm

Figure 2.16: Comparison of distances between upper, middle, and lower rib levels of the:
(a) UW-HBM, (b) ATD model. Outer layers removed for clarity.

In addition to the chest deflection, the Viscdtisterion was calculated to capture a
potential for injury to internal organs and soft tissues, as described by Lau and Viano (1986).
To evaluate the model performance, Forbes (2005) and Yuen (2010) applied an ISO biofidelity
ranking based qualitative ckBcation (ISO B99) (Table 2.h Experimental corridors were

developed based on physical studies reported in the NHTSA database (2009) and expanded to
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capture experimental range at each time according to the ISO approach (ISO 1999). For
experimental resmses where the corridors were not provided, the corridor was calculated
based on a standard deviation projected off the experimental average (Forbes 2005, Yuen
2010).

Table 2.5: UW-HBM model biofidelity assesment method (from Yuen 2010).

Response quality description
good Falling within the corridor of the experimental data

Falling outside the experimental data corridor, but within one
reasonable

corridor width

Falling outside the experimental corridny more than one

poor corridor width

The UW-HBM response agreement with PMHS data in lateral impacts was between
reasonable and good for all loading cases considered. An example of the assessment is shown
for 6.7 m/s NHTSAtype rigidwall impact, classifiedy Yuen (2010) aseasonabldo good
(Table 26), measured as chest compression at three rib levels (Fig.2.

Table 2.6: Assessment of the UMHBM chest compression response in a NHTSA 6.67 m/s
rigid sled impact, by loading phase (from Yuen 2010).

rib level loading peak unloading
upper good good reasonable
middle reasonable reasonable reasonable
lower good good good

Campbell (2009) integrated the UHWBM with the vehicle, seat, and restraints model,
and sibjected to NHTSA Federal Motor Vehicles Safety Standard No. 214 (FMVSS 214)
MDB test. The UWHBM chest compression and VC responses at three rib levels exhibited
good agreement with physical ATD response measured in FMVSS 214 NHTSA test No. 3522

for FordTaurus MY 1996 (NHTSA 2000) (Fig.B)
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Figure 2.17: UW-HBM chest compression and VC response in 6.7 m/s NTAStype rigid-
wall sled impact measured at:(a)(b) upper chest band (c)(d) middle chest band (e)(f)

lower chest band (Yuen 2010, Gierczycka et al. 2015).
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Figure 2.18: Comparison of the UW-HBM numerical and ATD experimental response at
three rib levels in a FMVSS 214 MDB impact (Campbell 2002014).

Rib Fracture Prediction with the UW-HBM

Rib fracture locations were predicted when elements that exceedégiltine strainwere

deleted from the simulation, and full rib fracture was associated with element deletion across

rib thicknessThe rumberof rib fractures predicted by theWWJHBM in rigid-wall scenarios

fell within the range of fractures sustained by the PMHS in physical experiments (Cavanaugh
1990a,h 1993 Pintar 1997, 2001(Table 2.7) The model predicted a substantial number of
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rib fractures in loading scenarios in whstme PMHS also experienced multiple rib fractures.
However, these comparisons are difficult to interpret in terms of predicting threshold for injury,
due to large differences in anthropometry amongst the specimens, and between the specimens

and the model.

Table 2.7: Number of rib fractures observed in PMHS rigid sled experiments compared
to UW-HBM simulations (adapted from Yuen 2010).

PMHS 3120 PMHS 3122 PMHS 3155 UW-HBM

NHTSA-type rigidwall 6.7

16 0 11 15
m/s

PMHS 2585 PMHS 2587 PMHS 4933 UW-HBM

WSU-type rigidwall

6.7 /s 20 16 11 18

2.2.5 Summary of the GHMBC-HBM Development
The Global Human Body Models Consortidamily of HBMs (GHBMC-HBM) has been

developed by a consortium of eight vehicle manufi@s and six universities over 12 years
(GHBMC 2014) The Global Human Body Models Consortium (GHBMC) Human Body
Model (HBM) of a midsized male seated vehicle occupant (M®0 Version 4.3 (GHBMC
2014) representbewhole human body anatomy in detaihef GHBMGHBM thorax includes

the rib cage, sternum, cartilage, spine, heart, lungs, aorta, muscles, subcuttragmliskin.

The model developmenwas based on occupant geometry measured through Computer
Tomography (CT), postrocessed to surfaces andlumes, and then discretized to 2.19
million elements and 1.26 million nodd3iological materials represented in the model have
been mechanically tested, utilizing samples harvested from theMeostm Human
Surrogates (PMHS), or were based on the exgditerature data on the biological material

properties (GHBMC 2014). After a successful replication of mechanical responses at a single
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element, isolated bone or internal organs level, and subsequently at the body region level such
as heaeheck or thorax(181 validation responses in totgljable 2.8) the model was

assembled.

Table 2.8: Number of test configurations to verify body region level response (GHBMC
2014).

Body region # Evaluation criteria

Head 9 Forcedisplacement characteristics, intracranial pressure, accelere

Neck 39 Momentflexion/extension angle characteristics, fodigplacement
characteristics, axial and shear strain, accelerations

Thorax 5 Forcedisplacement characteristics

Abdomen 11 Forcedisplacement characteristics, strain energy density, chest b

deformation

Pelvis 4  Forcedisplacement and foreeme characteristics
Lower 35 Forcedisplacement and fore@me characteristics, momeangular
extremity displacement

The full body model validation involved comparison to a wide range of impacts
representative for automotive accidents in terms of impact direction and severity, and included
lateral shoulder impact, thorax and abdominal hub impact, abdominal bar impacinipack
to pelvis, lateral impact to the thorax, frontal and lateral NCAP tests, rear seat impacts, and a
frontal sled impact (GHBMC 2014) (Fig1®) (Table 29). Model biofidelity wasevaluated by
body region (Arun et al. 2015) and achieved ciamselaton ratings (CORA) between 0.56

0.86 depending on compared signal and impact severity, indicating a reasonable match.
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Table 2.9: Test configurations to verify full body model response (GHBMC 2014).

Test scemrio Evaluated response

Lateral shoulder impact Forcetime, displacemeriime impactor
characteristics

Thorax pendulum impact Forcedisplacement impactor characteristics

Oblique abdominal pendulum impar Forcetime, displacemerime impactor
charactestics

Abdominal bar impact Forcedisplacement impactor characteristics

Thorax lateral impact Occupant kinematics, impactor fortime
characteristics

Frontal sled impact Occupant kinematics, contact fortime
characteristics

Frontal NCAP impact driver side  Stability (energy balance)

Lateral NCAP impact- driver side  Stability (energy balance)

Rear seat impact Occupant kinematics, impactor fortene
characteristics

Figure 2.19: Examples of full body model \alidation setups of the GHBMGHBM: (a)
frontal pendulum, (b) lateral pendulum, (c) full vehicle MDB impact, (d) frontal sled-test
(Wang 2014).
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GHBMC -HBM Thoracic Response Assessment

Occupant kinematics was predictbdsed on prelefined outputs corresponding to PMHS
anatomical landmarks and locations of ATD response measurements. For the thorax,
deformations of three chest bands (CB): upper, middle, and lower were available in addition
to anteroposterior (sternum tentebrae) and lateral compression outputs. Lateral compression
was defined as change of length measured at the level of one chest band between two opposing
markers on the outer tissue, normalized by initial thoracic breadth at the same chest band level

(Fig.220). Thoracic acceleration was measured at the level tid@acic vertebra.

(b) (c)

a PR

Figure 2.20: (a) Location of the pre-defined chest bands in the GHBMGHBM, (b) lateral
breadth of the thorax at one chest band level prior to the crash, (c) change in length due

to crash.

2.3 Side Impact Safety Assessment

Full-vehicle lateral impacts are performed in laboratory conditions to assess vehicle
performance and occupant safety (Kahane 2@F@&eraregulations for side impact testing in
North America includette Federal Motor Vehicle Safety Standard No. 214 (FMVSS 214) and
Canada Motor Vehicle Safety Standard No. 214 (CMVSS 214). Both regulatidnde a
Moving Deformable Barrier (MDB) test, wheeestandardized rigid cakhown as a MDB
(weighing 1,361 * 4.5 kg, 3,000 + 10 Ibs) with a deformable bumper impacts the side of a

stationary vehiclat a 27 degrees angle= kph (33.54 mph(Fig.2.21a), to model a vehicle
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to-vehicle impact in a repeatile mannerThe USNew Car Assessment Programme (NCAP,
NHTSA 2012) and Insurance Institute for Highway Safety (IIHS72@ide impact scenarios

are consumer tests rating vehicle performante NCAP impact angle is 27 degrees, and
initial barrier speedauals6l kph (37.9 mph The IIHS standard was developed to account

for SUV to sedan impacts. Therefore, the barrier bumper is elevated by 100 mm compared to
FMVSS and NCAP, and the MDB weight is increased to 1,500 kg (IIH3)20he MDB is
accelerated t60 kph and impacts the target vehicle at @léQree angle.

More recently, gole impact (NHTSA 2012)ad been introduceavhichincludes a
nontdeformingpole impactor striking a stationary vehicle in the vicinity of thpilBar (Fig.
2.21b). The poleimpactor tests were developed to encourage greatestigs#ure strength
and force the side head protection down to the small female head Reigbbth certification
impact types, the occupant surrogate is seated in a standardized position, withtateds10
degrees upwards from the torso midline, to mimic a driving posture (NHTSA 2042k
FMVSS and NCAP MDB impacts, aBS-2re ATD representing a 3Bpercentile male
(average height and weight for the male population) is seated in the davesrsga SIBEls
ATD representing a small"spercentile female is seated the back seat, on the struck side of
the vehicle. In the IIHS impacts, two SIB small female ATDs are seated in the driver and
rear seat, on the struck side. In the FMVSS and\R@ole impacts, a'5percentile SIDIIs
ATD is seated in the driver seat.

Althoughthe pole impacts are associated with severe injuries (Pintar et al. 2007), their
occurrence is infrequent, compared to vehiolwehicle impacts. For 13,200 passenger
vehicle accidents analyzed Btteet al. (2@9) in Germany and UK, only 148 were classified
as side vehicle to pole impacts, constituting less than 7% of single side inSoacts\ehicle
fleet in North America is still dominated by passenger cars (oéri6@014) (Environmental
Protection Agency, EPA 20)4for the purpose of this thedise FMVSS and NCAP MDB
standard has been adopted as a representatiba ofost frequent side impawtashscenario

in developed countries
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Figure 2: Point of first contact

Figure 2.21: Configuration of the standardized lateral impact tests: (a) Moving
Deformable Barrier (adapted from NCAP 2016) (b) pole impact (adapted from
EuroNCAP 2018).

2.3.1 Occupant Kinematics and Sources of Injury in Side Impacts

In a lateral vehicld¢o-vehicle impact (Fig2.22a), the striking car decelerates, deforming the
outer door skin of the struck vehicle. Further engagement of the door structure and -of the B
pillar leads to a deformation and intrusion into theupant compartmenRelative to the
struck vehicle, theccupant in the target car initially moves and rotates towards intruding door,
and when no sideurtairs are present in the vehicle, the occupant head contacts the side
window. When no thoracic siderbags are preserthe shoulder, upper torso, pelvis and lower
extremities contact the intruding door (F&g2b). As the door consolidates due to increasing
impact velocity, the thorax is subjected to lateral compresdiba. ate of intrusion and
loading on the occupant thorax decreases as the target car accelerates, and the occupant
eventually rebounds from the dodvhile the entire event duration is on the order of 260
(NHTSA 2018), peak loading occurs during the first H@® (NHTSA 2018, Watsof010).
Contact with the intruding vehicle door has been identified as the main soutfveraxdic
injuries in side crashes (Morris 1997), where the door panel was the primary interface between
the occupant and the striking car (Tencer et al. 2005).

A typical vehicle door structure comprises: outer door skin (sheet metal), inner door
skin (sheet metal) including window mechanisms and possibly a side impact beam, and the

inner door panel (rigid polymer with crushable foam structures) and is required toatieet b
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structural and nostructural requirements. Morris et £.997)noted that the most common
source of injuries in real world&shes is contact with the doeo the interior properties remain

an important consideration even with the incorporatiohafax airbagsStrother et al(1984)
demonstrated that the severity of injuries in side impact was predominantly affected by a
difference in velocity between the occupant and contacted surddfver tharby the vehicle
intrusion itself. Recommendation®rf effective countermeasures included solutions that
reduce the relative velocity and distribute the impact (padding, airbags), rathexiessive
changes to theehicle structug to reduce intrusioStrother et al. 1984Modification of the
structure was latemtroduced in response side impact compliance tests, predominantly the
pole impact (NHTSA 2012b).

() (b)

Y4 Y4 oms 20ms 40ms 60ms 80ms

Figure 2.22: Human Body Model in a side inpact scenario: (a) Moving Deformable
Barrier test setup (NHTSA 1996) (b) the Human Body Model coupled with the vehicle,

showing occupant motion duringa side impactevent

Fewfull-scale experimentatudiesof side impachave been conductellie to thecost
and challenges of larggcale impact testing. The effect of the inner door panel on occupant
response was investigateg Lorenzoet al. (996 for different potential energy absorbing
materials and structureand it was identified thatifferent deggns could be used to change
the energy absorbing characteristics of the dbeng et al(1989)evaluated the importance
of boundary conditions when determining the effects of door construction on side impact
response for fredlight impact and a presdred velocity pulse. The tested padding thickness
was 6cm andthestiffness ranged from 0.5 to 1.50 kiNi. In case of the free flight impacto
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significantchange in thoradeformationwas observedwhile thoracic acceleration, velocity
and VC were reduckby padding. For the prescribed velocity pulse, added padding reduced
thoracic acceleration and velocity but increased VC and rib deformation. Deng et al. concluded
that the vehicle to vehicle side impact scenario is more accurately represented byeah appl
velocity pulse However, the studies were based on responses e$imed male side impact
ATD models and did not consider the distribution of occupant characteristics, including body
mass, contour, and the height of various structures above th€a#dat ¢t al. 2014, Reed and
Ebert 2016).

