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Abstract

Car accidents are amongst the most common causes of fatalities for a younger population in
developed countries and world-wide. While research using Anthropometric Test Devices
(ATDs) has led to improvements in frontal impact occupant protection, epidemiological data
on the effectiveness of devices for side impact protection remains inconclusive. Current
regulatory physical side impact tests are limited to standardized full-vehicle Moving
Deformable Barrier and rigid pole impacts, only one seating position of the occupant, and a
unidirectional occupant surrogate (side impact ATD). To address some limitations of the
existing research methods, and expand the understanding of the occupant response and
potential for injury, numerical Human Body Models (HBMs) have been developed as
repeatable, biofidelic, omni-directional, and frangible occupant surrogates. The overall goal of
this study was to improve the understanding of the underlying sources of conflicting
epidemiological and physical test data on thoracic response in side impacts.

This study applied two highly detailed HBMs in parametric investigations with simple
to complex impact scenarios ranging from a pendulum, rigid-wall side sled, to a full-vehicle
lateral impact and an accident reconstruction. Subsequently, a thoracic side airbag and three-
point seatbelt models were developed and integrated with the vehicle model to study the effect
of occupant pre-crash position on the potential for injury. Occupant response assessment
included global criteria (chest deflection and viscous criterion), local measurements at different
thorax levels, spine kinematics, and prediction of rib fracture locations and lung response.

This research identified limitations in current analysis methods, demonstrating effects
on occupant response of pre-crash arm position, which 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 orientation in the full
vehicle impact. The arm position effect 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 method. A parametric 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

Introduction

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 remain the leading cause of death amongst young people (15-30
years old) and are the 8" significant cause of fatalities for all ages worldwide (WHO 2018). In
2016 there were 23,793 passenger vehicle fatalities in the United States (1IHS 2017) and 1,858
in Canada (Transport Canada 2017), constituting 16% of accidental deaths in both countries
(Statistics Canada 2018; Heron 2017). Vehicle drivers constituted 74% of fatally injured
occupants (IIHS 2017). The introduction of advanced safety systems has reduced the number
of road deaths in recent years in mostly highly motorized countries; however, the number of
injured occupants remains high (Schmitt 2014). Within Canada, 115,956 occupants were

injured in motor vehicle traffic collisions in 2017 (Transport Canada 2017).
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Figure 1.1: (a) Near-side impact location (Otte 2009), (b) road accident fatalities for

oblique ’ I \ oblique
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different impact directions, side category includes near-side and far-side impacts (I11HS
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 decades and remain a
challenge, due to a limited structural crush zone and space for the restraint systems such as

side impact airbags and curtains to operate. Vehicle-to-vehicle side impact in this context
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encompasses collisions where a striking vehicle impacts a target vehicle at 90° + 10°, at the
location of the driver (near-side) or the passenger (far-side) door (Otte 2009) (Fig.1.1a). In
2016, 29% of road deaths in North America (IIHS, 2017) were attributed to side crashes
(Fig.1.1b).

Side impacts were estimated to be 2.26 more likely to result in fatal injury compared
to frontal impacts (Bedard et al. 2002), based on the Fatal Accident Reporting System (FARS)
data from 1975-1988. Severe to fatal injuries to the thorax were observed in 53 to 58% of front
seat occupants in near-side 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 near-side impacts, where the PC frequency for occupants injured in
frontal impacts was 15% (O’Connor 2009). Therefore, injury mechanisms to the thorax,
defined as mechanical interaction with the human body that results in injury to the human body
(Schmitt 2014), require further research in the side impact scenarios.

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 side impact airbags 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, Welsh 2007, Yoganandan 2005, Yoganandan
2007). While side curtain air bags were estimated to reduce fatalities by 25-37% for driver and
front passenger due to a reduction of head injuries, the inclusion of torso airbags in vehicles
has only reduced thoracic injuries in near-side impacts by 8% on average (Kahane 2014,
McCartt and Kyrychenko 2007). However, in far-side impacts, tSABs were associated with an
increase of fatal injury risk for driver and passenger (+4.9%), attributed to a wide range of
potential impact forces and directions, and occupant pre-crash 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 proper representation of the load transfer in the side

impact by the occupant surrogate is essential for realistic prediction of real-world occupant
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injuries. Human volunteers can participate in non-injurious tests only; therefore, impact
tolerance testing requires representative surrogates. Injurious experimental tests utilize
animals, Post Mortem Human Subjects (PMHSs), and standardized reusable mechanical
human models or Anthropometric Test Devices (ATDs). To date, most of the focus has been
on the mid-sized male, often termed the 50" percentile male. More recently side impact testing
has been conducted with an ATD with reference dimensions based on the 5™ percentile female
stature and body weight. Current regulatory tests use ATDs in specific loading scenarios 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 (frontal, side, rear
impact). For vehicles sold in the United States and Canada, occupant 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) with use of a Side Impact
Dummy (SID-I1) or the Euro-SID (ES-2re) ATDs. In both cases a stationary vehicle is
impacted with a moving deformable barrier (MDB) representing a striking mid-sized sedan
vehicle, at 61 kph/38 mph (NCAP) or 54 kph/33.5 mph (FMVSS and CMVSS 214). The ATDs
are equipped with load cells and accelerometers that measure the occupant kinematic and
kinetic response during the test impacts. However, ATDs are not frangible, which means that
they are not capable of demonstrating failure of tissues that may occur in the human body,
corresponding to traumatic injury. In contrast, HBMs are biofidelic, frangible human occupant
surrogates that can be used in parametric studies and side impact testing in a range of seating
positions.

Human Body Models (HBMs) represent important structural and life-sustaining tissues
in the human body in detail. HBMs began with simple spring-mass-damper models in the
1970’s (Lobdell 1971) and progressed to multi-body models in 1990’s (Cheng 1994). More
recently, advances in computational power have led to the development of detailed human
body models, including the University of Waterloo Human Body Model (UW-HBM) (Forbes
2005, 2006; Yuen 2008, 2010), Total Human Model for Safety (THUMS) (Oshita et al. 2001),
and the Global Human Body Models Consortium HBM (GHBMC-HBM) (GHBMC 2014).

3



HBMs include high-resolution representation of hard and soft tissues, nonlinear material
properties, and in some cases, the ability to directly simulate injury in impact scenarios through
material failure. HBMs enhance analysis capability, providing the ability to evaluate non-
traditional load scenarios or different initial body positions. HBMs are suitable for impacts
from any direction, whereas most ATDs are designed specifically for frontal, side or 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 ATDs without re-designing, calibrating and
validating with respect to physical ATD test data (Wismans 2005). Experience has shown that
incorporating new human response data into ATDs may take several years or even several
decades (Albert 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, Luzon-Narro 2014, McNeill 2005, Samaha 2003, 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 Il1), side impact ATD (EuroSID), and an HBM (Lizee
1998) in a side impact. Comparison of the thoracic deflection and VVC 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 models, a consequence 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 H-model, Choi et al. 1999), and 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 segment. Importantly, HBM allow for loading on
individual ribs and the injury 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.