Campbell (2014) performed a series of simulations using lBM and various
modifications of a Ford Taurus doorodelin two FMVSS 214 impact scenasoAmongst
other parameters, the influence of door shape and @wuopliance on the injury prediction
was investigatedl he presence of a deformable door compared to a rigid door cedGoeax
up to 16%, showing that the shape of the door intrusion velocity profile highly influences
thoracic responséfwo arm positionavere considered: standard driving and vertical (arms
aligned with the torso). For the vertical arm position, the predicted VCmax value increased
42% with respect to the driving position for the same impact scenario. Campbell also noted
that stiffer seatdam reduced thorax compression and VC. However, this study was limited to
a simplified human/door interaction due to computational limitafemd it was recommended
that future analysis should consider full vehicle moddiste recent studies on side iagis

focus on interaction of the occupant with side impact restraints, namely side airbags.

2.3.2 Side Impact Restraint Systems

Restraint systems for automotive use were first patented in early 1900 (Leveau 1903) in the

form of seatbelt harness, and thpEnt seatbelts became mandatory in vehicles sold in the

United States in 1969 (Snyder 1969). Side airbags (SABs) have been first introduced in
vehicles in the 199006s (Haland 1994), foll owi
occupant injury (Dischinge 1996, Fitzharris 2004). The initial assessment of SABs
effectiveness by McCartt and Kyrychenko (2007) and Yoganandan et al. (2007) was based on
evaluation of miesized sedans from 192004 model years. Injury reduction in side impacts
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turned out to benedominantly related to an increasing stiffness of vehicles rather than to the
presence of SABs. In the follomg years, researchers divid&@ABs into categories to
investigate benefits of specific designs: side curtain airbags;areHdrso airbags, thacic
airbags, and pelvic airbags (Griffin et al
Parenteau 2016). An evaluation of the 2@000 model year midized sedans and controlled
laboratory tests revealed a high effectiveness of side curtamgigating head injury, and
conflicting results on the thoracic side airbags (tSABs) (T2/416.

The curtain and heaahdthorax SABs were found to be very effective in reducing
fatalities in side impacts and also positively contributed to occupanecpimt in other
accident scenarig®'Elia et al. 2013Kahane 2014)For the neaside impacts, the estimate
of fatality reduction due tacombination of curtain and tSAB was 32.8%, for tbdain only
it was16.8%. For the tSAB only, the reduction of driver fatalities was 10kl%.h ane ds st u
(2014)demonstrated thdaSAB effectiveness in faside impacts was lower than in nesale
impacts. The tSAB was estimated to have no effect oraseredds of fatal injuries for the
right-front passenger in the neside ¢€0.4 %), and for both driver and rigitbnt passenger in
far-side €4.9 %) impactsSources of these differences included a wide range of potential
impact forces and directions fohe farside impacts (Kahane 2014), and potentially the
occupant prerash position

Studies based on the National Automotive Sampling Syst@rashworthiness Data
System (NASSCDS)(Aldaghlas et al. 201@ndGerman InRDepth Accident Study (GIDAS)
(Gaylor and Junge 2018yash databases did not identify a statistically significant reduction
of injuries attributed to tSABs, comparing similar model year vehicles witlwvahdut tSABs.
Interestingly theresults obtained in matchgxir full vehicle side impacts with ATO¥iano
and Parenteau 2016veale that tSABs reduced the probability of head injury only, and did
not provice a benefit for the thorg¥able2.10). In general, older studies and those with ATDs
(LuzortNarro et al. 2014, Viano and Parenteau 2016) suggest a benefit of reduced injury
metrics using tSAB, while more recent epidemiological studies have identifigalreftects,
or increases in injury rates (Griffin 2012,

impacts.
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Table 2.10: Summary of experimental studies on tSAB effectiveness (adapted fro
Gierczycka and Gonin 2017).

reference, vehicle model year occupant

tSAB effect
test type surrogate

tSABs did not contribute to AIS 2+ Yoganandan et al. 2007,
injuries and were not observed to MY 19972004vehicles
cause severe chest injuries

occupant with and without tSAB had Griffin et al. 2012,
similar injury risk; injury risk MY 20002009vehicles
increased for occupani€-yearold

and older

injury risk, including fatal injury, DOEIlI i a et al . epidemiological
increased for vehicles with tSAB MY 2001-2010vehicles studies
(+5.2%), results were not statistically

significant

fatalities reduction of 7.8% due to Kahane 2014,
tSABs (confidence interval 0-84.7%) MY 19942011vehicles

driver faality risk reduced by 26% for McCartt and Kyrychenko
passenger cars and 30% for SUVs d 2007,MY 19972004vehicles
to tSABs

tSAB reduced head injury risk, but  Viano and Parenteau 2016,
increased chest (+22%, SD 5%) and SID lIs ATD in 20032007
pelvis (+16%, SD 4%) injury risk MY vehicles, 50 kmh MDB

test experimental

large volume tSAB reduced peak rib ATD tests

deflection by 40%, compared to LuzonNarro et al. 2014, ES2

commonly sed designs ATD, 50kmh MDB

rib fractures occurred despite low  Shaw et al. 2014, rigid sled 4.

chest deflection values when a large m/s, 3 PMHS )

volumetSAB was depyed experimental
PMHS tests

tSAB affected load distribution, thore Trosseille et al. 2008, static
deformation and rib fracture pattern deployment, 3 PMHS
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2.3.3 Side Impact Modeling Using a Full Vehicle Finite Element Model

The crash response of Ford Taurus MY 2001 numerical vehicle model (Opiela 2008), the most
detailed vehicle model available the public domain (Danelson 2015), was assessed for
frontal impact by Lockhart et al. (2013), and for side impactWsgtson (2010, 2011)
(Fig.2.23a). For side impact, the stationary vehicle was struck by a Moving Deformable Barrier

(MDB) weighing 1368 kg, at 54 kph (33.5 mph) (FMVSS 214, NHTSA 2012a) and 61 kph
(37.9 mph) (NCAP, NHTSA 2012a)

(b)

[}
o

N
w

(]
o

numerical simulation
experimental average (n=66)
-------- experimental average + 1 SD
experimental bounds

=
(=}

w

right front sill velocity (kph)
=
1%}

ol 10 20 30 40 50 60 70 80 90 100
Time (ms)

Figure 2.23: (a) Ford Taurus model and physical vehicle intrusion(b) comparison of the
vehicle model right front sill velocity to experimental results of 66 miesized sedan from
MY 1996-1999 range (Watson 2010).

The véiicle model response to MDB impacts was compared by Watson (2010, 2011)
to experimental data from a MY 2000 vehicle (NHTSA test #3263, NHTSA 2000) that
represented the same generation of Ford Taurus as the computational model. The simulation
and physicalesults compared well in terms of shape and magnitude of the intrusion (#ig.2.2
The MY 19961999 experimental data used for additional verification of the computational
model through a comparison of intrusion measurement at seventeen locations ornctee veh
represented third generation of Ford Taurus, preceding the computational(mgd&23b).

Watson (2010, 2011) previously enhanced the model through improving driver side window
material properties, constraining driver seat to vehicle floor, andtungdthe material model
definitions for thoracic and pelvic foam pads in the driver side door to characterize the actual

material more accurately.
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Figure 2.24: Deformation time histories of five different location of the vehicle and
corresponding physical test results. Simulation results are presented with red solid line,
physical test results with dashed lineWatson 2010, from Gierczycka et al 2015).
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The MDB numerical model available in public domain was verified by Bhalsod and
Krebs (2008)where the barrier model was impacting0® mm diameter rigid pole at 25 kph
(15.5 mph), ana flat rigid-wall at 35 kph(21.7 mph)in a frontal impact configuratiormests
repeated by Watson (2010) demonstrated a very good agreement between the model and

experimental responses for both validation test scenarios @=Q.2.
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Figure 2.25. (a) Vehicle model integrated with the MDB model (b) MDB force-

displacement response in two validation scenarios, from Watson (2010).

Seatand Seatbelt Models Validation Summary

Seat geometry (Fig.26a) was based on the seatdrbintegrated in the baseline vehicle model
(Opiela 2008), and included a seat frame, seat and back foam cushions, and a headrest. The
seat frame material properties were evaluated with tensile tests and implemented using a
piecewise linear plasticity matmodel (Watson 201®011). The seat foam material was
enhanced by Campbell and Cronin (208®14) and characterized as a {density foam. The

foam material properties for low strain rates were obtained through compression tests, for
intermediate strairates through pendulum tests, and for high strain rates through a Polymeric
Split Hopkinson Pressure Bar tests (Campbell and Cronin, 2009).
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Figure 2.26: Numerical models of the: (a) sat (gray) and a threepoint seatbelt (red) (b)
UW-HBM integrated with the vehicle. Side door removed for clarity.

The seatbelt model consisted of a shoulder and lap belt @dg)&and was based on a
2000 Ford Ranger driver seat belt model (Watson@rmuhin 2011). The seatbelt material
characteristics followed the results of the experiments by Baudrit et al. (1999) for both the 2
D sections that contacted the occupant aiidl dections that were not in contact with the
occupant (Fig.26b). The pretensoner drew in 6dnm of the seatbelt in over 7mds, and the
delay after firing the préensioner was 1fns after the acceleration sensor in the lower seat
frame measured a peak acceleration gf Fhe forceimiter was set to 6 kN, based on the

system degloped by Baudrit et al. (1999).

2.4 Limitations of the Existing Research Methods in Predicting Occupant

Response

HBMs help tobridge the gajin realismbetween the ATDs and PMHSs, providing a solution
to certain limitations of the existing research meth&tBMs have the potential to provide
additional insight into injuryolerance, patterns, amgechanismshowever this potential has
not yet been realized for side impa&tthough HBMs predict occupant response at a global
level through measurement of a@rakions, velocities, and displacements, a primary benefit
is tissuelevel injury prediction and higher sensitivity to theqorash parameters, compared to
the Anthropometric Test Devices (ATDs) (Baudrit 1999, Trosseille 2011, Gehre 2013).
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2.4.1 Differences in Occupant Surrogates Sensitivity to Pre-Crash Parameters

Variability of the PMHS and volunteers test subjects due to anatomical, age, gender, or medical
history differencescan introduce variability to the PMHS injury responses in parametric
studies (Mille and Rupp 2011). Most cadavers available for biomechanical reseambrer

70 years old and the causes of death include chronic dighataf$ect the structural response

of the thorax wall and mechanical properties of individual tissues (Rhule 20dth)lation of
accelerometers, strain gauges or load cells require surgical interveth@breanaffect the
kinematic response and saisue injury prediction. The passive musculanfr¢he PHMS

also does not represent the effects of muscle tomis@antary or reflex responsé3HMS

testing may also raise ethical concerns in some countries.

On the other hand, the durable design of ATDs and repeatability requirganareat
direct represeation of injuries such adractures, ruptures, lacerati® or contusionghrough
material failure(Wismans 2005, Cronin 2011). The capacity of the ATDs to reflect internal
anatomy of human occuparns very limited, since the ATDaredesigned to measure global
kinematic response in terms of forces, accelenatiand displacements at discrete locations.
Moreover,ATDs have been tailored for specific impact directions anecpsh positions,
therefore their biofidelity in offixis impacts, whichcommonly occur during parametric
studies on restraint effectivess is reduced.

Kim et al.(2016)highlighted differences between 68-2reATD and PMHS response
for a lateral impact with a large volume tSAB, addntified challenges related to biofidelity
of the ATD arm, lower back, and connection to the pelvisealisticbehaviorof those body
regions resulted itheload transmission path being different between the ATD and the PMHS
(Kim et al. 2016) Trosseille et al(2010)reported a low sensitivity of the EBe ATD to est
configuration, comparing rib deflection for experimental tests in rigid sled and padded sled
impact whichimpairedATD application in parametric studies (Trossedlied Petitjean 2010).

2.4.2 One Standardized Pre-Crash Arm Orientation to Model Driver Position

Current vehicle certification standards include only one driving position, where the occupant

is seated with arms at a-dlégree angle with respect to the torso midline (NHTSA 2012a).
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However, epidemiologicastudies reported that the occupant position changes during the
driving process (Viano et al. 198Beed and Ebert 2016, Reed et al. 20&8pecially when
approaching an intersection, negotiating a curve, or performing parking maneuvers. The
ongoing effots on the development of selfiving cars also open a possibility ofcupant
seating positionghat are not common among drivetisoughsomemay already be observed

for passengersMultiple studieshavereported an effect of arm position on the predicte
occupant responskut the conclusions apenflicting. Vianoconducted ATD sidémpact sled
testsat 8.7 m/susinga padded wall with different armrest designs mounted on the fixture.
Changing the ATD arm position from horizontal (Viano 1991) to valti¥iano (1994)
demonstrated that the effect of the arm on the predicted ATD chest deflection and rib
acceleration was strongly dependent on the location and type of armrest (Viano 1994).

The influence of arm position on the deflection of the thoraxtested by Stalnaker
et al. (1979 using fresh unembalmdéMHS in freefall tests, taking into account two arm
positions: driving position and arms above the head. The cadavers were hung supported at
shoulders, hips and legs with ropes and dropped fromgathef 1m on a rigid or padded
surface. Stalnaker et al. found that having the arm located in the loadirf{dnpatiy position)
reduced the number of rib fractures therigid impactconditionandrecommendedurther
research othe influence oarm psition.

Cesari et al(1981) performed fredlight pendulum tests using unembalmed cadavers.
Results suggested that arm position along the impacted side of the thorax could distribute the
load and prevented impactor intrusion; an increase of the impeaetl s\ecessary to produce
rib fracture was also discussed. The authors noted that arm position did not affect tife type
injuries observed in the testing.

Kemper et al(2008) undertook series of nofinjuriousimpacts(16 kg rigid impactor
at 3m/s low energy andinjuriousimpacts (23.4g rigid impactor at 12 m/dhigh energy.

The noninjurioustests were performed on cadavers with arms in horizontal, vertical and in
the driving position (lifted 45 degrees with respect to the thorax in the sadgtted). In the
low energy impacts, involvement of the arm and shoulder reduced impactor force, rib

deflection and rib strain compared to the values obtained during direct rib impacts. During the
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injurious high-energy impacts, the arms were located in ttidrdy (45 degrees) or vertical
positions.The position of the arm had a considerable effect both on the total number and
distribution of rib fractures, reducing the injury metrics when positioned in the impactor
loading path (vertical arm positio(Kempea 2008.

A more recent numerical stuyvatson 2011investigated occupant position (fore, aft,
lateral) using the E&re, SID and WorldSID ATD models, and compared the maximum rib
deflection and VCmax for different load cas&be viscous criterion was are sensitive to
changes in position than the thorax deflectimnd small changes in occupant position could
result in significant changes in predicted resporidee maximumresponsevalues were
predicted to occur at the top or middle chest band levelseoATDs.However, the effect of
the precrash arm position on the occupant response and interaction with passive restraints has

notyetbeen demonstrated in a fwiéhicle side impact.

2.4.3 Lateral Impact Type to Represent Side Crash

Due to high costs assotga with fullvehicle impacts, sidenpactcrashscenarioshaveoften
beenrepresented with simplified setups, such as pendulum and dgidaddeewall sled
impacts at the development stage (Jordan 1974, Deng 1989). The impact velocities and
acceleratiorprofiles of the component tests were adjusted to replicate the amount of energy
transferred to the occupant body during the-¥ehicle side crash. Due to a risk of serious
injury, volunteers do not participate in feexperimental tests, and the occapeesponse is
assessed with PMH&nd ATDs.

Althoughthe componenlevel tests such as pendulum or rigied impacts are cost
effective and accelerate the design process, Deng et al. (1989) demonstrated-thgittfree
impacts were not suitable for dagng the effects of velocitpulse vehicle to vehicle side
i mpacts. Dengb6s observation was based on a
models and forceleflection characteristics to define contact between the occupant body and a
pendulum impactor with changing padding thickness. Deng #isorizedthat rigid wall sled

designs may not be capable of capturing the load transfer to the occupant body under a full
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vehicle impact which was further demonstrated by Rupp et al. (2011) in expetim
comparing rigidwall and padded dualed designs

ResearcherbBave showrthat direct comparison of the sidapact ATD and PMHS
responses in impact positions other than purely lateral impacts is challehgntp the
complex kinematicandhavesuggested that additional studies to quantify the effect of these
differences (Ratingen 200¥oganandan 2011Wismans 2005Cronin 2011 Kim 2016).
However, the effect of the impact type on sensitivity of occupant response in a side impact has
not yet been emonstrated, due to challenges in maintaining repeatability between PMHS

occupant surrogates in parametric experiments.

2.4.4 Occupant Response Measurement Method

The kinematic responses measured with use of P\diH& ATDs are not directly transferable

betweenthe two surrogatéypes Baudrit 1999,Pyttel et al. 2007)The biofidelity of side

impact ATD responses has been verified through comparison to impactor displacements and

accelerations measured in PMHS pendulum impact tests. Comparison of plate fagids in

wall sled impact scenarios and accelerations of two thoracic vertebrae measured in PMHS

(Ratingen2001, Wismans et al., 2005) further contrasted ATD to PMHS response. Therefore,

comparison between the ATD and PMHS responses for the ATD developradrgdmabased

on external kinematic metrics (Pintar 19%uppa 2004 Kim 2016). In order to compare

internal, chesteflection measurements between ATDs and PMHSs, Kuppa et al. (2004)

performed 38 PMHS and skimpact ATD rigidwall sled tests. PMHS hathorax deflection

was measured using chditnds, while ATD halthorax deflection was measured using RD

potentiometers. Chesleflection values predicted by the ATD were significantly lower than

the PMHS responses, indicating underestimation of the pidbaidfiinjury to human body

with the ATD in Kuppabds experiment (2004).
Yoganandan et al. (2011) compared the -giagact ATD rib deflection (RD)

potentiometer measurementscteest band (CBjleflection measurements made on the same

ATD. The upper CB walocated at the level of rib 4 on the ATD, and the lower CB was located

at the superior half of the ATD abdomen. While purely lateral impact responses between the
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RD and CB methods were comparable within a 5% margin, for oblique impacts the differences
between the two were in the order of 300%, which was attributed to padding on the ATD rib
modules and jacket (Yoganandan 2011).

Several studies have compared responses of ATD and HBM miBdetset al. (2014)
compared the WorldSID, E&e and GHBMC modelesponses (forces, accelerations, rib
deflections) to those of two PMHSs in a rigid sled side impact. The forearms of the GHBMC
model were removed to match the amputated arms of the PMHS subjects. Of all the models
considered, theeomputationalhuman body radel showed the best agreement with the
experimental results; however, the authors identified a significant influence of the shoulder
kinematics on the wholbody kinematicgluring theimpact and suggested further research in
this area. The authors als@idified issues related to biofidelity of the ATD models.

Severalresearcherdiave highlightedthe scaling method and indirect comparisons
between the surrogates as a potential source of discrepancies between the laboratory prediction
and epidemiologica}l observed effectiveness of the passive restraints (Agnew 2017, Donnelly
2017). While the assessment method based on the injury criteria provides a prediction of
probability of injury of certain severity, namely an AlS scassessments usig@pbal(whole-
body)injury criteriado not enable a prediction or estimate of the specific injury type and its
exact location (Baudrit 1999, Pyttel et al. 2007).
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Chapter 3
Veri fiadatvViedand| @&ccupant Surrogate

The University of Waterloo Human Body Model (UWMBM) has been previously validated
under a wide range of impact scenarios by Forbes (2005), Campbell (2009), and Yuen (2010),
and theES-2re Anthropometric Test Device (ATD) finite element (FE) model respomase w
evaluated by Watson (2009). For the purpafshis thesis, the UWHBM and ATD responses
werere-assessewith respect to selected existing experimental pendulum;wegitisled, and
full-vehicle impact data. Thélobal Human Body Models Consortium Human Body Model
(GHBMC-HBM, version 43) has bee further verified in this study using an accident
reconstruction and@mparison of predicted injury locations and severity to physical occupant
injury reported in a documented side crash (Crash Injury Research, CIREN 2018).

3.1 Methodology

3.1.1 UW-HBM and ATD Model Thoracic Response

For the purpose of this thesifie UW-HBM thoracic response to lateral impagias re-

assessed, and the repeated experimentaaieed in boldn Table 3.1.

UW-HBM ES2re ATD model
NHTSA-type rigid
wall sled

UW-HBM WSU -type UW-HBM NHTSA -
rigid -wall sled type rigid -wall sled

oblique
pendulum

shoulder (a)

thoracic (b) thoracic (a)
abdominal (b)

abdominal (c)
pelvic (d) pelvic (c)

knee (e)

Figure 3.1: Validation scenarios of the occupant surrogate models rassessed in this

thesis.
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The UW-HBM responséo the pendulum impactéFig.3.1)wasmeasued as impactor
force and maximum predicted chest deflection. Inritpe wall sledimpacts(Fig.3.1) UW-
HBM responsavas assessed through a comparison of forces predicted at all contact plates as
a result of contact with the occupabbdy to experimental values measured in PMHS

experiments.

Table 3.1: The UW-HBM response verification and verification scenarios simulatedn
previous studieg(Forbes 2005, Campbell 2009, Yuen 201@nd repeated for the purpose
of this thesis (bold font).

Bo_dy Direction I mpactor Velocity Reference
region
Pelvis Lateral Pendulum 4.83 and 9.65 m/< Viano et al. 1989
Abdomen  Oblique Pendulum 4.5,6.7,9.4m/s Viano et al. 1989
Shoulder Lateral, 3 angles Pendubm 3,4, 9 m/s Compigne et al. 2004
Kroell et al. 1971,
Frontal Pendulum 4.3, 6.7 m/s 1974
Thorax Oblique Pendulum 4.3,6.7 m/s Viano et al. 1989

Viano et al. 1989,

Lateral Pendulum 4.3, 6.7 m/s Chung et al 1999
Lateral (Sr\||?4de py 667889mis ;c')rgi‘r etal. 1997,
Fullbody  Lateral (S\,'\‘?gu) 6.67, 8.89 m/s fgggna“gh etal. 199(
Lateral Full 15 m/s NHTSA tests #3522,
(FMVSS 214) vehicle #3668, NHTSA 2001

For the rigid wall sled impactsgsponses of botW-HBM and ATD occupant
surrogates have been compared to biomechanical corridors (Yuen 2010) established based on
the experimental data from PMHS testsd he occuparstwereseated with upper armighed
with the torso, following the experimental procedu@ayanaugh 1990, 199Pintar 1997).

The reassessed E&e ATD NHTSAtype rigid wall lateral sled and fullehicle impacts are
marked in bold in Table 3.2.
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For the full vehicle impactshe UW-HBM and ATDresponses at the three rib levels
were compared to existing experimardatafrom thephysical ES2re ATD response in a Ford
Taurusmodel year 1Y) 1996 FMVSS 214 MDB impact at 3¢h (tests #3522 and #3482
NHTSA 2000).The occupants were seated in a standkindng position, with the angle
between the upper arm and tluesb set to40 degreesfollowing the FMVSS 214 MDB
protocol(NHTSA 2012).The at cushion angle with respect to vehicle floor was 5 degrees,
and the angle between seat back and vehicle floor was 70 degrees (NHTSATR@1&nat
centerline in the corongllane was in the middle position, 3tfm from the armresiThe
vehicle received good safety ratings in NCAP test (NHTSA 2000); however, MY 1996 and
2001 did not include thoracic airbags.

Table 3.2: The ES2re ATD model response verification and verification scenarios

simulated during previous studies and repeated for the purpose of this thesis (bold font

Bo_dy Direction I mpactor Velocity Reference
region
US FederaCode Title
Rib module Lateral Pendulum 1, 2, 3,4 m/s 49 Part 572, 2008
ECE 95
Thorax, US Federal Code Title
no jacket Lateral Pendulum 5.5 m/s 49 Part 572, 2008
US Federal Code Title
Shoulder Lateral Pendulum 4.3 m/s 49 Part 572, 2008
Rigid wall Pintar et al1997,
Lateral (NHTSA) 6.7 m/s 2001
Lateral Eull NHTSA tests #3522,
Full body . 15 m/s #3482, #2340, # 2975
(FMVSS 214)  vehicle NHTSA 2001
Full NHTSA test #3264,
Lateral (NCAP) vehicle 17 m/s NHTSA 2001
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3.1.2 GHBMC-HBM Response Assessment
For the purpose of this thesisget GHBMGHBM full bodymodelresponse was assessed in a

full vehicle side impact scenario replicating a physical side crastident reconstruction
using HBM presents challengesue uncertainty in thenput information and differences
between the HBM and the case occupliniwever, simulation of physical cragtat resulted
in known injuriescanimproveconfidence in the FE model if the numerical predictions show
similarity to the reported outcome. The interaction of the HBM with the vehicle and the
capability of the HBM ¢ predict the occupannhjury patternsin a full vehicle impact was
examined through a comparison to existing side impact crash data of the same vehicle (CIREN
2018). The reportedrashwas classified as a side impact involving a Ford Taurus MY 1999
vehicle struck by a 2003 Navistar delivery truck at an estimated speed of 48 km/h (30mph)
(CIREN 2018)(Fig.32a). This scenario was identified in the CIREN database as being the
closest to the baseline case for this study in terms of vehicle, occupant, acttyppaand
severity.

The occupant was an Aar old male, 188m (6ft) height and a mass of &@ (176
Ibs). This mass is similar to the value for t@" percentile male GHBM@BM, but 8 cm
taller (for comparison, the standard deviation of statureafb adult men in the US is
approximately 8 c¢cm; the occ u'percenti@®rUSmeny ur e
In the simulation, theriver was seated in a nominal driving positiith thearms rotated 40
degrees upwards from the torso midjihowever, information on prerash arm orientation
during the physical crash was not availalilee driver was wearing a thrpeint seatbelt, and
no side airbag was present in the vehicle. All thesegash conditions were replicated in the
simulation(Fig.32b). The occupant response was assessed through identifying locations of
predicted rib fractures and assessing potential for soft tissue injury according to criteria
embedded in the GHBMEBM, described irChapter 2section 21.3 and 2.2.5
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(@) (b)

Speed limit 35 mph (56 kph) & North
ké

Speed limit 25 mph (40 kph)

Figure 3.2: (a) The CIREN side crash scenario schematic (CIREN 2018)(b)

reconstruction of the crash with the vehicle and Moving Deformable Barrier models.

Integration of the Occupant with the Vehicle and Restraint Models

The GHBMGHBM was coupled with the vehicle, seat, and restraint sys{ass
described in section 2.3.3, section 4llijing a series of preimulationsFig.3.3a). To couple
the occupant with the seat, the HBM was positioned@bite seat avoiding any initial contact
or penetration, and then gravity was applied to the HBM until a standard driving position was
reached and theccupant was equilibrated with the seat (FRpB.The occupanivas assumed
to be equilibrated with theeat when the seat foam deformation followed the occupant pelvis
contour, and the oscillation of theazceleration (vertical) response of the pelvis centre of
gravity remained below tnm/s (Watson and Cronin 201T)he equilibrated assembly was
subjectedto a Moving Deformable Barrier (MDB) impact at the National Car Assessment
Program (NCAP) impact velocity of 61 km/h (NHTSA 2012). The coupled vebutepant
side impact models were solved using a commercial explicit finite element cod@y(iss
version6.1.1)(LSTC 2018)
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(@) (b)

Figure 3.3: (a) Moving Deformable Barrier test configuration, (b) GHBMC Human Body

Model integrated with the vehicle, seat and the restraints.

3.2 Results

3.2.1 UW-HBM Response to Pendulum and Sled Impacts

The oblique impactor scenario at 6.7 m/s was used for verification of th&lBWresponse

to concentrated loa(Fig.3.1a) The pedicted impactor force followed the lower boundary of
the experimental corriddFig.343a) in agreenant with previous studiehe nmaximum chest
compression time history initially followed the lower boundary of the experimental corridor
(Chung 1999), and matched the peak value of average experimental reppbifems later

in time (Fig.34b).

(a) impactor force (kN) (b) maximum chest compressior{%)
——Experimental Average —---Corridor ——Experimental Average - Corridor
5 — UW-HBM — UW-HBM

40
30
20
10

0

4

3
2|/
1

0

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (ms) Time (ms)

Figure 3.4: UW-HBM response(blue) for an obliqgue pendulum impact at 6.7 m/sPMHS

resultsin gray.

55



In the WSUtype rigidwall sled test, Isoulder(Fig.35a8) and thoracic platéFig.35b)
forces were irgood agreement with the experimental data in terms of shape and magnitude.
The toracic plate response followed the experimental average for the loading pih&ses))
and upper experimental bound for peak-80 ms) and unloading phase (80 ms).The btal
force predicted at all plat€Big.3.5f) matchedhe shape of the experimental curves, following
the upper experimental bound for the loading and unloading phases, and remaining within one
corridor width br the peak phase (23 ms). An increase in maximum forogas driven by
the pelvic (Fig.35d) and knee platgFig.35€) responses that both over predicted the

experimental responsbyt remaining within one corridor width), due to simplified geometry

of the lowerbody of theUW-HBM.