Depending on the occupant’s posture at the time of impact, the arm can be a primary
load transmission interface between the door and the occupant thorax. Consequently,
investigators have examined the effect of the arm position and compliance on the thoracic
response (Tencer 2005ab, Yoganandan 2013). However, minimal data are available regarding
the effect 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 chosen (ATD or PMHS) and
on the test scenario (free-flight, 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 free-flight impacts, the kinetic energy of the impactor is absorbed by
body of the occupant body until the impactor and body move at a common velocity, the PMHS
arm in the loading path was observed to reduce the number of rib fractures. Experiments
included concentrated load impacts (pendulum) (Kemper 2008), and showed similar results
when the PMHS was dropped from a height of 1 m on a rigid surface with arms above the head
or in the driving position (Stalnaker 1979). Other researchers did not identify the effects of arm
position on injury in free-flight pendulum tests (Cesari 1981). Studies on the ATD response to
lateral impact with different arm positions demonstrated no sensitivity of the ES-2re ATD to
the test configuration (Trosseille 2010), and Dalmotas (1991) suggested that effect of the arm
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 to variance introduced by test subjects. Tests involving ATDs
have led to improvements in occupant safety, but many investigators have suggested that
further improvements in safety systems could be achieved by introducing new computational
analysis tools (Aldaghlas 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 pre-arranged measured parameters, such as
displacements, forces, and accelerations, and many desired variables are difficult to measure

without unacceptable levels of tissue disruption. Numerical models with relevant verification
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and validation (ASME 2006) enable in-depth analysis, covering not only the global 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 complex impact scenarios, providing repeatable

test conditions that reduce variance associated with physical experiments.

1.2 Research Objective and Scope

This thesis provides a new understanding of occupant response in side impact scenarios and
identifies underlying sources of conflicting epidemiological and physical test data with respect
to the effectiveness of thoracic restraints. A range of impact scenarios, from simple pendulum
and rigid-wall side sled tests to a full-vehicle side crash and accident reconstruction, were
investigated in parametric studies with two state-of-the-art HBMs. The effect of occupant pre-
crash position and interaction with door padding, a three-point seatbelt, and thoracic side airbag
on the potential for thoracic injury was assessed in terms of global criteria (chest deflection,
VC), local measurements at different thorax levels, spine kinematics, predicted rib fracture
locations, and lung strain, strain rate, or pressure response. Limitations of current side impact
research methods were identified through a demonstration of occupant response variation due
to pre-crash position, where the highest sensitivity to arm orientation was observed in full
vehicle impacts. Side 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 the differences among the four restraint combinations
considered in this thesis.

1.3 Organization of the Thesis by Chapter

This thesis is organized into seven chapters, including the introduction (Chapter 1) (Fig.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 anatomy and trauma
relevant to side impact crash scenarios. An overview of occupant surrogates used in side impact
testing is provided, including a summary of development of the two HBMs used in this thesis.

The advantages and limitations of each occupant surrogate are discussed. Lateral impact testing
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scenarios used to represent vehicle side crashes are presented along with the processes for
verification and validation processes of computational vehicle, seat, and restraint models with
respect to experimental data. The epidemiological and experimental studies on thoracic side
airbags (tSABs) effectiveness are reviewed. Lastly, limitations of existing research methods

are highlighted.

Chapter 3 summarizes a lead-in study to investigate and verify the thorax response for
the HBM in impact scenarios using the UW-HBM and GHBMC-HBM. The process of
integrating the occupant with vehicle, seat, and restraints is explained. Simulation results are

compared to existing experimental and real-world crash data on occupant injury.

Chapter 4 presents the results of a study on occupant surrogate response sensitivity to
door compliance and arm pre-crash position. Occupant response was evaluated using both
global and local rib-level response. Interactions between the arm position and door trim
material properties were analyzed. This chapter demonstrates high sensitivity of the UW-HBM

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

Chapter 5 details an evaluation of the effect of arm position on occupant response,
depending on the side impact loading type. The UW-HBM response in full vehicle scenario
discussed in Chapter 4 is compared to standardized biomechanical pendulum and rigid-wall
sled tests. The UW-HBM response is discussed with respect to past 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 interaction with two pre-crash 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
PMHS and ATDs are compared to examine the occupant response and interaction with the seat
belt system and tSAB. The dependence of restraint performance assessment on the response

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

for the improvement of occupant protection are discussed.
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Chapter 2
Background

2.1 Thoracic Injuries Resulting from Automotive Side Crashes

Blunt chest trauma is associated predominantly with vehicle crashes (60-70% of chest injuries)
(Weaver et al. 2013), and injuries to the thorax are responsible for 58% of fatalities in side
impacts (Kahane 2007). More specifically, pulmonary contusion (PC) is a common blunt
trauma injury resulting from side impact loading. PC accounts for over 35% of serious thoracic
injuries (Danelson et al. 2015) and is the most significant contributor to the development of
potentially fatal acute respiratory distress syndrome (ARDS) (Becher 2012). A brief overview
of thoracic anatomy and injury is presented in this chapter, followed by an introduction to the

physical and numerical human surrogates used in vehicle development and testing.

2.1.1 Thorax Anatomy

The upper part of the human 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 disks (Fig.2.1a), and supports soft tissues: muscles, fascia, vessels,
nerves, and skin. This combination of hard and soft tissues, referred to as the thoracic wall,
protects the internal organs (Fig.2.2a) in the thoracic and abdominal region from external and
internal loads, and provides structure to enable breathing. The thorax also provides attachment
points for the musculature of the upper body, including the upper extremities.

Ribs are considered as long bones, because their length significantly exceeds the
transverse dimensions (Fig.2.1b), and comprise a dense cortical bone shell filled with
trabecular bone. Ribs 1-7 are called vertebrocostal (true) ribs, and connect thoracic vertebrae
with the sternum through a costal cartilage extension. Ribs 8-10, called vertebrochondral
(false) ribs, indirectly connect thoracic vertebrae with the sternum, attaching to costal cartilage
of ribs immediately superior to them. Free (floating) ribs, 11-12, originate at the thoracic

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) (Fig.2.2a). 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 carbon dioxide between air and blood. The exchange occurs during a diffusion process at
the level of the alveoli, which are microscopic air sacs (0.2-0.3 mm in diameter, Weibel 1977)
wrapped in capillaries (Fig.2.2b). Clusters of alveoli form alveolar sacs, which then connect to
respiratory bronchioles through alveolar ducts. Respiratory bronchioles connect to terminal
bronchioles that run to higher order bronchi, and eventually to the main bronchi and trachea.

The heart fits in the space between the lungs (Fig.2.2a), pumping blood in two circuits:
first, drawing oxygenated blood from the pulmonary circuit (lungs) and pumping it to the
systemic circuit, i.e., throughout the body, and second, pushing venous, deoxygenated blood

to the pulmonary circuit.

2.1.2 Thoracic Injury Types in Side Impacts

Injuries to the thorax can be classified as either hard tissue (ribcage) injuries or soft tissue
injuries. Rib fractures occur most often at the mid-thorax level, 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 or discontinuity of the connection between sternum and cartilage or

cartilage and rib can lead to penetrating injuries of underlying soft tissues. Perforation of the
10



thoracic wall, where the space between the lung and thoracic wall fills with air, is referred to
as pneumothorax. In 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.

(a) (b)
Trachea )
. 4 Terminal bronchiole —_

€ Smooth muscle —3
R Pulmonary s

Aorta

Deoxygenated blood
Oxygenated blood
Respiratory bronchiole

Alveolar
sac

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 laceration. A ruptured
or punctured lung releases air or blood, which may accumulate in the chest cavity and cause
closed pneumo- or 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, impairing the breathing process and
potentially leading to an inflammatory reaction. If more than 24% of the total lung volume is
contused, the risk of ARDS onset rapidly increases (Becher 2012).

Heart injury types include laceration and contusion. Cardiac laceration can be caused
by severe deformation of the heart between hard tissues, such as between the sternum and
vertebrae, or contact with fractured ribs. Laceration or its extreme form, heart rupture, can

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

! Download for free at http://cnx.org/contents/ccc4ed14-6¢87-408h-9934-7a0d279d853a@4 (required 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). Similar injury types are observed in side impacts for the
aorta and large vessels. Rupture of the aorta is a severe injury commonly leading to fatal blood
loss (Thomas and Frampton 1999).

Classification of Thoracic Injury Severity

A variety of injuries scales have been developed to facilitate triage 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 scale most widely used by the
automotive industry and crash response teams. The simplified AIS scale (Table 2.1) 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 code sequence that describes
location, type, and severity of the injury, based on body regions: 1 — head, 2 — face, 3 — neck,
4- thorax, 5 — abdomen, 6 — spine, 7 — upper extremity, 8 — lower extremity, 9 — unspecified
(AAAM 2015).

Table 2.1: Thoracic injury with a corresponding AlS scale (adapted from Cavanaugh
2002).

AIS Rib cage injury Soft tissue injury
Minor 1 Single rib fracture Skin at_)rasmn, contusion,
laceration

Major skin laceration, partial

Moderate 2 2-3 rib fractures, sternum fracture .
thickness tear, bronchus

>4 rib fractures, 2-3 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
: pneumothorax, or flail chest intimal tear of aorta

survivable)
Major aortic laceration, heart

Critical 5 Bilateral flail chest perforation, ventricular heart
rupture

Fatal 6 Aortic laceration with
haemorrhage

12



2.1.3 Thoracic Injury Criteria in Side Impacts

Translation of the kinematic response of an occupant surrogate to the probability of injury of
certain severity for a human occupant is performed with use of injury criteria. The injury risk
curves, providing a link between laboratory predictions and experimental data, have been
developed for each body region separately. Thoracic injury criteria for side impacts were based
on PMHS tests conducted over the last 30 years (Viano et al. 1989a, Cavanaugh et al. 1991,
1993, Pintar et al. 1997, ECE-R95 1995, Kuppa 2004, NHTSA 2012). A correlation between
kinematic responses, such as displacements and accelerations, and injury assessed during a
post-test autopsy, has been established and referred to as injury criteria (Mertz 2003). The
PMHS results are often normalized for the anthropometry of an average, 50" percentile male
or scaled to other statures (Kuppa 2004) and implemented in vehicle test standards. After the
kinematic response of the ATD is measured during an impact test, a probability of injury of
certain severity to a human occupant is inferred based on the injury criteria (Kuppa 2004).

Currently used thoracic injury criteria for side impact include thoracic lateral
compression (NHTSA 2012) and the Viscous Criterion (Lau and Viano 1986, NHTSA 2012).
Thoracic compression is measured as change of thorax breadth normalized with respect to
initial thorax breadth (Viano et al. 1989). Compression levels of 33.9% correspond to 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 SID-1Is ATD (1IHS 2017).

The Viscous Criterion is calculated using the normalized compression C(t), defined as
the chest deflection at a given time D(t) divided by initial chest breadth, multiplied by the
velocity obtained by differentiating the time history of the rib deflection, V(t) (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). A VCmax value of 1.0 m/s corresponds to a
50% probability of AIS 3+ injury (Lau 1986, IIHS 2017).
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Figure 2.3: Calculation of the Viscous Criterion (from Lau 1986). D — initial chest
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breadth. D(t) — time-history of the chest deflection in mm. C(t) — chest compression, V(t)

— chest deformation velocity in m/s.

The Thoracic Trauma Index (TTI) is a historic 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 calculated as a mean 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.

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

quantified or formalized.

Rib Fracture Location Prediction

Human Body Models incorporate tissue level injury criteria, which enable prediction of
specific injury types and locations. Rib fractures in 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 elastic-plastic cortical

and trabecular bone material (138.3 MPa for strain rate of 1/s) (Forbes 2005, Yuen 2010) as a
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strain rate dependent linear elastic-plastic material incorporating a failure definition based on
von Mises stress at failure as a function of the effective strain rate.

The Global Human 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 elastic-plastic
material definition (piecewise linear plasticity), and rate effects are accounted for through the
Cowper-Symonds model that scales yield stress (LS-Dyna User’s Manual 2002). Within the
model, elements that exceed the threshold effective plastic strain value of 0.018 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 graphical post-processing of the results and
classified as a rib fracture location.

The Total HUman Model for Safety (Oshita 2001, Iwamoto 2002) also includes a
strain-based criterion for the cortical bone, and the threshold values proposed for element
erosion varied between 0.0203-0.0238 (Mendoza-Vazquez et al. 2014).

Internal Organ Injury Risk

The GHBMC HBM was described as sufficiently validated to predict potential for pulmonary
contusion (PC) and diaphragm injuries (GHBMC 2014). However, no Crash Induced Injury
(CHI) criterion and threshold was provided for PC.

The UW-HBM lung material model was developed by Yuen (2010), based on in-vivo
impact experiments performed on rats, pressure-volume experiments performed on dog lungs,
and human lung tissue biaxial experiments. Yuen (2010) examined a variety of previously
proposed criteria (Gayzik 2007; 2008) to predict PC onset: first principal strain (Yuen’s
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 criteria for PC prediction have been
proposed in the last decade (Gayzik 2011, Danelson 2015), Yuen’s study emphasized
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contribution of the hydrostatic lung material response and evaluating response locally. Using
the pressure criterion, Yuen predicted patches of contused lungs in the UW-HBM similar to
PC patterns in trauma patients (Yuen 2010).

2.2 Occupant Surrogates

One of the first volunteer studies on the effects of abrupt decelerations on human body in
interaction with restraints was conducted by Col. Stapp’s group for the purpose of evaluation
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 lateral crash pulse (Wismans 1986, Thunnissen 1995).
Although volunteer tests have provided important data on living human response under crash
conditions, experiments at relatively high energies have not been repeated in modern times due
to ethical concerns and a possible risk of injury to the volunteer. Therefore, Post Mortem
Human Surrogates (PMHSs) and ATDs have been utilized as human surrogates in
biomechanical experiments at impact severities and decelerations which could potentially
exceed physiological pain and injury thresholds. Both ATD and PMHS-based research has a
long history of development, and a number of updates have been proposed over the past several

decades to improve the response measurement and post-processing.

2.2.1 History of PMHS Tests and Developments

PMHSs have been widely used in biomechanical research since the 1950s due to the
anatomical accuracy in representing the human body. PMHS testing is widely used to
determine impact response and tolerance. Test scenarios utilizing PMHSs include pendulum
impacts, sled-impacts (Fig. 2.4), and investigation of interaction with passive restraints (door
design, seatbelts, and airbags). Experiments assessing PMHS response in full vehicle impacts
are very limited (Klaus and Kallieris 1983, Berg et al. 1998).