(a) shoulder plate force

(kN)
——Experimental Average Corridor
20 —UW-HBM

15
10

5
0 10 20 30 40 50 60

Time (ms)

(d) pelvic plate force

(kN)
——Experimental Average Corridor
20 —UW-HBM

15

10
5
o

0 10 20 30 40 50 60

Time (ms)

(b) thoracic plate force

(kN)
——Experimental Average Corridor
20 —UW-HBM

15
10
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0 10 20 30 40 50 60

Time (ms)

(e) kneeplate force

(kN)
——Experimental Average Corridor
20 —UW-HBM

15
10 -

&/\

10 20 30 40 50 60

Time (ms)

(c) abdominal plate

force (kN)
——Experimental Average Corridor
20 —UW-HBM

15
10
5

o/\/\«/—f\xﬂ_

0 10 20 30 40 50 60

Time (ms)

(f) total force (kN)

——Experimental Average -—--Corridor
— UW-HBM
20
15
10
5
0

0 10 20 30 40 50 60
Time (ms)

Figure 3.5: UW-HBM response(blue) in a WSU-type rigid-wall sled at 6.7 m/s, compared

to PMHS data (gray).

56



In the NHTSAtype rigid wall sled testhe predictedthoracic forcan the simulation
followed the experimental average for the loading and peak phase and exteedgpoet
experimental bound for the unloading phase§B8ts)(Fig.36a). The UWHBM response
remained within the lower experimental bound for the abdominal (feje8 6b). The model
over predicted pelvic (one corridor widt(ig.36¢), and leg plate f@e (more than one
corridor width)(Fig.36d), due to simplified representation of the lower extremities. Total force
responséFig.36€) was in a good agreement with the experimental upper bound for the peak
phase (180ms) in terms of amplitude; howevére rise time for the UWHBM was shorter

that for the experiment, mainly dueaaontributionfrom the leg plate force component.

(a) thoracic plate force (b) abdominal plate (c) pelvic plate force
(kN) force (kN) (kN)
—Experimental Average Corridor ~ ——Experimental Average Corridor ~ ——Experimental Average Corridor
20 — UW-HBM 20 — UW-HBM 20 —— UW-HBM
15 15 15
10 10 10 //\
5 o 5 > /
_ | \

0 /'/ — 0 _/\V\\, T T 0 - i’r . e

0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (ms) Time (ms) Time (ms)

(d) legplate force (kN) (e) total plate force

(kN)
——Experimental Average Corridor ——Experimental Average Corridor
20 —UW-HBM 20 —UW-HBM
15 15 f‘p/\
\ Yy /-\
10 fr\ 10 ‘j y \\
5 [ 5 '
} \'\ /\ ﬁr\ml
0 RN Pl SN 0 /" :
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (ms) Time (ms)

Figure 3.6: UW-HBM response(blue) in a NTHSA-type rigid-wall sled test at 6.7 m/s,
compared to PMHS data(gray).
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3.2.2 ATD and UW-HBM Chest Compression Response in a Rigid-Wall Sled
Test

During theNHTSA-type rigidwall sled impact, the UWHBM chest compression and \tithe
historiescompared well with the PMHS response and remained within the biomechanical
corridors at the three rib levels (FigZiB.The ATD predicted no chest compression at theupp

rib level, since the upper rib remained above the edge of the rigid wall rigu&ughout the
entire impact event. The ATD predicted higher chest compression at the middle rib level
compared to the UWHBM and the biomechanical corridors, since b# tmpact energy was
transferred to the two ribs: middle and lower. At the lower rib level, the peak ATD compression
was comparable to the upper range of the biomechanical corridor. The rise time of the ATD
responses at the middle and lower rib level wastsr than of the UWHBM, since the soft
tissues modeled in the LANWBM attenuated the rigivall impact energy, in contrast to steel
ATD ribs. The crosscorrelation CORA) rating, calculated based on equally weighed
progression, size, and phase shiftngtbetween the ATD and UWABM chest deflection
responses was equal to Ofb2 the upper rib, because the ATD upper rib did not engage with
the thoracic plate. ¥ themiddlerib, the CORA rating was0.87, and0.89for the lower rib
CORA rating values rage from O (no correlation between the compared signals) to 1

(overlapping curves).
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(a) upper rib level (b) middle rib level (c) lowerrib level
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Figure 3.7: Comparison of the ATD and UW-HBM chest compression and VC responses
in a NHTSA-type rigid sled impact at 6.67 m/s at the three rib levels. Experimental

corridors and averages are based on PMHS experiments (Pintar et al. 1997).

3.2.3 Comparison of the UW-HBM and ATD Models Responses to Full-Vehicle

Experimental Data

Chest deflection values predicted by both computational occupant surr(fggt8s3) were

similarto the experimental data at the three rib levels (Talde 3.

(b)

Figure 3.8: Computational model of the (a) Moving Deformable Barrier impact scenarig
(b) ES-2re ATD model integrated with vehicle and restraints (c) UW-HBM integrated
with vehicle and restraints (Gierczycka et al. 2015).
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Table 3.3: Comparison of rib deflection values(mm) at three rib levels for the physical
and computational test surrogates (NHTSA 2000) subjected to a FMVSS 214 MDB
impact in a Ford Taurus vehicle.

Upper Middle Lower
NHTSA test #3522 34 32 25
NHTSA test #3482 39 40 37
ATD model 41 33 36
UW-HBM 42 30 40

3.2.4 Examination of GHBMC-HBM Occupant and Vehicle Response for a

Reconstructed Side Crash Event

Injury locations and severity predicted by the GHBMBM in a reconstrated CIREN
accident were in agreement with the reported occupant injury. Since the focus of the
comparison was the occupant injury prediction and the vehicle response has been validated in
prior studies (Watson 2009), the comparison of the vehicle deformpattern was not
examined in detail (Fig. 3.95owever, it was noted that the model predicted less roof crush,

possibly due to low impact height of the MDB.

O

Figure 3.9: Deformation pattern (a) of the physical vehicle (CIREN 2018)b) predicted

by the computational model.

A complete list of injuries sustained by thleysicaloccupant, with corresponding AIS
codes, is presented in Tabl&.3or the purpose dhe GHBMC-HBM response assessnten
only the thoracic and abdominal injury was assessed. Injuries are listed from the most to the
least severe.
60



Table 3.4: Injuries sustained by the physical occupant in a side crash (CIREN 2018).

AIS Inju ry type Aspect Injury source
Code
Diaphragm rupture with : :
4 - Inferior/ lower  Left side hardware or armrest
herniation
4 Major spleen laceration Left Left side hardware or armrest
Rib cage fracture-3 ribs L rib 11
3 any side with hema . ’ Left side hardware or armrest
L rib 12
pneumothorax
Thoracic cavity injury
3 with _ . Bilateral Left side hardware or armrest
pneumomediastinum (ait
in chest cavity)
3 Femur fracture shaft Left Left S|c_ie interior surface,
excluding hardware or armrest
Pelvis fracture open/ Left side interior surface,
3 : ! Left .
displaced/comminuted excluding hardware or armrest
Tibia fracture shaft open : .
3 displaced/comminuted Left Floor (including toe pan)
Mandible fracture open /
displaced/comminuted
2 body/angle with or Bilateral Hood
without ramus
involvement
2 Colon cheratlon no Inferior/lower Left side hardware or armrest
perforation
. nght.; left, Left side interior surface,
2 Pelvis fracture closed anterior/ front/ !
excluding hardware or armrest
ventral
2 Kidney contusion minor Left Left side hardware or armrest
1 Teeth fracture Inferior/ lower  Hood
1 Fa_tmal skin laceration Left Hood
minor
1 Upper extremity skin Left; upper arm Hood edge

abrasion
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The most severe injuries to the thoracic region sustained by the physical occupant were
the laceration of the left aspect of the spleen (AIS 4), diaphragm rupture in the lower inferior
aspect (AIS 4), and two rib fractures: of left rib 11 and left rib 12 leading to pneumothorax
(AIS 3) (CIREN 2018). The GHBM&BM predicted three rib fracturest left ribs 911,
matching the location and severity of the physical hard tissue injury (Ei@ga)3The model
also indicated an increased maximum effective stress location in the lower inferior aspect of
the diaphragmsuggesting the potential for injuto this tissugFig.310b). The GHBMG
HBM also predicted maximum effective stress of 180 kPa in the left aspect of the spleen
(Fig.310c), that exceeded the failure stress okBa (Kemper 2012), indicating a probability
of major spleen laceration, asserved in the physical crash.

(@) (b) | (€)

L 3

L ]
]

.’._ N

Ve 4 % v

S
L
Figure 3.10: Locations of severe thoracic injuries predicted by the GHBMGHBM, in
agreement with the physical data: (a) rib fractures (b) diaphragm rupture, (c) spleen

laceration.

3.3 Discussion

The UW-HBM demonstratethe capability to predid MHS response in a NHT S#pe rigid

wall impact scenario (Pintar 1997Responses of the ATD predicted in the simulations
matched the physical ATD measurements irfullerehicle crash scenarios and oyeedicted
PMHS response in the NHTS#pe rigid wall sled. These differences were attributed to

more uprightseating position of the ATD in the sled impaxdmpared td®MHS and UW
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HBM, and to higher stiffness of ¢hATD thorax compared to the UWABM which included
soft internal organs and deformable outer tissédthough some of the injury measures
proposed in the GHBME&IBM are still preliminary, the modejenerallypredictedhigher
tissue response (e.g. straat)the locatiorof injuries reported forthe physical occupant at

impact conditions resemblirtereal crash scenario.

Limitations
The ATD model response was-essessed at the full body level gnip module and thorax
pendulum impacts were not repehté&/hile the UWHBM arms could be positioned similarly
to the PMHS presrash arm orientation in the rigid wall sled impact (aligned with the thorax
and rotated anteriorly), the ATD upper arms could only be aligned with the torso thee to
ATD shoulderdesgn constraintsAlthough distances betweenb deflectionmeasurement
locations were uniform in the coronal plametween thédTD and UWHBM, consistentib
width at the three levels the ATD andin contrastanatomically variablén the UW-HBM,
could lead to different chest compression values despéeing similarrib deflection
measureents Chest compression is defined as change in chest breadth at a given rib level
normalized by initial chest breadth at this level, and same chest deflection. &amefichest
deflection would result in higher chest compression at upper rib levels, and lower at the lower
rib levels for the UWHBM and human occupants, which could directly affect ipgiof
underlying soft tissues.

Verification of theintegrated velale, restraint system ar@HBMC-HBM was limited
to onecrash reconstructiormpact scenario. While in the physical crash the vehicle was in
motion and was struck by truck in the simulation thetationaryehicle was impacted by a
Moving Deformable Barer. Since no information on physical occupant-gr&sh position
was availablethe d r i vpsgitibnswas approximated with a standard driving position
(FMVSS 214, NHTSA 2012). The human driver was 80 mm taller than the GHBBIG,
which could potentiallyaffect the seating height and longitudinal location of the seat in the
physical vehicleThe injury criteria embedded in the GHBMEBM were used adelivered

with the original version of the model (M8D v.4.3).
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Chapter 4
Occup@8urtr odsanei t i Doo®p mpo anc e
ané@r &€r asPbsi t?i on

Several authors have identified the importance of occupant interaction with interior
components and occupant position (Viano 198494 Watson and Cronin 2011) on the
occupant response in side impact crash scenarios.afisnlavork to the larger study on
restrairt systems, the University of Waterloo Human Body Model (B\@M) and ES2re
Anthropometric Test Device (ATD) models were used to investigate the importance of these
parameters on occupant response and to identifgreinces between the HBM and ATD
response. The UWMIBM was utilized asheoccupant surrogate in addition to the ATD model
sincethe kinematic responses BMHS have beefiound todiffer from those of ATDs irull

vehicle crashests(Klaus and Kallieris 283).

Previous studies (Watson and Cronin 2011) demonstrated an increase of thoracic injury
risk when occupants, modeled using three different side impact ATDs (USSiExeE&nd
WorldSID), were seated close to the door (Ah between the armrest and tseenterline)
and in the vicinity of Bpillar. Variation of the occupanésponse due tongitudinal and lateral
position in the vehicle was found to be affected by interaction with the arm. Watson and Cronin
(2011) recommended integrating HBMs into thehicle crash environment to further
investigate the effect of the arm on thorax respol&rent experimental research on
interaction between the EBe and PMHS with a largeolume thoracic side airbag (tSAB) in
a side impact highlighted lack of biofidgliof the ATD arm (Kim et al. 2016). Since the ATD
models demonstrated sensitivity to position in the vehicle (Watson and Cronin 2011), this

section of the study focused on assessing the ATD aneHBW models sensitivity to door

2 Figures 4.2, 4.3,.4, 4.7, tables and section 4.3 (Discussion) were previously published in the International

Journal of Crashworthiness © 19 Jan 2014tps://www.tandfonline.com/10.1080/13588265.2@88000

used with Publisherés permission.
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compliance and prerash am position prior to further parametric studies on interaction
between the arm and side restraifisor compliance was studidgcausehe intruding door

panel was found to be the most frequent source of injuries (Morris 1997). Fheaphearm
position dfect was investigated since the effectiveness of side impact restraints is tested for
one driving position, (NHTSA 2012), despite a wide range of driving positions reported in
epidemiological studies (Viano 19890@he purpose of this investigation wasidentify an
occupant surrogate capable of capturing the effect of modifications-ofasle parameters to

establish a foundation for further studies.

4.1 Methodology
Two occupant surrogates, an-E& ATD finite element (FE) model (DYNAmore GmbH,

2014) and e UWHBM FE model were coupled with seat and restraints models within a
vehicle. The integration of the occupant and vehicle models required-saanpriation to
position the occupant model in the seat and to allow the occupant models to achieve an
equilibrium position through compression of the seat foam. Seat belt fitting was performed
using preprocessing software with a belt fitting option (P8ePost, LSTC)At this stage of
research, side airbags were not incorporated since the physical vehicleecahsladi not
incorporate side restraint&.parametric study on the effect door trim material properties and
arm position on predicted occupant thorax response was performed using an explicit FE solver
commonly used by the automotive industry for crashyaig(LS-Dyna, version 5.1.1).

The ®mputationally intensive process of integrating the GHBNEM with the
vehicle included multiple preimulations, namely calculations performed prior to the
experiment to apply appropriate initial conditiopsrformedn parallel to studies on occupant
response assessed with the YABM. The Global Human Body Models Consortium HBM
(GHBMC-HBM) was evaluateth a later study to assess trends predicted with theHBBM
with use of a HBM more widely used ithe automotive idustry A frontal steeringwheel
airbag was included in the vehicle model and enabled (Lockhart et al. 2013); however, as
expected, it did not deploy during the side crash simulation since it was onlgréddoy

forward deceleration.
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Although the FMVSS&nd CMVSS standards for side impact testing impact velocity is
54 kph (33.5 mph) (NHTSA 2012), this investigation uses the higher NCAP target impact
velocity of 61 kph (37.9 mph)he 7 kph(4.3 mpl) velocity increaseéhasa significant effect
on crashseveity. Analysis of 118 passenger vehicle crashes (Richards 2010) demonstrated
that while for the 54 kph impact speed fatal injury risk for the driver was on the order of 40%,
the 61 kph impact velocity was associated with 80% risk of driver fatality. Riegtnidies
(Watson and Cronin 2011) also demonstrated higkesitivity of occupant response to a
variation precrash parameters at higher impact velocities.

The occupant response was measured as -thbrthx deflection between markers
located directlyon ribs on both sides of the thorax three rib levels to facilitate direct
comparison between the ATD and UMBM (Fig.4.1). The maximum chest deflection and
VCmax, described as global response, and the deflection at each of the three rib levels,
descriled as local response, were compacedvaluate sensitivity to impact conditionBhe
thorax mpact velocityconsidered in the study was comparable with the impact velocity
boundaries for VC suggested by Lau and Viano (1986).

(a (b

—
Window sill Upper band location =

Middle band location g \
_— ‘
——

Lower band location

Upper band location Window sill

Middle band location

Arm rest

Lower band location Arr rest

Figure 4.1: Location of the three rib levels in the: (a) UWHBM model, (b) ATD model,
with respect to the vehicle door.

4.1.1 Variation of the Door Trim Material Properties

In the asdelivered vehicle finite element model (Ogi008), the interior trim components
were modeled with a piecewise lingdasticity material formulation, where the material

properties fell within the reported range for acrylonitrile butadiene styrene (ABS). ABS was a
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common material used in interidioor trim in 2000 MY vehicles (Watson 2010) and was
therefore used as a reference for defining upper and lower bounds used in this parametric study
(MatWeb 2010)This was a simplified representation, since the inner door panel may consist

of multiple mateials (Fig.4.2).

Modified
material
properties

Figure 4.2: Vehicle side door, the highlighted door trim section indicates location of the

modified elements.

TheYoungds modul us, density and yiedd str
according toupper and lower bounder ABS identified in the literaturéMatWeb 2010)
(Table 4.1). The door trim material streggin curves were scaled in accordance with the
yield strength, with a 1.4dcalingfor thehigh strength and 0.61 for tHew strength material,
relative to the averag®BS material properties (MatWeb 2010).

Table 4.1: Baseline and extreme values for the door trim ABS material properties.

Density (g/cm) Young6s modu Yieldstrength (MPa)
high 1.3 6100 65.0
baseline 1.2 2800 45.0
low 0.3 1520 27.6

A screening study of main effects and interactions between the door trim material

properties was designed as>ful-factorial experiment (Table 4.2) (Montgomery 2pi&
67



Youngods

mo dul

us

yield

stivalexvelsg Talle 48y Accudamta s i t y

were seated in a standard driving position (F&ip}.with the arm rotated 40 degrees upwards
with respect to torso midline, according to side impact tesoob{NHTSA 2012).

Table 4.2

Coded (Table

4.3)

experimental design for the eight

runs of the factorial design.

run |E |r Er Es | Rs | Ers
1 - - + + | + -
2 - - |+ - - +
3 - + - + - +
4 - + - - + -
5 + - - - + +
6 + - - + - -
7 + | + | + - - -
8 + | + | + + | + +

Table 4.3:. Description of the

experimental factors and variable

codes.
- +
Young
modulus
E (MPa) 1,520 4,500
S Density
S r  (glenm) 0.3 1.2
Yield
strength
S (MPa) 27.6 65.0

Following the factorial experiment, a cuariableatthe-time study was performed to

investigate the main effects in detail. One material property was modified in each run, and the

other two remained atlaaselinelevel (Table 4.1). Occupant response was assessed for both

ATD and UWHBM models at three rib levels in a standard driving posifidve magnitude

of the effect, namely change of the chest deflection and VC due to change of parameter value,

were assssed with use of hatformal probability plat andmarginal means plotsThe

potential for interactions between the factors was assessed with use of marginal means plots.

Since replicates of the experiments, namely repeated numerical runs, yieldedalidentic

responses, the analysis of variance (ANOVA) and further tests to assess significance of the

observed effect were not feasible.
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4.1.2 Arm Position and Door Compliance Interactions

To study interactions between varying door trim material properties andrgsfe arm
position, a 2full-factorial experiment (Montgomery 2012) was conducted (Table 4.4). The
UW-HBM response to arm position (A) was varied between horizontal and vertical, and
Young6s modulus (E) and yi el d wartedbetwephigh ( s)
and low levels (Table 4.5)The UW-HBM was the only occupant modeisedin this
experiment, since the ATD model exhibited very small sensitivity (<5% change in chest

deflection) to varying door trim material properties.

Table 4.4: Coded experimental Table 4.5: Description of the

design for the eight runs of the experimental factors and variable
factorial design. codes.

run |A|E|AE | s| As| Es| AEs - +

O e T A B N A arm horizontal vertical
I e e position

3 |-+ - |-+ - + Youn

4 |-+ ] - |+] - |+ ] - S E modulus 1,520 6,100
5 |+ -] - |- -]+ + 3 (MPa)

6 |+ |-| - |+| + | - - Yield

7 |+ [+ + | -] - - - S strength 27.6 65.0
8 |+ |+ | + |+ + |+ | + (MPa)

4.1.3 Arm Position Effect for ATD and UW-HBM Responses

Since the preliminary results revealed a strong domination of the arm position effect over other
factors, a oneariableatatime examination was run for three arm positions to study the
magnitudeof the arm effect for ATD and UYMIBM responseThe ATD shoulder response

was previously verified by Watson (2009), and the @M arm and shoulder responsasv

previously assessed by Forbes (2QH)6).
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(a) (b)
Figure 4.3: Three pre-crash arm positions: (a) vertical (b) driving, (c) horizontal for the
ATD (upper row) and the UW-HBM (bottom row).

Three occupant arm positions were investigatedtical (upper arms parallel to the
torso) (Fig.4.3a),driving (40 degrees angle between the upper arm and the torso, NHTSA
2012) (Fig.4.3b), antdorizontal(upper arms parallel to the ground) (Fig.4.3c), to simplify the
possible range of prerash occupant positions reported in the epidemiologiatd (Viano
1989b). The occupant arm orientatiwmaschanged during a pr@mulation, andhe occupant

was equilibrated with the seat for eadhicle impact simulation.

4.1.4 UW-HBM and GHBMC Sensitivity to Arm Position
The UW-HBM (Fig.4.4a)andGHBMC-HBM (Fig.4.4b)were integrated with the vehicle and

compared in an unbelted, standard driving position, to minimize the effects of interaction with
the restraint system in this leadstudy. The control points for positioning the HBMs in the
vehicle were locatias of the hip and head centre of gravity measured with respect to vehicle
chassis, and an ability to reach pedals and steering wheel while maintainhigagrd® angle

between the upper arm and torso, following the side impact test protocols (NHTSA 2012).
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(b)

Figure 4.4: Two Human Body Models integrated with the vehicle in a driving position,
unbelted: (a) UW-HBM, (b) GHBMC -HBM, c) comparison of the ribcage position with
respect to the dooroblique view: UW-HBM (blue), GHBMC -HBM (red).

Although both the UWHBM and GHBMGHBM represented a1 o mi rb@"| i
percentile malé occupant witlreferencestature of 17&a m ( 5690), wei ght of
and comparablerectsitting height (92 m, , 8lifetefces in chest depth and extremities
lengths between the models ledltfferentupper torso orientations when seated in the vehicle.

The position and orientation of control points, namely hip, head, feet andwasdse same
between the two mote(Fig. 4.4c4.59). Difference in thdateral distance between thmdels

and vehicle door was below 5mm at the head centre of gravity, below 5mm at the left
glenohumeral jointl3mm at the left humeroradial joint, and below 14mm at the hip level (Fig.
4.5b). The UW-HBM was leaning backward more than the GHBMBM (Fig.4.5c).

Figure 4.5: Two Human Body Models integrated with the vehicle (a) driving position,
lateral view, (b) vertical arm position, front view, (c) vertical arm position, lateral view
UW-HBM (blue), GHBMC -HBM (red).

71



Responses of the UAMBM and GHBMGHBM were also compared for a vertical arm
position, with the upper arm aligned with the torso (Fig.4.5c) vEnigcal arm paition of both
modelswasachieved through applying a gravitational load on the forearm while maintaining
an upright position of the head and torso. Owing to differences in the upper torso orientation,
where the UMHBM was leaning backwards more than thdBBAC-HBM, the vertical arm
position led to a direct alignment of the upper arm with rib compression measurement locations
in the UWHBM, contributing to higher sensitivity of the U\WWBM to arm position.

4.2 Results
For the 6ikph NCAP MDB standard impact (NFBA 2012) theUW-HBM and ESZ2re

occupant kinematics were comparable throughout the impact sequence (Fig.4.6). The upward
rotation of the shoulder and upper arm was more pronounced in thRelBRNMVcompared to

the ATD model, which resulted in a lower rotatafrthe upper body of the UMWBM towards

the intruding door, compared to the ATD.

Oms

Figure 4.6: Comparison of the HBM and ATD kinematics in the full vehicle MDB inpact.
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Reducedupper body rotation of the UWMBM, compared to the ATDed to a shift in
the point of contact with the door at the level of rib 4 between theHBM and ATD, which
contributed to higher value of chest deflection 1(@®) predicted by the UWIBM compared
to the ATD (50 mm). CORA rating of the two responseBased on equally weighed
progression, shape, and size metrics compared for the two chest deflection time hisderies,
0.75, indicating a reasonable correlatidi the other two rib level peak chest deflection
responses predicted by the two occupant surrogi#fesed by less than 15%@able 4.6) At
the middle rib level, CORA rating of the two responses was 0.89, and at the upper rib level,

0.96 indicating good correlation.

Table 4.6: Comparison of rib deflection values for the computational occupani
surrogates subjected to a NCAP (6kph) impact.

Upper Middle Lower
ES2re ATD model 50 43 42
UW-HBM 66 38 49

4.2.1 Change of Occupant Response Due to Door Compliance Variation

Two-level interactions between the factors were assessed through marginal means plots
(Montgomery 2012) at three rib levels (Fig7)¥4.Marginal means are calculated as mean
response for one factor across levels of tiwemfactor.Parallel lines indicate no interaction,
crossing lines indicate strong interaction, and lines at an angle with respect to one other indicate
moderate or possible interaction.
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predicted by the UW-HBM at the (a) upper, (b) middle, and (c) lower rib level.

responses predicted for different combinations of the door material propeotieden similar

responses (Appendix 1). For the UMBM, potential interactions were predicted at the upper

ri

density and yield strength (Fig.4.7a). The most noticealitkeiece for interactions between

b

The sensitivity of the ATD model to the parametric changes was very low, and

|l evel ,

bet ween

Youngos

modul us

factors was predicted for densiield strength at the lower rib level (Fig.4.7c).

through halinormal probability plots (Fig.4.8, Montgonye2012) at the three rib levels. If a

and

densi

The importanceof the main effects and of the potential interactions was assessed
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factor did not contribute to changes in occupant response, it would follow a linear trend line.

Outliers indicated a potentialijnportanteffect of the factor for the occupant chest deflection.

(a) upper rib level (b) middle rib level (c) lower rib level
1.0 .ES 1.0 0E 1.0
®rs * Es
05 05 0.5
0.0 0.0 00
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

Figure 4.8: Half-normal probability plots of the effects at each rib level, for the chest
deflection response (mm). HE Youngds modaonltesactson best ween
modulus and density, ES i nt er acti on bet ween the Youngods

Distinguishable effects marked in red.

The magnitude of the effects associated with variation of the door trim material
properties for the UMWHBM chest deflection wasather small (67 mm change, Fig.4.9).
|l nteraction between Youngdés modulus and yi e
defl ection predicted at the upper rib level,

modulus variation was the most pounced at the middle and lower rib levels.

(@) upper rib level (b) middle rib level (c) lower rib level
Chest deflection effect (mm) Chest deflection effect (mm) Chest deflection effect (mm)
10 10 10
5 5 5
0 0 0
r s E Ers Ers rs Es Er s rs Ers r [Es E s Er r Ers rs Es E
Figure 4.9: Pareto charts of effects, for the threeriblevels. EYoung 6és nmyidldi|l us, ¢

strength, r 7 density. Erii nt er acti on between the Y®dungods
interaction between the Youn (ihteractioo loetweens and
the three factors.
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For single factor variations of the door trim material properties, the ATDUAN-
HBM responses differed both in terms of global response (maximum thorax deflection and
VCmax) and local response (response measured at three rib levels). The highest values of
thoracic deflection were controlled by the upper rib location for botltUiveHBM and the
ATD. The ATD rib deflection response changed by less than 5%, indicating low sensitivity to
modifications of the door trim material properties (average correlation between the responses
was 0.970.99, Table 4.7). The VCmax values measuret thie ATD model were higher than
the UW-HBM responses (Table 4.8), where the highest values of VCmax were controlled by
the middle chest band location for the ATD. The ATD model was the most sensitive in terms
of VCmax to low (relative VCmax reduction e16.5%, with respect to baseline material
properties) and high-13%) values of door trim material Young's modulus. The average
correlation between the ATD VC responses was still high, betweerO®685Table 4.7).

Detailed analysis of response correlatratings is provided in Appendix 1.

Table 4.7: Average CORA rating for the occupant responses compared at three rit

levels between baselintow, and baselinehigh material properties setting.

ATD UW-HBM ATD UW-HBM
Chest deflection Viscous Criterion
density 0.99 0.95 0.98 0.83
Youngds 0.98 0.96 0.95 0.92
yield strength 0.97 0.95 0.97 0.86

The UW-HBM predicted a decrease in the maximum chest deflection fromné@o
52-56 mm (-18 to-27%) whenthe door trim material properties were assigned the upper
boundary properties, captionedraghin Table 4.8. The most significant rib deflection change
was predicted by the HBM for tHagh yield strength. The average correlation between the
chest defletion responses was 0998 (Table 4.7). The UWABM demonstrated an

expected trend of decreasing VCmax with increasing yield strength of the door trim material,
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decreasing from 0.79 m/ky strength) to 0.59 m/sigh strength), where the highest values

of VCmax were controlled by the upper chest band location. The average correlation between
the UWHBM VC responses indicated a moderate effect of varying material properties (0.83
0.92), more pronounced than in the ATD (Table 4.7). Detailed analysispafitge correlation

ratings is provided in Appendix 1.