To measure occupant response during side impacts, instrumented metallic bands,
referred to as chestbands, are placed around the PMHS thorax, usually at two anatomical

locations: at the level of 4" sterno-costal joint, and at the level of xiphoidal process of the
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sternum (Pintar et al. 1997). Deformation of the chestbands during impact is used to calculate
chest deflection magnitude and pattern. However, interpreting chestband contours can present
challenges due to the complex deformations of soft tissues, particularly for higher-BMI
subjects, Additional accelerometers or load cells can be fixed directly to hard tissues at certain
anatomical landmarks to measure displacements, accelerations, and forces (Baudrit 2005).
Recent studies (Trosseille et al. 2011) measured strain-time histories using strain gauges
bonded directly to PMHS ribs to 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 procedure, 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 developed to study loading due to deployment of aircraft ejection seats. The
first ATDs were designed to represent the height and weight of a mid-sized male aviator, and
the use of the so-called 50™-percentile male as the reference body size eventually became a
standard in automotive testing (NHTSA 2012a). Most current ATDs are designed for one
standard driving seating position and specific impact directions and are validated with respect
to measurements performed on PMHSs under the same loading conditions. Different ATDs

are used for frontal (Fig. 2.5a), side (Fig. 2.5b,c), and rear (Fig 2.5d) impact tests.
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Figure 2.5: Anthropometric Test Devices representing a 50th percentile male occupant
for: (a) frontal — Hybrid 11l (adapted from humaneticsatd.com), (b) side — ES-2re
(adapted from humaneticsatd.com), (c) side — WorldSID (adapted from Hitech.com.sg),
and (d) rear — BioRID Il (adapted from I1HS.org) impact testing.

The accuracy of a surrogate such as an ATD in replicating PMHS response for the same
impact scenario (Fig.2.6a,b) is referred to as biofidelity. ATD and PMHS impact responses can
be compared using gross kinematics, segment accelerations, and forces measured at external
loading surfaces (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 compared using displacements and accelerations measured at certain
anatomical landmarks (Fig.2.6d). 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 and ES-2re, compared by Scherer (2009) is presented
in Table 2.2, where scores 8.7-10 indicate excellent, 6.6-8.6 good, 4.5-6.5 fair, 2.7-4.4
marginal, and below 2.6 is considered an unacceptable biofidelity rating (1ISO 9790).

18



(a) (b) (c)
XEl
k

Figure 2.6: ATD integrated with: (a) a rigid wall sled, (b) pendulum impactor.

Measurement of: (c) external forces exerted by the occupant on the impacted wall, (d)
internal response of the occupant in terms of displacements and accelerations (adapted
from Kuppa 2004).

Table 2.2: Biofidelity scores of three side impact ATDs (Scherer 2009) [scale 0-10; 10
is best].

USSID ES-2re WorldSID

head 0 5 10

neck 2.5 4.2 53
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 with an objective

rating method such as Correlation and Analysis (CORA) developed by the Partnership for

Dummy Technology and Biomechanics (PDB 2012) (Thunert 2012). CORA evaluation can

consist of corridor rating, cross-correlation rating, or both, with weight for the rating

importance subjectively chosen by user. For the corridor component, CORA compares the fit
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of evaluated signals to experimental or user-set corridors. The cross-correlation component
provides a score rating based on shape, phase shift, and area calculated below two compared
signals. A CORA score equal to 1.0 corresponds to overlapping, identical curves, while a
CORA score of 0.0 would mean no correlation between the model response and data. A rating
scale used for the purpose of this thesis was adapted from the existing biofidelity rating (ISO
1999) to qualitatively describe the correlation between two responses (Table 2.3). Correlation
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. Cross-correlation was also used to assess the sensitivity of the response for
different impact scenarios (e.g. horizontal and vertical arm positions for the HBM). A cross-
correlation rating over 0.86 corresponds to small effect of the varied parameter, 0.66-0.85 to
moderate effect, and 0.65 to 0.0 indicates large effect size (Cohen 1988) (Table 2.4).

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

correlation. sensitivity.
poor 0.0 <rating < 0.65 large 0.0 <rating < 0.65
reasonable 0.66 < rating < 0.85 moderate 0.66 < rating < 0.85
good 0.86 <rating < 1.0 small 0.86 <rating <1.0

Side Impact ATD Model Used in This Study

Computational models of ATDs have been developed over the last four decades (Fig.2.7a), in
parallel with the increasing computational capacity of modern computers (Cronin 2011). These
models evolved from simplified multibody representations (rigid bodies connected through
kinematic joints) (Wismans 2005) to finite-element (FE) models (DYNAmore 2015,

Humanetics 2017) capturing geometry and material properties in more detail (Fig.2.7a,b).
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Figure 2.7: (a) Computational model of the ES-2re ATD (DYNAmore 2015) integrated
with a rigid-wall sled model, (b) physical component test utilizing the ES-2re ATD
(Aekbote 2007).

Although the physical WorldSID 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
cross-correlation rating (CORA) comparable to the ES-2re ATD model. Moreover, the ES-2re
ATD model demonstrated the highest correlation with PMHS experimental data for rib
deflection responses (WorldSID=0.13, ES-2re=0.63). Therefore, due to application in
standardized vehicle testing (NHTSA 2012a) and performance comparable to other side impact
occupant surrogates, the ES-2re ATD was used in this thesis.

The ES2-re ATD thorax consists of three metal bands (“ribs”) encapsulating three rib
deflection potentiometers that reach from a spine box mounted on the ATD spine towards ribs
on the impacted side of the thorax (Fig.2.8a). Deformations of the three ribs are intended to
correspond to deformations of the upper and lower thorax, and of the abdominal area, of a mid-
sized human occupant, respectively. For the numerical ES-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 (Fig.2.8a). The location of the nodes corresponded to the physical
potentiometer attachment points (Fig.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 ES-2re ATD thorax, (b) ES-2re
rib potentiometer (Stricklin 2009).

Verification of the ES-2re 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 for physical ATD results by the model developer
(DYNAmore 2014). The calibration tests were repeated by Watson (2010).

(©)