Table 4.8: Percentage change of the maximum global response with respect to t

baseline case for both occupant surrogates and all modified material progees.

ATD UW-HBM
Density
Max deflection Max VC Max deflection Max VC

Low (% change) +2% -2% -6% -5%

Baseline 50 mm 1.56 66 mm 0.67
High (% change) +2% -5% -20% 0%

Youngds modul us

Low (% change) +1% -16% -6% +4%

Baseline 50 mm 1.56 66 mm 0.67
High (% change) 0% -13% -18% +3%

Yield strength

Low (% change) 4% -3% 0% +13%

Baseline 50 mm 1.56 66 mm 0.67
High (% change) 0% -6% -27% -13%

4.2.2 Interaction between the Arm Position and Door Compliance

The arm position had a noticeable effect forsthueflection response of the UMBM at all
three rib levelswith the highest magnitude of the effect at the lower rib leveh{Bbincrease

with arm in vertical position). Interaction between the arm position and yield strength of the
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door trim materialvas the second highest effect, but with a magnitude considerably lower (5
mm change) compared to the effect of arm positiom{Bbchange for vertical arm position)
(Fig.4.10).

To evaluate interactions between the gyasition and door compliance, margina
means were plotted for each interaction (Montgomery 2012) at three rib levels. Potential
interaction between the arm position and the door trim material yield strength was predicted at
the middle rib level (Fig.4.13)b However, the actual effects of tleesiteractions on the
occupant response were negligible, compared to the magnitude of the effect of the arm position
itself (Fig.4.10).

(a) upper rib level (b) middle rib level (c) lower rib level
Chest deflection effect {mm) Chest deflection effect {(mm) Chest deflection effect {mm)
90 90 90
60 60 60
30 30 30
0 0 0
Es AEs Es s AE As A AE E Es AEs s As A Es E AE AEs s As A

Figure 4.10: Pareto charts of effects at three rib levels. Aarm,ET Youngd6s modul us,
i yield strength, AET i nt eracti on between the armipositior
interaction between the arm position and yield strength, AE$ interaction between the

three factors.
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(a) upper rib level (b) middle rib level (c) lowerrib level

deflection (mm) deflection (mm) deflection (mm)

arm-E interaction arm-E interaction arm-E interaction
130 130 130
30 30 30

Ah Av Ah Av Ah Av

Elo E hi Elo E hi Elo E hi
arm-strength interaction arm-strength interaction arm-strenght interaction

130 130 130
30 30 30

Ah Av Ah Av Ah Av

Figure 4.11: Marginal means plots visualizing mean factors effects andtwo-factor
interactions between the arm posi,predictedby oungo
the UW-HBM at the three rib levels.

4.2.3 Arm Position Effect on Occupant Thorax Response

For variation of the arm position only, chest deflection values were comparablebdthee
ATD and the HBM forhorizontalanddriving positions at the middle and lower chest band
level. The ATD chest deflection values remained within th&2ém range for all the rib
levels and all arm positions. The cragsrelation rating calculated taree rib levels for three
arm positions remained between OG@95, indicating low sensitivity of the ATD chest
deflection response to the arm position. In contrast, the HBM deflection response was
significantly different for thevertical arm position aall rib levels, compared tdriving and
horizontalpositions (Table 8). The most significant increase in the rib deflection predicted
by the UWHBM was observed for theertical arm position at the middle and lower rib
locations. The crossorrelationrating for the UWHBM chest deflection ranged from 0.70 at
the middle rib level to 0.82 at the upper rib level, indicatindgeu| specific sensitivity to arm
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position. Detailed analysis of correlation ratings and time histories of chest deflection

respmses are available in Appendix 1.

Table 4.9: Chest deflection responses predicted by the ATD and UMMBM at all

three rib levels for three precrash arm positions (maximum values shown in bold)

ATD UW-HBM
vertical driving  horizontal vertical driving  horizontal
Upper 49 50 52 79 66 47
Middle 40 43 43 123 38 46
Lower 48 42 43 134 49 51

While for thehorizontalanddriving arm positions the difference between maximum
rib deflection values of the ATD andAHBM remained within a 25% margin, for thkiertical
arm position the UMHBM maximum chest deflection value increased by 200% ¢0.76
correlation ratingTable 410), while the ATD model predicted no change (Fig.4.12a) ¢0.89
0.93 correlation rating). hVCmax values were generally higher for the ATD than for the
HBM for the driving and horizontal arm positions; however, the HBM VCmax value (1.7 m/s)
exceeded the ATD response (1.0 m/s) for the vertical arm position at the lower chest band
location Table4.11).

Table 4.10: Average crosscorrelation rating for the occupant responses compared a
three rib levels between drivinghorizontal, driving -vertical, and vertical-horizontal

arm positions.

ATD UW-HBM ATD UW-HBM
Chest deflection Viscous Criterion
Upper rib 0.94 0.82 0.93 0.76
Middle rib 0.93 0.70 0.89 0.70
Lower rib 0.95 0.76 0.90 0.75
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The ATD predicted the highest values of VC for the driving position, and the VC
response was the lowest #arD with the vertical arm positio({Fig.4.12b) Maximum ATD
VC values were predicted by the middle chest band location for all arm positions. For the
HBM, the highest VC response was found for the vertical arm position and the lowest VC
values were predicted féhe horizontal arm position. Maximum UWBM VC values were
predicted by the lower chest band location for the vertical arm position and by the upper rib
location for the driving and horizontal arm position (Tablgll. VC response sensitivity

assessmentith crosscorrelation rating was reported in detail in Appendix 1.

Table 4.11: Viscous Criterion responses predicted by the ATD and UVWHBM at all

three rib levels for three precrash arm positions (maximumvalues shown in bold).

ATD UW-HBM
vertical driving  horizontal vertical driving horizontal
Upper 0.9 11 0.9 0.7 0.3
Middle 1.0 1.6 1.6 0.3 0.3
Lower 0.8 0.8 1.7 0.3 0.3
(a) (b)

Maximum chest deflection (mm)

EATD B UW-HBM

Maximum VC (m/s)
B ATD mUW-HBM

134

17
16 14
10
a9 s0 °° 52 51 0.7
al sl =EE i =

vertical driving horizontal vertical driving horizontal

Figure 4.12: (a) maximum chest deflection(b) VCmax, predicted by the ATD and UW

HBM models for the three arm positions.
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4.2.4 GHBMC and UW-HBM Thorax Response to Varying Arm Position

The UW-HBM and the GHBMGHBM predicted comparable values of chest compredsio
an unbelted migized occupant at the level of rib 6 (17%) and rib 82Q%) in a full vehicle
lateral MDB impact at 6kph. However, the chest compression values varied at the level of
rib 4 (30% for the UWHBM and 8% for the GHBMEHBM, Fig.4.13a). Due to highepre-
crashbackward leanin@f the upper torso, maintaining a standard driving arm position of 40
degrees angle between the torso and upper arm (NHTSA 2012) resulted in a relatively higher
rotation of the upper arm of the UWBM compared tote GHBMGHBM, with respect to
vehicle door. Therefore, the UWWBM thorax was exposed directly to contact the intruding
sharp edgédetween the window sill ande door trim at the level of rib 4, while in the
GHBMC-HBM the soft tissue of the upper arm goimpressed between the upper door trim
and the ribcage and reduced the direct deformation to the ribs. ThelRMVtherefore
predicted significantly higher chest cpression at the level of rib(¥ig.4.13).

Chest compression values for the vertical aosifpn increased at all three rib levels
for bothHBMs. However, the magnitude of the increase was more pronounced for the UW
HBM. While at the rib 4 level both HBMs predicted a 20% relative increase of the chest
compression values due tioe arm position at the level of rib 6 the UVWBM predicted a
+162% relative increase, while the GHBMHBM only measured a relative +16% increase of
the chest compression. The highest relative increase of the chest compression was predicted at
the level of rib 8 by botkBMs, +157% for the UMHBM, and +61% for the GHBM&HBM
respectively (Fig.4.13.
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36%
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Figure 4.13: Comparison of the UWHBM (blue) and GHBMC-HBM (red) chest
compression at three rib levels in a flh vehicle side impact in a: (a) standard driving

position, (b) vertical arm position.

4.3 Discussion

For the standard driving position, the UMBM and ATD rib deflection responses were
comparable between the models at the middle and lower rib levels, aiffehence for the

upper rib response between the HBM and ATD remained within a 25% corridor (Table 4.6).
This is one of the standard measures used in vehicle compliance and performance testing and

constitutes an important baseline for the present work.

4.3.1 Influence of the Door Trim Material Properties

For the door trim material properties modifications, the ATD responses indicated low
sensitivity of the ATD, which was also observed by Trosseille (2033omparing a physical

ES-2re rib deflection in a pa@d and rigid sled impact conditions. The maximum rib deflection
values were identified at the upper rib level for both the ATD andHdBW. The ATD did

not show sensitivity to change of door trim material properties in terms of rib deflection
response. Thedindings were only apparent through the use of local response (e.g. considering
the response at each rib level) and were not apparent at the global level (e.g. the usual global
measurement of deflection or VCmax). A reduction of maximum rib deflectsponse was

observed for the UWHBM when the door trim material was stiffer.
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In terms of the VCmax response, the ATD response changd@iby-16.5% for both
stiffer and more compliant door trim material. The VCmax values were controlled by the
middle riblevel. For the UWMHBM, the VCmax decreased b1/3.5% for higher yield strength
of the door trim material and were controlled by the upper rib level. Although the VCmax
values for the UMWHBM were recorded at the upper rib level, both the upper and lolwer ri
level showed similar moderate sensitivity to the material modifications. The ATD thorax
deflection and VC values were lower for all modifications considered compared to the UW
HBM.

4.3.2 Influence of Arm Position in Side Impact

Arm positioninfluenced shoulderkinematics and arm motion (Figé}.and subsequently the
loadingof the thoraxDuring theimpact, the UWHBM arm typically rotated upward for the
initial driving and horizontal positions. In contrast, the ATD arm moved in the sagittal plane
only, and theGHBMC-HBM arm moved in coronal plane only, without a noticeable rotation
(Fig.4.6) For thevertical arm position the UWHBM arm provided a load transmission path
to the thoraxincreasing the thoracic deflection; whereas the ATD model arm did not ftansm
the loadingand instead protected the chésir the GHBMCHBM, the vertical arm psition
placed the upper arm more anteriorly to the ribhpression measurement locations. Upper
arm soft tissue was compressed between the intruding door and rib coompnesasurement
locations, providing additional paddinghérefore, the predicted chest compression increase
due to theverticalarmposition was lower for the GHBME&BM than for the UWHBM. The
results of this study agree with previous observations (W&8&0) regarding low sensitivity
of the ATD to changes in pigash arm position.

The highest values of rib deflection typically occurred at the ujiip&rcation for both
the ATD and th&JW-HBM due to contact with the window sill (Takle) and load @ansferred
to the thorax by interaction with the upper arm, before the arm rotation or movement occurred.
For the GHBMGHBM, the highest values of rib deflection were predicted at the lower rib
location, due to concentrated load transferred through thal éistl of the humerus, when

compressed between the intruding door and GHBNBD/ torso.
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While the literature on the effect of the arm suggeateotentiaprotective effect when
located in the load path, it is important to note thatpitoposedorotectve effect of the arm
was observed in a frdght distributed load impact (dropping the PMHS on the floor) or in a
velocity-pulse concentrated load impact (limited stroke pendulum). Howtnedimitations
of both of these scenarids representing theehicleto-vehicle side impact (Deng 1989) will
be further discussed in Chapter 5. Plagentialprotective effect of the arm, reported by some
authors (Cesari 1981, Stalnaker 1979, Kemper 2008) is also further discussed in Chapter 5.

For nonstandard arm gsitions, the primary response differences between the HBM
and ATD were attributed to shoulder kinematics and arm compliance. The ATD shoulder
allowed for sagittal plane arm movement only and was isolated from the thoracic cage through
the connection to #hspine box in the ATD. ThEW-HBM shoulder was connected to the
thorax through the scapula, clavicle and musculature provigihgsaologicarange of motion
of the arm in all directions and coupling to the thorax. ThWW-HBM kinematics were
comparabled thePMHS tests for the same NHTS#pe sled sideémpact scenario in terms
of arm rotation and displacement (Forbes 208%fidelity of the GHBMGHBM shoulder
was recently investigated by Park et al. (2016); however, the proposed improvements altered
the predicted side impact responseoiyy 5%.

Movement of the elbow anterior to the thorax in the driving and horizontal positions
reduced the load transferred to the thorax through theHBM arm, while the GHBMGC
HBM arm was rotating predominanily thecoronalplane during the entire impact sequence
The vertical arm position resulted in higher values of maximum thoracic deflection and VC,
comparedvith other arm positions for the U\AMBM in side impact. The ATD arm modeks
softercompared to the UYHBM arm modelwhich resulted in lower loading to the thorax for
the vertical arm position. The models demonstrated that the plate mimicking the humerus
located inside the ATD arm deformed around the metal rib bands and the arm foam acted as
additional paddingo the ATD ribs. This difference can explain a reduced value of global
thoracic deflection for the vertical arm position for the ATD compared to theHBM.

For thedriving and horizontal arm positions, the global VCmax values were higher for

the ATD owirg to higher rib deformation velocity. The initial contact between the ATD
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ribcage and the intruding door resulted in a high initial rib peak velocity that did not occur in
the UW-HBM. For most of the cases the ATD rib deformation velocities were highethka
UW-HBM rib deformation velocities at all rib levels, with the peak value occurring during the
loading phase, after contact with the door. This observation confirms findivgatebn and

Cronin (2011) who demonstrated that the ATD model was mordtigert® change of arm
position in terms of VCmax than in case of rib deflection, since the VCmax was mainly
influenced by rib deformation velocityhe time of the deformation velocity peak in the ATD
corresponded to the time of the VCmax response. FotUW-HBM, the maximum VC
occurred between the peak values of the rib deformation velocity and chest compression during
the loading phase.