Figure 2.9: Calibration tests of the ES-2re ATD: (a) isolated rib module impact, (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 7.78 kg (7.8 Ibs), 150 mm (5.9”) impactor was dropped from different heights
(Fig.2.9a, 2.10a). 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 removed (Fig.2.9b,
2.10b). The same impactor (152.4 mm, 6” diameter, and 23.4 kg, 51.6 Ibs in weight) was used
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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 the simulated impact scenarios (Fig.2.9c, 2.10c)
(Watson 2010).
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Figure 2.10: Chest deflection in: (a) isolated rib module test for four impact velocities, (b)
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 54 kph (33.5 mph) MDB impact replicating a FMVSS 214 side impact test
to facilitate a direct comparison with the available ES2-re ATD results of a physical MDB tests
of the same vehicle make and generation, namely the 1996-1999 MY Ford Taurus impact tests
(NHTSA 2000), achieving a good match (Fig.2.11) (Watson 2010).
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Figure 2.11: Rib deflection responses of the ES-2re 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 technology and the recognition of the biofidelity limitations
of ATDs led to development of numerical models of the human body, to bridge the gap
between the ATDs and real occupants. Initial Human Body Models (HBMs), such as the
lumped thorax model (Lobdell 1973), and finite-element (FE) thorax models, including Huang
(1994) (Fig.2.12a), Wang (1995), Lizee (1998), and El-Jawahri (2010), represented isolated
body segments. Full-body models originated as multibody representations (Cheng 1994)
(Fig.2.12b), facet HBMs (Wismans 2005), and combinations of the FE thorax with simplified
multibody representations of other body parts (Plank et al. 1998). Within the following decade,
first facet and full-body FE models were developed: Total HUman Model for Safety (THUMS)
by Oshita et al. (2001) (Fig.2.12c), HUMOS by Robin (2001), occupant models by Ruan et al.
(2003), and the THUMS elderly occupant model (Tamura et al. 2005). The FE models were
deformable and had the potential to simulate tissue 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 a mid-sized male or of a
small female, reflecting the automotive safety standards (NHTSA 2012a) and can be morphed
to a wide range of body sizes and shapes (Hwang et al. 2016). HBMs enable parametric studies
through a repeatable, fully controllable environment, combining 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 UW-HBM originated from a thorax model developed by Deng et al. (1999), and further
enhanced at the University of Waterloo (Forbes 2005, 2006; Campbell 2009, 2014; Yuen 2009)
(Fig.2.13) through a refinement of material properties and adding simplified pelvis, abdomen,
head, and lower and upper extremities. The models comprises 159,159 elements and 180,655

nodes.
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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 free-flight 4.3 m/s and 6.7 m/s frontal
pendulum impacts (Kroell 1971, 1974), free-flight oblique (4.3 m/s and 6.7 m/s) and lateral
(4.3 m/s) pendulum impacts (Viano 1989) (Fig.2.14a), limited stroke 5.6 m/s lateral pendulum
impacts (Chung 1999) (Fig. 2.14b), Wayne State University (WSU) rigid-wall side sled tests
at 6.67 m/s and 8.89 m/s (Cavanaugh et al. 1990, 1993) (Fig.2.14c), and National Highway
Transport Safety Administration (NHTSA) rigid-wall side sled tests at 6.67 m/s and 8.89 m/s
(Pintar 1997) (Fig.2.14d, Fig.2.15).
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Figure 2.14: Lateral impact scenarios for the UW-HBM model assessment: (a)
oblique pendulum, (b) lateral pendulum, (c) WSU-type rigid-wall sled impact, (d)
NHTSA-type rigid-wall sled impact

Figure 2.15: Comparison of the UW-HBM 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 chest deflection measurement locations in the UW-HBM 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 the UW-HBM model
(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 of the physical ATD (Fig.2.16b).
Measurements at rib 6 in the UW-HBM corresponded to the location of the middle 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 located approximately at the level of the 4" rib, the
middle rib corresponds to the level of the xyphoid process (approximately 71" rib) and the lower
band is located approximately at the level of 10" rib (Pintar et al. 1997) (Fig.2.15). Where a
direct comparison between PMHS and UW-HBM 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 UW-HBM 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 Viscous Criterion 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 I1SO biofidelity
ranking based qualitative classification (ISO 1999) (Table 2.5). 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 responses 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 assessment 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 corridor by 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 NHTSA-type rigid-wall impact, classified by Yuen (2010) as reasonable to good

(Table 2.6), measured as chest compression at three rib levels (Fig.2.17).

Table 2.6: Assessment of the UW-HBM chest compression response ina 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 UW-HBM with the vehicle, seat, and restraints model,
and subjected to NHTSA Federal Motor Vehicles Safety Standard No. 214 (FMVSS 214)
MDB test. The UW-HBM 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 Ford Taurus MY 1996 (NHTSA 2000) (Fig.2.18).
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Figure 2.17: UW-HBM chest compression and VC response in 6.7 m/s NTHSA-type 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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Rib Fracture Prediction with the UW-HBM
Rib fracture locations were predicted when elements that exceeded the failure strain were
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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 2009, 2014).

deleted from the simulation, and full rib fracture was associated with element deletion across
rib thickness. The number of rib fractures predicted by the UW-HBM in rigid-wall scenarios
fell within the range of fractures sustained by the PMHS in physical experiments (Cavanaugh
1990a,b, 1993; Pintar 1997, 2001) (Table 2.7). The model predicted a substantial number of




rib fractures in loading scenarios in which some 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 rigid-wall 6.7

16 0 11 15
m/s

PMHS 2585 PMHS 2587 PMHS 4933 UW-HBM

WSU-type rigid-wall

6.7 m/s 20 16 11 18

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

developed by a consortium of eight vehicle manufacturers and six universities over 12 years
(GHBMC 2014). The Global Human Body Models Consortium (GHBMC) Human Body
Model (HBM) of a mid-sized male seated vehicle occupant (M50-0), Version 4.3 (GHBMC
2014) represents the whole human body anatomy in detail. The GHBMC-HBM thorax includes
the rib cage, sternum, cartilage, spine, heart, lungs, aorta, muscles, subcutaneous fat and skin.
The model development was based on occupant geometry measured through Computer
Tomography (CT), post-processed to surfaces and volumes, and then discretized to 2.19
million elements and 1.26 million nodes. Biological materials represented in the model have
been mechanically tested, utilizing samples harvested from the Post-Mortem Human
Surrogates (PMHS), or were based on the existing literature 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 head-neck or thorax (181 validation responses in total) (Table 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  Force-displacement characteristics, intracranial pressure, accelerations

Neck 39 Moment-flexion/extension angle characteristics, force-displacement

characteristics, axial and shear strain, accelerations

Thorax 5  Force-displacement characteristics

Abdomen 11 Force-displacement characteristics, strain energy density, chest band

deformation

Pelvis 4 Force-displacement and force-time characteristics
Lower 35 Force-displacement and force-time characteristics, moment-angular
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 impact, block impact
to pelvis, lateral impact to the thorax, frontal and lateral NCAP tests, rear seat impacts, and a
frontal sled impact (GHBMC 2014) (Fig.2.19) (Table 2.9). Model biofidelity was evaluated by
body region (Arun et al. 2015) and achieved cross-correlation 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 scenario Evaluated response

Lateral shoulder impact Force-time, displacement-time impactor
characteristics

Thorax pendulum impact Force-displacement impactor characteristics

Oblique abdominal pendulum impact  Force-time, displacement-time impactor
characteristics

Abdominal bar impact Force-displacement impactor characteristics

Thorax lateral impact Occupant kinematics, impactor force-time
characteristics

Frontal sled impact Occupant kinematics, contact force-time
characteristics

Frontal NCAP impact — driver side Stability (energy balance)

Lateral NCAP impact - driver side Stability (energy balance)

Rear seat impact Occupant kinematics, impactor force-time
characteristics

Figure 2.19: Examples of full body model validation setups of the GHBMC-HBM: (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 predicted based on pre-defined 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 to vertebrae) 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.2.20). Thoracic acceleration was measured at the level of 8" thoracic vertebra.