Both UW-HBM and GHBMGHBM predictedan increase of injury metrics for the
vetical arm position however, individualanthropometric differences between the two
Aaverage mal ed model s -specife resulksdn tedms sftsensitivity iov e ,
the precrash positionThe acupant responses demonstrated a sensitivity to the location where
the response was measd. The response rating based on global metric (maximum thoracic
deflection, VCmax) did not match the sensitivity of individual chest bands to door trim material
modifications for the VCmakased rating. The analysis of responses measured at three chest
band levels provided an opportunity to identify local effects that were not noticeable using
global thoracic response and to assess the responses in an objective manner. The local
evaluation identified potential areas for improvement in side impact safetygh modifying
door contact area or restraint systems.

Contacts defined between the occupant models and the vehicle interior, seat, and the
restraints could have contributedth® predicted arm kinematics. However, the coefficient of
static friction of0.3 used in this studyvas comparable to coefficient of friction of 0.294
measured between the PMHS and seat in a lateral impact (Lessley et al. 2010), and
representative for typical skito-fabric or fabrieto-fabric contact (Vilhena and Ramalho
2016). Experimentally measured dynamic coefficients of friction between occupant clothes
and automotive seats ranged between 088086 (Cummings et al. 2009), and a dynamic

coefficient of friction 0.35 used in this study represented the lower range of this @nge
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course, real occupants would be expected to have a wide range of clothing and initial positions
that could affect arm kinematics.

The UW-HBM demonstrated a capacity to capture the effect of modification ef pre
crash parameters, amdas subsequently ggied in the parametric study on the occupant
response sensitivity to lateral impact tyj@hapter 5), owing to its applicability in predicting
pulmonary contusion (PC) (Yuen 2010). Although the GHBMBM was a more detailed
model recognized in automotiwedustry, the potential of the GHBMBBM to predict PC
has not been previously demonstrated, and no Crash Induced Injury criteria were associated
with the lungs constitutive model (GHBMC 2014). T¢wdculation timedor the UWHBM
werealsosignificantly educed compared to the GHBMEBM, which was aradvantagédor
a parametric study involving 10 load cases. The computation runtime fansl60the impact
sequence was over ®@urson 32 computing cores for the GHBMABM, and for the UW
HBM it took 24 hours with 6 computing cores.

1 Change of the ATD response to varying door trim material properties was more
pronounced for the VC than for the chest deflection.

1 The UWHBM demonstrated significantly higher sensitivity to qgrash
parameters than the ATID terms of chest deflection and VC responses

1 Change of the chest deflection and VC responses of thedBW was higher
for varying arm positions than for different door trim material properties.

1 The thesis should focus on the effect of the position andevaluate its effect
for differentlateral loading scenarios and interaction with the restraints.

1 UW-HBM has a potential to capture the effects of parametric changes and

should be used as the occupant surrogate for the purpose of this thesis.

Limitations

The model year of the vehicle used in this study was 2001 and originally tested at 61 kph with
the USSID ATD. The vehicle received good safety ratings in NCAP test (NHTSA 1996)
Elevated values of predicted rib deflection and VC response in this studiyeate the NCAP

87



impact velocity (61 kph) and use of a different ATD {&®, instead of the USSID). Validation
with the ES2re ATD was carried out at 54 kph to address FMVSS 214 requirements.

The UWHBM lower arm was simplified; however, this was not extpd to affect the
results since the tissue mass was accounted for, and lower arm was not in contact with the
occupant bodyOnly one vehicleseat locationand crash scenario were usddhis stage of
the study The occupant size was representative gomidsized male, yet demonstrated
differences related to individual anthropometry of the BMM and GHBMGHBM.
Although the shoulder isacknowledged to ban important load transmission path in side
impactcrash scenaripghangs in theload path due tarm orientatiorwerenot investigated
in the thesiglue to limited capacity of the ATD model to predict shoulder response axisff
impacts The $oulder model of each occupant surrogate was previously validaiad
concentrategpendulum impacts, whilthe full vehicle crashvas similar toa distributed load

impact.
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Chapter 5
Human Body Model Sensitivity to La

In Chapter 4, a significant effect of arm position for occupant respaetsted to thoracic
injury was predicted by two Human Body BKlels in a fullvehicle sideimpact scenariolThe

results showed that the local geometry of the impacting surface, as well as intervening
structures such as the arm, can have large effects on thoracic injury meldsweser, in
research studieside impats are commonly simplified to pendulum and sled impacts due to
the high cost associated with full vehicle crasl@&snsequentlymore study is needed of the
differential responses associated with the nature datheal loading scenario.

This chapter pesentsa numerical parametric stutly examinalifferences in occupant
response sensitivity to lateral impact typae UW-HBM was selected du® its capacity to
predict potential for lung injuryand high computational efficienc¥our standardized side
impact test scenarios were considered, namely pendulum impacts (Viano et al. 1989, Chung et
al. 1999) and rigigwall impacts (Pinter et al. 1997, Cavanaugh et al. 1990), and the results of
those scenarios were compared to occupant response irvatidie MDB impact (NHTSA
2012). The arm position prior to impagts variedrom a position aligned with the torso to

above the head.
5.1 Methods

5.1.1 Lateral Impact Scenarios

The UWHBM injury responsesensitivityto parametric changegasinvestigate to quantify

the effect of the arm position for different lateral impact scenarios. The geometries and
boundary conditions for the pendulum and rigidll impacts were based on biomechanical

test standards and component level tests (Fig.5.1). Impact velocities, geomelry o
impactors, and corresponding literature references are summarized in Table 5.1. Pendulum
impactors were 15m in diameter and weighed 24 (Viano et al. 1989, Chung et al.

1999) Rigid-sled geometries were based on two standards: National Highvesngport
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Safety Administration (NHTSA) (Pintar et al. 1997), and Wayne State University (WSU)
(Cavanaugh et al. 1990) designs.

Table 5.1: Summary of standard lateral impact conditions.

Impact type Free-flight Velocity-pulse
Impactor type Pendulum Rigid sled Pendulum Full vehicle
Initial velocity 4.3 m/s 6.7 m/s 5'6 m/s, Simm 17 m/s (NCAP)

displacement
Impactor 23.4kg, 23.4kg, ,
weight / NHTSA/ WSU vehicle door
NHTSA-F,
Code P-F WSUE P-v NCAP-V

Pintar et al.1997

Reference Viano etal, Cavanaugh et Chung et NHTSA, 2012
1989 al.1999
al.1990
P-F WSU-F NHTSA-F NCAP-V

Figure 5.1: Lateral impact scenarios: (RF) free-flight pendulum, (WSU-F) free-flight
WSU rigid sled, (NHTSA-F) free-flight NHTSA rigid sled, (P-V) velocity-pulse
pendulum, (NCAP-V) velocity-pulse full vehicle NCAP(Gierczycka and Cronin 205a).

The literature data discussed in Chafesuggestthat the armmay actas a load
transmissiorpath to he thoraxfor vehicle impactshatare primarily displacemesttontrolled
impacts (compared to free flight impacts where the pendulum is decelerated by thdrbody

the case of lowenergy impacts, the arm serves to attenuate and distribute thandaassist
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in decelerating the impactor resulting in lower thorax response. Therefore, impact scenarios
were groupedh two categoriesfreeflight, and velocitypulse. For the fredlight impacts,the
impactorinitial energywaspre-determined throughn initial velocity andthe pendulum was
slowed down by the mass of the occupater impacting the occupant badyor thevelocity-

pulse categories, a velocity profieas assigned to the impactor as a function of time or
displacementsimilarly to the veocity profile of the intruding door in the physical vehicle

crash.

5.1.2 Occupant Pre-Crash Position

The goal of the study was to compare thoracic response when impacted directly to impacts
with armin the load path, to investigate response sensitivity tdfaratifferent loading types.

Two preimpact positions of the HBM were considered: with upper arms alignectavgh

(arm down), and with arms moved above the head or in a horizontal position, exposing the
thorax to impactdrm up (Fig.5.2). For the fulehicle scenario, a horizontal arm position was
sufficient to expose the thorax to intruding door panel. A fully vertical arm position, similar to
occupant position in pendulum and rigid wall impacts, was not pursued due to contact between

lower arms andehicle roof.

L

Figure 5.2: Examples of the two arm positions for the lateral impact conditionsarm up

in orange,arm downin blue, (a) pendulum impacts (b) rigid -wall sled impacts (c) full

vehicle impacts.
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5.1.3 Occupant Response Assessment

To predict occupant response in accordance with automotive standards (NHTSA 2012), and
understand compression pattern along the ribcage, the occupant response was evaluated as
chest compression measdia three rib levels, rib 4, 6, and 8, corresponding to three locations
of the ATD ribs at a standard driving position in the vehicle, as explained in CBageetion
2.2.4. In addition to local deflection response, the maximum of thredevd chest
compressions and VC values were included in the assessment and referred to as maximum
chest compression and VCmax.

The UW-HBM has been also previously used to predict pulmonary contusion through
determination of the volume of elements exceeding cert@dmagnary injury criteria (Yuen
2010). This advantageous capacity of the ‘B\BM enabled a comparison of occupant
response prediction with use of standard injury metrics (maximum chest compression, VCmax)
with local injury response (chest compression andmasured at three rib levels), and with
the tissue level injury prediction (lung contusion). For the purpose of this study, the pulmonary
contusion criterion adopted by Yuen, namely dynamic compressive pressure exceeding 52.4
kPa measured at an individieément level, has been adopted.éehsure adequatemporal
resolution, he lung responssasmonitoredat 40,000 Hz (Yuen 2010and volumes of all the
elements that exceeded the threshold pressure at any phase of the simulation, loading and
unloading,weresummed. The volume of elements exceeding the pressure criterion threshold

weredivided by the original lung volume to obtain percentage of the contused lung volume.

5.2 Results

5.2.1 Concentrated Versus Distributed Load

The UW-HBM with a vertical arm positionarm down predicted an increase of the chest
compression for all the load cases, except for the velpcilge pendulum impact. The
magnitude of the effect was dependent on the impact scenario, where the highest increases of
the chest compression (+140%@repredicted in the full vehicle scenario, a relative increase

between +56 to +69% was predictéor both rigidwall sled impacts, and the chest
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compression remained relatively insensitive to the arm position in the pendulum impacts (
to +10%). The déct of the arm was even more pronounced for the VC metric, where the full
vehicle scenario resulted in a +428% increase of VCmaxawmthdown the two rigidwall

sled impacts change remained within the +56 to +76% range, and ttfigiiependulum (P

F) predicted a negligible changd {%). However, tharm downposition led to a decrease of

VCmax (36%) for the velocitypulse pendulum ({¥) scenario (Tabl&.2).

Table 5.2: Relative changes in occupant mecs due toarm downpre-crash position.

Impact type P-F WSU-F NHTSA-F P-V NCAP-V
compression +10% +69% +56% -13% +140%
VC max -11% +76% +56% -36% +428%

Changing thearm position for concentrated load impacts, nhamely pendulum impacts,
resulted in adwer relative change of the occupant response compared to distributed load
impacts, namely rigidvall sled and full vehicle scenarios. Although the relative change of
chest compression did not exceedl3/o in the pendulum impacts, the chest compression
patern, determined as a measurement of a peak compression at each rib level, indicated that
the maximum chest compression location moved from rib 4 to rib 8amihdownposition
for both pendulum impacts (Figd,d). For the distributed load scenarid® thange due to
arm downposition ranged between +56 to +140%. While the maximum chest compression
location was maintained for both the W&Uand NHTSAF scenarios, for the fullehicle
impact the maximum chest compression location moved from rib 4 8with thearm down
position.

Chest deformation pattern between the WSand fultvehicle impacts demonstrated
the same trend, where tla@m up position led to chest compression values approximately
equally distributed over the three ribs. For #éinen dovn position, the highest values of chest
compression were predicted at the level of rib 8 for both the \AW3dd NCAPRV scenario

(Fig. 5.3b,e) For the NCAPF scenario, tharm downposition led to an increase of the chest
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compression, while the thoraciefdrmation pattern remained the same, with the lowest chest
compression at the level of rib 4, and the bgthat the level of rib 8 (Fig3c). Despite
similarities in the chest compression patterns, the relative increase of the chest compression
due to am positionwaslargerfor the NCARV scenario than for both rigidiall sled impacts
(+140% versus +69% in WSB, and +56% in NHTSAF), which was even more pronounced

in the predicted VCmax (+428 versus +76 in WBland +56% in NHTSAR).

(b)
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Figure 5.3: Patterns of the peak values of chest compression at three rib levels, two arm
positions: arm up (orange) and arm down (blue); (a) fredlight pendulum (P-F), (b)
WSU-type rigid-wall sled (WSUF), (c) NHTSA-type rigid-wall sled (NHTSA-F), (d)

velocity-pulse pendulum (RV), (e) full-vehicle impact. Chest compression patterns
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reflect the lateral impact direction, according to experimental standards (left for rigid

wall sled and \ehicle, right for pendulum).

5.2.2 Free-Flight versus Velocity-Pulse

The relative change in the occupant metrics predicted by theHBW was higher in the
velocity-pulse impactg-V) than in the fredlight impacts(-F) (Fig.5.4) The sensitivity of the
chest ompression and VCmax to tlaems dowrposition was comparable between the free
flight rigid sled impacts (WSW and NHTSAF), increasing by 566% for both chest

compression and VCmax metrics.

(a) (b)
Earmup MEarm down ®arm up larm down
48% 53% 46% 1.7
34%
28% 1.0
12%14% I 14%12% 19%I 02 0 3 02 0.3
0 2 :
mm [ —
WSU-F  NHTSA-F P-V NCAP-V WSU-F  NHTSA-F NCAP-V

Figure 5.4: Maximum (a) chest compression(b) VC (m/s) for free-flight and velocity-

pulse impacts.