(@) (b) ()

Figure 2.20: (a) Location of the pre-defined chest bands in the GHBMC-HBM, (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 2004). Federal regulations for side impact testing in
North America include the Federal Motor Vehicle Safety Standard No. 214 (FMVSS 214) and
Canada Motor Vehicle Safety Standard No. 214 (CMVSS 214). Both regulations include a
Moving Deformable Barrier (MDB) test, where a standardized rigid cart known as an MDB
(weighing 1,361 + 4.5 kg, 3,000 = 10 Ibs) with a deformable bumper impacts the side of a

stationary vehicle at a 27 degrees angle at 54 kph (33.54 mph) (Fig.2.21a), to model a vehicle-
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to-vehicle impact in a repeatable manner. The US New Car Assessment Programme (NCAP,
NHTSA 2012) and Insurance Institute for Highway Safety (IIHS 2017) side impact scenarios
are consumer tests rating vehicle performance. The NCAP impact angle is 27 degrees, and
initial barrier speed equals 61 kph (37.9 mph). The 1IHS 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 (I1HS 2017). The MDB is
accelerated to 50 kph and impacts the target vehicle at a 90-degree angle.

More recently, a pole impact (NHTSA 2012b) had been introduced, which includes a
non-deforming pole impactor striking a stationary vehicle in the vicinity of the B-pillar (Fig.
2.21Db). The pole impactor tests were developed to encourage greater side-structure strength
and force the side head protection down to the small female head height. For both certification
impact types, the occupant surrogate is seated in a standardized position, with arms rotated 40
degrees upwards from the torso midline, to mimic a driving posture (NHTSA 2012a). In the
FMVSS and NCAP MDB impacts, an ES-2re ATD representing a 50"-percentile male
(average height and weight for the male population) is seated in the driver seat, and a SID-Ils
ATD representing a small, 5M-percentile female is seated the back seat, on the struck side of
the vehicle. In the IIHS impacts, two SID-1Is small female ATDs are seated in the driver and
rear seat, on the struck side. In the FMVSS and NCAP pole impacts, a 5" percentile SID-11s
ATD is seated in the driver seat.

Although the pole impacts are associated with severe injuries (Pintar et al. 2007), their
occurrence is infrequent, compared to vehicle-to-vehicle impacts. For 13,200 passenger
vehicle accidents analyzed by Otte et al. (2009) in Germany and UK, only 148 were classified
as side vehicle to pole impacts, constituting less than 7% of single side impacts. Since vehicle
fleet in North America is still dominated by passenger cars (over 60% in 2014) (Environmental
Protection Agency, EPA 2014), for the purpose of this thesis the FMVSS and NCAP MDB
standard has been adopted as a representation of the most frequent side impact crash scenario

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 vehicle-to-vehicle impact (Fig. 2.22a), 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 the occupant compartment. Relative to the
struck vehicle, the occupant in the target car initially moves and rotates towards intruding door,
and when no side curtains are present in the vehicle, the occupant head contacts the side
window. When no thoracic side airbags are present, the shoulder, upper torso, pelvis and lower
extremities contact the intruding door (Fig. 2.22b). As the door consolidates due to increasing
impact velocity, the thorax is subjected to lateral compression. The rate of intrusion and
loading on the occupant thorax decreases as the target car accelerates, and the occupant
eventually rebounds from the door. While the entire event duration is on the order of 200 ms
(NHTSA 2018), peak loading occurs during the first 100 ms (NHTSA 2018, Watson 2010).
Contact with the intruding vehicle door has been identified as the main source of thoracic
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 to meet both
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structural and non-structural requirements. Morris et al. (1997) noted that the most common
source of injuries in real world crashes is contact with the door, so the interior properties remain
an important consideration even with the incorporation of thorax airbags. Strother 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 surface rather than by the vehicle
intrusion itself. Recommendations for effective countermeasures included solutions that
reduce the relative velocity and distribute the impact (padding, airbags), rather than expensive
changes to the vehicle structure to reduce intrusion (Strother et al. 1984). Modification of the
structures was later introduced in response to 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 impact scenario: (a) Moving Deformable
Barrier test setup (NHTSA 1996), (b) the Human Body Model coupled with the vehicle,

showing occupant motion during a side impact event.

Few full-scale experimental studies of side impact have been conducted due to the cost
and challenges of large-scale impact testing. The effect of the inner door panel on occupant
response was investigated by Lorenzo et al. (1996) for different potential energy absorbing
materials and structures, and it was identified that different designs could be used to change
the energy absorbing characteristics of the door. Deng et al. (1989) evaluated the importance
of boundary conditions when determining the effects of door construction on side impact
response for free-flight impact and a prescribed velocity pulse. The tested padding thickness
was 6 cm and the stiffness ranged from 0.5 to 1.50 kN/cm. In case of the free flight impact, no
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significant change in thorax deformation was observed, while thoracic acceleration, velocity
and VC were reduced by padding. For the prescribed velocity pulse, added padding reduced
thoracic acceleration and velocity but increased VVC and rib deformation. Deng et al. concluded
that the vehicle to vehicle side impact scenario is more accurately represented by an applied
velocity pulse. However, the studies were based on responses of mid-sized 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 the seat (Carter et al. 2014, Reed and
Ebert 2016).

Campbell (2014) performed a series of simulations using an HBM and various
modifications of a Ford Taurus door model in two FMVSS 214 impact scenarios. Amongst
other parameters, the influence of door shape and door compliance on the injury prediction
was investigated. The presence of a deformable door compared to a rigid door reduced VCmax
up to 16%, showing that the shape of the door intrusion velocity profile highly influences
thoracic response. Two arm positions were 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 seat foam reduced thorax compression and VC. However, this study was limited to
a simplified human/door interaction due to computational limitations, and it was recommended
that future analysis should consider full vehicle models. More recent studies on side impacts

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 three-point 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 1990’s (Haland 1994), following the success of frontal airbags that reduced
occupant injury (Dischinger 1996, Fitzharris 2004). The initial assessment of SABs
effectiveness by McCartt and Kyrychenko (2007) and Yoganandan et al. (2007) was based on
evaluation of mid-sized sedans from 1997-2004 model years. Injury reduction in side impacts
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turned out to be predominantly related to an increasing stiffness of vehicles rather than to the
presence of SABs. In the following years, researchers divided SABs into categories to
investigate benefits of specific designs: side curtain airbags, head-and-torso airbags, thoracic
airbags, and pelvic airbags (Griffin et al. 2012, D’Elia et al. 2013, Kahane 2014, Viano and
Parenteau 2016). An evaluation of the 2000-2010 model year mid-sized sedans and controlled
laboratory tests revealed a high effectiveness of side curtains in mitigating head injury, and
conflicting results on the thoracic side airbags (tSABs) (Table 2.10).

The curtain and head-and-thorax SABs were found to be very effective in reducing
fatalities in side impacts and also positively contributed to occupant protection in other
accident scenarios (D'Elia et al. 2013, Kahane 2014). For the near-side impacts, the estimate
of fatality reduction due to a combination of curtain and tSAB was 32.8%, for the curtain only
it was 16.8%. For the tSAB only, the reduction of driver fatalities was 10.4%. Kahane’s study
(2014) demonstrated that tSAB effectiveness in far-side impacts was lower than in near-side
impacts. The tSAB was estimated to have no effect or increase odds of fatal injuries for the
right-front passenger in the near-side (-0.4 %), and for both driver and right-front passenger in
far-side (-4.9 %) impacts. Sources of these differences included a wide range of potential
impact forces and directions for the far-side impacts (Kahane 2014), and potentially the
occupant pre-crash position.