In the case witlthe am in the load patharm dowr chest compressiomas lowerfor
the velocitypulse pendulum impact (relative reduction18%) and iereased for other impact
types. The VCmax response followed the same trend, wheggrthedownposition reduced
the VCmax by-36% in the velocitypulse pendulum impact. Both rigid sled configurations
predicted an increase of chest compression betwe&®%6(Table5.2), while the highest
relative increase of chest compression was observed for the full vehicle impact (+140%). With
arm in the load pattam dowr), time between maximum compression and maximum velocity
was shorter, therefore the VCmax respansecase was even more pronounced and reached
1.7 (+428%) for the full vehicle impact.
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5.2.3 Prediction of Lung Contusion Severity and Pattern

Predicted volumes of contused lung tissue were in agreement with chest compression and VC
criteria(Fig.5.5) Thearm downposition had a negligible effect on contused lung volume in
the freeflight pendulum scenario (3% to 2% decreas€&)H-or the velocity pulse pendulum,
theinjuredlung volume was reduced from 7% to 4% with &me downposition, confirming

the protetive effect of the arm for this impact scenario. For the \AFSLigid sled, thearm
downled to an increase of predicted contused lung volume from 38% to 48%, and a similar
10% increase was found for them downposition in the full vehicle scenario (50% 60%,
NCAP-V). For the NHTSAF, although the chest compression and VC values increased for
the arm downposition, the lung contusion response remained relatively unchanged (38% to
36% reduction, NHTSA). Shoulder soft tissues in taem downposition praided additional
padding in the area above rib 4 that contacted a rigid edge of the NAB&A wall in the

arm upposition.

Earmup Barm down

60%

48% 50%
38% 38?35%
3% 2% % %

WSU-F  NHTSA-F NCAP-V

Figure 5.5: Predicted total contused lung volumes for two arm positions, forlaloading

types.

Lung contusion patterns for the W8U and NCAPV scenarios that yielded
comparable chest compression patterns at three rib levels fomabuotlup and arm down
positions, demonstrated highgedicted volume of contused lungghe full-vehicle scenario
(NCAP-V) (Fig.5.5). Although the maximum chest compression fordaha upposition was
higher in the WSLF scenario (28%) than in the NCAPscenario (19%), the full vehicle
impact resulted in higher predicted total contused lung voluff#é) than the rigigled (38%)
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(Fig.56). Similarly, for thearm downposition the predicted contused lung volume was higher
in the full vehicle scenario (60%) than in the rigldd (48%), although the WSKE scenario
yielded a higher maximum chest compresg48&%) than the NCAR/ (46%).

(@) (b)

arm up arm down arm up arm down

Figure 5.6: Predicted contused lung volumes for (a) WSY scenarig (b) NCAP-V
scenario, for the two arm positions.

5.3 Discussion

The UWHBM enabled a direct comparison of three occupant injury assessment methods:
global, expressed in terms of maximum chest compression and VCmax employed by safety
standards; local, namely chest compression and VC measured at three rib tevétsue

level, measured as the contused lung volume.

The UW-HBM confirmed previous observations on the protective effect of the arm in
a lowseverity velocitypulse pendulum impact (Kemper 2008). The increase of the predicted
occupant response, both terms of kinematic and tissdevel criteria, was the most
pronounced in the full vehicle impact, indicating an increased sensitivity of th&1BWM/ to
the arm position in velocitpulse impacts, such as vehicle crashes.

Changes in occupant kinematic resge due to modifications of the preash position
(lateral, fore, aft) has been previously demonstrated by Watson and Cronin (2011) with use of
three sidempact ATD numerical models. Campbell also observed an increased susceptibility
of the occupant VCmaresponse due to a vertical arm position in a compeegat occupant
to door impacts (Campbell and Cronin 2014). The VCmax response exhibited higher
sensitivity to changes of occupant position than chest compression, attributed to a short
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duration betwen the maximum chest compression and maximum chest compression velocity
of the ATD ribcage, which amplified the effect of the-prash parameter change (Watson and
Cronin 2011), explained also in Chapter 2. This study expanded previous findings inmgstigat
a variety of side impact scenarios and application of the HBM in-&dtllcle impact.

For the PF, WSUF, RV, and NCARV scenarios, all three response measurement
methods: global, local, and tisslevel, predicted the same trends in change obtueipant
injury response due to arm. Interestingly, for the NHISAlthough the VCmax increased
from 1.3 to 2.1 witharm downposition, which indicated an increase of serious injury risk to
soft organs according the current standards (Lau and Viano,1B8®)ngspecific contusion
metric sensitivity to the arm position was negligible in the NHIFS#cenario. While the VC
response was based entirely on deformation of hard tissues, namely rib compression and rib
compression velocity, the lung contusiorspense was affected by deformation and load
transfer between hard and soft tissues throughout the entire occupant bodymTtewn
position, althoughesulting inincreased the chest compression values, provided a uniform load
distribution over the uppethorax above the discrete location of chest compression
measurement at the level of rib 4, which protected the top of the lungs from loads transferred
from the edge of the rigidall.

Although the impact energy absorbed by the occupant body was comzetiden
the rigidsled impacts and the full vehicle impacts, the WM sensitivity to the arm position
was 3 times higher in the full vehicle impact compared to s8@gd impacts. The UYWHBM
predicted probability of severe injury when the arm was locetehe load path for both the
rigid sled impacts and full vehicle impact, exceeding the threshold value of 33.9% for chest
compression and 1.0 for VCmax. However, these loading conditieresised as an example
of an extreme prerash condition that isot incorporated in the current safety standards or
testing procedures. Despite lower chest compression and VCmax values in theWCAP
scenario, compared to the WSand NHTSAF, the predicted contused lung volume was the
highest for the fulivehicle impa t s . These findings confirm Den
that freeflight impacts, such as pendulum or rigidll sled as representations of real impact

conditions, do not capture all the effects of full vehicle crashes. A clear demonstration of the
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occupant response changes due toguash position, and a comparison of kinematic and
tissuelevel responses, were enabled by the application of a numerical HBMHBW
provided additional insights into injury mechanisms in side impacts, highlighting adesnt

and limitations of lateral impact scenarios used to model side impacts.
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Chapter 6
Occupant Thorax Response Variations Du

Restraint Systems in Sid& | mpact Cr

Thoracic SAB (tSAB) effectiveneds reducing thoracic injury sevity in side impacthas not
beenconsistentlydemonstrated DO El i a 2013, Gayl or and Junge z
2014, Viano and Parenteau 2016, Yoganandan 2007). To investigate sources of variability in
vehicle side impact restraint effectivenessyould be beneficial to study both global and
tissuelevel injury metrics in interaction with a tSAB (Shaw 201X@ynfounding factors, such
as the anthropometric differences between the occsigadtoccupant prerash position have
impeded parametric studieon contribution of various factors to differences in predicted
occupant responsia interaction with tSAB. i Chapter 4 theccupantarm position was
demonstrated to affect the Human Body Model (HBMyraxresponseneasured usinghest
deflection(+140%) andtheViscous Criterion(VC) (+428%).In contrast, a wide range side
door compliancehangedchest deflectiorand VC by onlyl8% and 16%respectivelyIn
Chapter 5, the importance of utilizing a full vehicle scenario to model occupant response in
side crashes was demonstrat€dmpared with a rigidvall impact, the effects of arm position
on chest compressioand VC in the HBM thorax werep to 2.5 and 7.6 times higher
respectively in a simulated fulvehicle impact. That is, rigivall tests undeestimate the
importance of arm position.

In this final study the kinematic respons# the occupanand potential for thorax
injury in side impactvere assessetbr interaction with a tSAB. Importantly, response was
assessed using kinematics for two eliéint HBMs, to reinforce the importance of this effect
through consistent outcomes, and at the tissue level on HBM where this was pdssble.

UW-HBM wasuseddue to its capacity to predict lung injury, and GHBMBM was used as

3 This Chapter contairfigures, tables, and excerpts from articles previously published in the Journal of

Accident Analysis and Prevention © 14 Jun 201ittps://doi.org/10.1016/j.aap.2017.05.04ndJournal of
Biomechanics © 26 Jun 201&ttps://doi.org/10.1016/j.jbiomech.2018.04.044s ed wi t h Publ i sher 6s
permission,
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it is the most recent andlidely validatedHBM for automotive crash simulationisnportantly,

the effect of the thorax deformation measurement location and methogdredicted
performance of seatbelts and tSABs in a side atashd be investigatedsing the GHBMG

HBM. Occupant rggonse was assessed through chest band (CB) deformation, and as a change
in distance between markers on the ribs (rib deflection). Multiple measurement locations in the
GHBMC-HBM enabled direct comparison between the two methods to demonstrate that
differert outcomes may be predicted with use of a HBM for the same impact scenario
depending on the measurement metheamlr restraintconfigurations: belted and unbelted,

with and without a tSABwere considered in a full vehicle MDB impact at 61 kph.

6.1 Methods

The thoracic side airbag (tSAB) was modeled gemeric rectangular thoracic airbag, 7 liter

in volume and 13énm in thicknes$o match criteria established Byaland and Pipkor(1.996)

when fully inflated (Fig.6.1aPipkorn and Haland (1996) stated thdesairbag thickness has

to be greater than 12@m when fully inflatedto fill the available clearance between the
occupant chest and door surfarelengagerccupant arm and shoulder. The highest reduction

of chest deflection and VC metrics was obtaimgith a 40 kPa airbag (Pipkorn and Haland,
1996).The airbag inflation properties were based on an existing airbag model (Opiela 2008),
where the mass flow rate was scaled down volumetrically to achieve a peak pressure of 40 kPa
recommended by Haland angRorn (1996) as an operating range for tSABs. The tSAB was
integrated with the vehicle side door and deployed over the shoulder and upper thorax region
(Griffin 2012, Kahane 2014)in contrast to older seatback mounted small volume tSABs
(Loftis et al. 201). Development of the seat and thg@int seatbelt model (Fig.6.1b) was
described in section 2.2Vhile the modeled restraint systems are typical, only this
configuration was considered. The goal was to evaluate the interaction with arm position for

typical restraint systems, and future work should consider an optimization of the side restraints.
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(a) (b)

Figure 6.1: Restraint models: (a) inflated tSAB, (b) seat with a thregoint seatbelt.

6.1.1 Arm Position, tSAB Location and Pressure Effect for UW-HBM Response

The University of Waterloo Human Body Model (UMBM) with a detailed thoracic section

was integrated with seat, seatbelts, and vehicle model representings&edicsedan in a

Moving Deformable Baier (MDB) side impacat 61 kph The tSAB model was attached at
the typical location between the seat and the door (McCartt and Kyrychenkd 2@i/et al.

20117, andfour positions were investigatgFig.6.2) to cover the shoulder and upper thorax

area and to fill the initial gap between the occupant and door during irfNewis 2005)
(a) (b) (©)

back 20% front

Figure 6.2: (a) four considered tSAB locations UW-HBM with varying arm positions:

(b) horizontal, (c) vertical.

Simulations were run with and without the tSAB. For the simulations involviag

tSAB, a screening fractional factoriat2experiment (D=ABC) has been designed to study
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main effects of the: (A) arm positigrig.6.2b,c) (B) fore-aft location of the tSAB, (C) vertical
location of the tSAB, and (D) the peak pressure of the tSAB inflator (20 or 40 kPa, Haland and
Pipkorn 1996) (Tablé.1), in eight runs (Tablé.2).

Table 6.1: Description o the experimental factors and variable codes

- +
A Arm position horizontal  vertical
5 B Longitudinal tSAB position back front
E C Vertical tSAB position bottom top
D Peak tSAB pressure 20 kPa 40 kPa

Table 6.2: Coded experimental design for the eight runs of the fractional factoria
design

run |A|B|C|D|AB|AC |AD |BC | BD|CD | ABC | ABD | ACD | BCD | ABCD
1 -l - - -]+ + + + + + - - - - +

2 + | -] - |+ - - + + - - + - - + +

3 -+ -]+ - + - - + - + - + - +

4 |+ |+ ]| -] - + - - - - + - - + + +

5 |- |-+ |+ + - - - - + + + - - +

6 + | - |+ | - - + - - + - - + - + +

7 | - |+ +]|- - - + + - - - + + - +

8 |+ |+ |+ |+ | + + + + + + + + + + +

A factorial 2 experiment was then run to stushagnitudeof the effect of interactions
betwea the arm and tSAB location (factors A, B, C, TahlE) for the peak tSAB pressure of
40 kPa, following recommendations of Haland and Pipkorn (1996) for tSAB settings. For all
the experiments, the HBM prarash arm position wagariedbetween a horizont#Fig.6.2b),

and vertical arm position (Fig2c).
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UW-HBM Response Assessment

The effect of the factors on the occupant responseagsssseth terms of maximum chest
deflection (Viano 1989) and VCmax (Lau 1986) assessed at the three rib levelsauieg

to locations of the ATD ribs (explained in Chapter 2). Global injury response was expanded
through evaluation of tissue level response, namely number of fracture locations in the left half
of the thorax and predicted contused volume of the lunger{Y2008 2010). A cluster of
eroded elements was referred to athdracture, when the elemengsoded throughout the

entirecrosssectionof the rib bone at a given location.

6.1.2 GHBMC-HBM Response to Varying Arm Position and Restraint

Combinations

The GHBMC-HBM was previously equilibrated with the seat and vehicle models (Chapter 3,
section 3.3.2)Four restraint combinations were modeled (Fi@) 6 account for different
combinations of restraints implemented in vehicles, and provide a spectrum wifgload
Contribution of the presence or removal of each aspect of the restraint system was assessed
(Table 6.3)The coupled vehickeestraintoccupant model was subjected to MDB impact at 61

kph (16.9m/s) (NHTSA 2012)representative fanigh-severitysideimpact crash scenarios.

-B-tSAB -B+tSAB +B-tSAB +B+tSAB

Seatbelt - - + +
tSAB - + - +

Figure 6.3: Restraint system configurations for vehicle sidempact scenario (Gierczycka
et al. 2018).
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Two pre-crash arm positions were considered: with arms in the driving position (arm
40 degrees with respect to torso; Fig6réa), and with arms in the vertical position (arm
aligned with the torso; Figui@4b), prepositioned as described in Chapte¥\hile the UW
HBM arm position ranged from a vertical alignment with the torso to arm parallel with the
ground, the GHBMEHBM arm positions ranged from a vertical to standard driving position,
to ensure consistent orientation of the upper torso between thgositions. The effect of
vertical arm position for both HBMs was previously compared in Chapter 4, section 4.1.4.

(@) (b)

Figure 6.4: GHBMC -HBM pre -crash position: (a) arms in driving position, (b) arns in

vertical position.

Table 6.3: Simulation configurations (aD = arms in driving position, aV = arms in
vertical position, -B = unbelted, +B = belted-tSAB = without tSAB, +tSAB = with
tSAB deployed).

aD-B aD-B aD+B aD+B aV-B aVv-B
scenario code | -tSAB +tSAB -tSAB +tSAB -tSAB +tSAB
seatbelt no no yes yes no no
tSAB no yes no yes no yes
arm position drive drive drive drive vertical vertical
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