Studies based on the National Automotive Sampling System - Crashworthiness Data
System (NASS-CDS) (Aldaghlas et al. 2010) and German In-Depth Accident Study (GIDAS)
(Gaylor and Junge 2015) crash databases did not identify a statistically significant reduction
of injuries attributed to tSABs, comparing similar model year vehicles with and without tSABSs.
Interestingly, the results obtained in matched-pair full vehicle side impacts with ATDs (Viano
and Parenteau 2016) revealed that tSABs reduced the probability of head injury only, and did
not provide a benefit for the thorax (Table 2.10). In general, older studies and those with ATDs
(Luzon-Narro et al. 2014, Viano and Parenteau 2016) suggest a benefit of reduced injury
metrics using tSAB, while more recent epidemiological studies have identified neutral effects,
or increases in injury rates (Griffin 2012, D’Elia 2013, Gaylor and Junge 2015) for side

impacts.
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Table 2.10: Summary of experimental studies on tSAB effectiveness (adapted from

Gierczycka and Cronin 2017).

tSAB effect

reference, vehicle model years,
test type

occupant
surrogate

tSABs did not contribute to AIS 2+
injuries and were not observed to
cause severe chest injuries

occupant with and without tSAB had a
similar injury risk; injury risk
increased for occupants 50-year-old
and older

injury risk, including fatal injury,
increased for vehicles with tSAB
(+5.2%), results were not statistically
significant

fatalities reduction of 7.8% due to
tSABs (confidence interval 0.4-14.7%)

driver fatality risk reduced by 26% for
passenger cars and 30% for SUVs due
to tSABs

Yoganandan et al. 2007,
MY 1997-2004 vehicles

Griffin et al. 2012,
MY 2000-2009 vehicles

D’Elia et al. 2013,
MY 2001-2010 vehicles

epidemiological
studies

Kahane 2014,
MY 1994-2011 vehicles

McCartt and Kyrychenko
2007, MY 1997-2004 vehicles

tSAB reduced head injury risk, but
increased chest (+22%, SD 5%) and
pelvis (+16%, SD 4%) injury risk

large volume tSAB reduced peak rib
deflection by 40%, compared to
commonly used designs

Viano and Parenteau 2016,
SID lIs ATD in 2003-2007
MY vehicles, 50 kmh MDB

test experimental

ATD tests

Luzon-Narro et al. 2014, ES2
ATD, 50kmh MDB

rib fractures occurred despite low
chest deflection values when a large
volume tSAB was deployed

tSAB affected load distribution, thorax
deformation and rib fracture pattern

Shaw et al. 2014, rigid sled 4.4

m/s, 3 PMHS .
experimental

PMHS tests

Trosseille et al. 2008, static
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 in the public domain (Danelson 2015), was assessed for
frontal impact by Lockhart et al. (2013), and for side impact by Watson (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 mid-sized sedan from
MY 1996-1999 range (Watson 2010).

The vehicle 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 physical results compared well in terms of shape and magnitude of the intrusion (Fig.2.24).
The MY 1996-1999 experimental data used for additional verification of the computational
model through a comparison of intrusion measurement at seventeen locations on the vehicle,
represented third generation of Ford Taurus, preceding the computational model (Fig.2.23b).
Watson (2010, 2011) previously enhanced the model through improving driver side window
material properties, constraining driver seat to vehicle floor, and updating the 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 line (Watson 2010, from Gierczycka et al 2015).

42



The MDB numerical model available in public domain was verified by Bhalsod and
Krebs (2008), where the barrier model was impacting a 300 mm diameter rigid pole at 25 kph
(15.5 mph), and a flat rigid-wall at 35 kph (21.7 mph) in a frontal impact configuration. Tests
repeated by Watson (2010) demonstrated a very good agreement between the model and

experimental responses for both validation test scenarios (Fig.2.25).
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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).

Seat and Seatbelt Models Validation Summary

Seat geometry (Fig.2.26a) was based on the seat model integrated 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 metal model (Watson 2010, 2011). The seat foam material was
enhanced by Campbell and Cronin (2009, 2014) and characterized as a low-density foam. The
foam material properties for low strain rates were obtained through compression tests, for
intermediate strain rates through pendulum tests, and for high strain rates through a Polymeric
Split Hopkinson Pressure Bar tests (Campbell and Cronin 2009, 2014).
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Figure 2.26: Numerical models of the: (a) seat (gray) and a three-point seatbelt (red), (b)
UW-HBM integrated with the vehicle. Side door removed for clarity.

The seatbelt model consisted of a shoulder and lap belt (Fig.2.26a) and was based on a
2000 Ford Ranger driver seat belt model (Watson and Cronin 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 and 1-D sections that were not in contact with the
occupant (Fig.2.26b). The pre-tensioner drew in 60 mm of the seatbelt in over 7.5 ms, and the
delay after firing the pre-tensioner was 10 ms after the acceleration sensor in the lower seat
frame measured a peak acceleration of 5 g. The force-limiter was set to 6 kN, based on the

system developed by Baudrit et al. (1999).

2.4 Limitations of the Existing Research Methods in Predicting Occupant

Response

HBMs help to bridge the gap in realism between the ATDs and PMHSs, providing a solution
to certain limitations of the existing research methods. HBMs have the potential to provide
additional insight into injury tolerance, patterns, and mechanisms; however, this potential has
not yet been realized for side impact. Although HBMs predict occupant response at a global
level through measurement of accelerations, velocities, and displacements, a primary benefit
is tissue-level injury prediction and higher sensitivity to the pre-crash 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 differences can introduce variability to the PMHS injury responses in parametric
studies (Miller and Rupp 2011). Most cadavers available for biomechanical research are over
70 years old and the causes of death include chronic diseases that affect the structural response
of the thorax wall and mechanical properties of individual tissues (Rhule 2011). Installation of
accelerometers, strain gauges or load cells require surgical interventions that can affect the
kinematic response and soft-tissue injury prediction. The passive musculature of the PHMS
also does not represent the effects of muscle tonus and voluntary or reflex responses. PHMS
testing may also raise ethical concerns in some countries.

On the other hand, the durable design of ATDs and repeatability requirements prevent
direct representation of injuries, such as fractures, ruptures, lacerations or contusions, through
material failure (Wismans 2005, Cronin 2011). The capacity of the ATDs to reflect internal
anatomy of human occupants is very limited, since the ATDs are designed to measure global
kinematic response in terms of forces, accelerations, and displacements at discrete locations.
Moreover, ATDs have been tailored for specific impact directions and pre-crash positions,
therefore their biofidelity in off-axis impacts, which commonly occur during parametric
studies on restraint effectiveness, is reduced.

Kim et al. (2016) highlighted differences between the ES-2re ATD and PMHS response
for a lateral impact with a large volume tSAB, and identified challenges related to biofidelity
of the ATD arm, lower back, and connection to the pelvis. Unrealistic behavior of those body
regions resulted in the load transmission path being different between the ATD and the PMHS
(Kim et al. 2016). Trosseille et al. (2010) reported a low sensitivity of the ES-2re ATD to test
configuration, comparing rib deflection for experimental tests in rigid sled and padded sled
impact, which impaired ATD application in parametric studies (Trosseille and 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 40-degree angle with respect to the torso midline (NHTSA 2012a).
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However, epidemiological studies reported that the occupant position changes during the
driving process (Viano et al. 1989, Reed and Ebert 2016, Reed et al. 2018), especially when
approaching an intersection, negotiating a curve, or performing parking maneuvers. The
ongoing efforts on the development of self-driving cars also open a possibility of occupant
seating positions that are not common among drivers, though some may already be observed
for passengers. Multiple studies have reported an effect of arm position on the predicted
occupant response, but the conclusions are conflicting. Viano conducted ATD side-impact sled
tests at 8.7 m/s, using a padded wall with different armrest designs mounted on the fixture.
Changing the ATD arm position from horizontal (Viano 1991) to vertical, Viano (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 thorax was tested by Stalnaker
et al. (1979) using fresh unembalmed PMHS in free-fall 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 from a height of 1m on a rigid or padded
surface. Stalnaker et al. found that having the arm located in the loading path (driving position)
reduced the number of rib fractures for the rigid impact condition and recommended further
research on the influence of arm position.

Cesari et al. (1981) performed free-flight 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 impact speed necessary to produce
rib fracture was also discussed. The authors noted that arm position did not affect the type of
injuries observed in the testing.

Kemper et al. (2008) undertook a series of non-injurious impacts (16 kg rigid impactor
at 3 m/s, low energy) and injurious impacts (23.4 kg rigid impactor at 12 m/s, high energy).
The non-injurious tests were performed on cadavers with arms in horizontal, vertical and in
the driving position (lifted 45 degrees with respect to the thorax in the sagittal plane). 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 the driving (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 position) (Kemper 2008).

A more recent numerical study (Watson 2011) investigated occupant position (fore, aft,
lateral) using the ES-2re, SID and WorldSID ATD models, and compared the maximum rib
deflection and VCmax for different load cases. The viscous criterion was more sensitive to
changes in position than the thorax deflection, and small changes in occupant position could
result in significant changes in predicted response. The maximum response values were
predicted to occur at the top or middle chest band levels of the ATDs. However, the effect of
the pre-crash arm position on the occupant response and interaction with passive restraints has

not yet been demonstrated in a full-vehicle side impact.

2.4.3 Lateral Impact Type to Represent Side Crash

Due to high costs associated with full-vehicle impacts, side impact crash scenarios have often
been represented with simplified setups, such as pendulum and rigid- or padded-wall sled
impacts at the development stage (Jordan 1974, Deng 1989). The impact velocities and
acceleration profiles of the component tests were adjusted to replicate the amount of energy
transferred to the occupant body during the full-vehicle side crash. Due to a risk of serious
injury, volunteers do not participate in these experimental tests, and the occupant response is
assessed with PMHSs and ATDs.

Although the component-level tests such as pendulum or rigid-sled impacts are cost-
effective and accelerate the design process, Deng et al. (1989) demonstrated that free-flight
impacts were not suitable for capturing the effects of velocity-pulse vehicle to vehicle side
impacts. Deng’s observation was based on a parametric numerical study that utilized multibody
models and force-deflection characteristics to define contact between the occupant body and a
pendulum impactor with changing padding thickness. Deng also theorized that 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 experiments
comparing rigid-wall and padded dual-sled designs.

Researchers have shown that direct comparison of the side-impact ATD and PMHS
responses in impact positions other than purely lateral impacts is challenging due to the
complex kinematics and have suggested that additional studies to quantify the effect of these
differences (Ratingen 2001, Yoganandan 2011, Wismans 2005, Cronin 2011, Kim 2016).
However, the effect of the impact type on sensitivity of occupant response in a side impact has
not yet been demonstrated, 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 PMHSs and ATDs are not directly transferable
between the two surrogate types (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 forces in rigid-
wall sled impact scenarios and accelerations of two thoracic vertebrae measured in PMHS
(Ratingen 2001, Wismans et al., 2005) further contrasted ATD to PMHS response. Therefore,
comparison between the ATD and PMHS responses for the ATD development has been based
on external kinematic metrics (Pintar 1997, Kuppa 2004, Kim 2016). In order to compare
internal, chest-deflection measurements between ATDs and PMHSs, Kuppa et al. (2004)
performed 38 PMHS and side-impact ATD rigid-wall sled tests. PMHS half-thorax deflection
was measured using chest-bands, while ATD half-thorax deflection was measured using RD
potentiometers. Chest-deflection values predicted by the ATD were significantly lower than
the PMHS responses, indicating underestimation of the probability of injury to human body
with the ATD in Kuppa’s experiment (2004).

Yoganandan et al. (2011) compared the side-impact ATD rib deflection (RD)
potentiometer measurements to chest band (CB) deflection measurements made on the same
ATD. The upper CB was located 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 models. Park et al. (2014)
compared the WorldSID, ES-2re and GHBMC model responses (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, the computational human body model showed the best agreement with the
experimental results; however, the authors identified a significant influence of the shoulder
kinematics on the whole-body kinematics during the impact and suggested further research in
this area. The authors also identified issues related to biofidelity of the ATD models.

Several researchers have highlighted the scaling method and indirect comparisons
between the surrogates as a potential source of discrepancies between the laboratory prediction
and epidemiologically 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 AIS score, assessments using global (whole-
body) injury criteria do 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

Verification of Vehicle and Occupant Surrogate Models

The University of Waterloo Human Body Model (UW-HBM) has been previously validated
under a wide range of impact scenarios by Forbes (2005), Campbell (2009), and Yuen (2010),
and the ES-2re Anthropometric Test Device (ATD) finite element (FE) model response was
evaluated by Watson (2009). For the purpose of this thesis, the UW-HBM and ATD responses
were re-assessed with respect to selected existing experimental pendulum, rigid-wall sled, and
full-vehicle impact data. The Global Human Body Models Consortium Human Body Model
(GHBMC-HBM, version 4.3) has been further verified in this study using an accident
reconstruction and a comparison 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 thesis, the UW-HBM thoracic response to lateral impacts was re-

assessed, and the repeated experiments are marked in bold in Table 3.1.
UW-HBM ES2-re 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 re-assessed in this

thesis.
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The UW-HBM response to the pendulum impacts (Fig.3.1) was measured as impactor
force and maximum predicted chest deflection. In the rigid wall sled impacts (Fig.3.1), UW-
HBM response was assessed through a comparison of forces predicted at all contact plates as
a result of contact with the occupant body to experimental values measured in PMHS

experiments.

Table 3.1: The UW-HBM response verification and verification scenarios simulated in
previous studies (Forbes 2005, Campbell 2009, Yuen 2010), and repeated for the purpose
of this thesis (bold font).

Bo_dy Direction Impactor Velocity Reference
region
Pelvis Lateral Pendulum 4.83and 9.65m/s Viano et al. 1989
Abdomen Oblique Pendulum 45,6.7,9.4m/s  Viano et al. 1989
Shoulder Lateral, 3 angles Pendulum 3, 4,9 m/s Compigne et al. 2004
Frontal Pendulum 4.3,6.7 m/s Ifg;)ill etal. 1971,
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
Sled Pintar et al. 1997,
Lateral (NHTSA) 6.67, 8.89 m/s 2001
Sled Cavanaugh et al. 1990,
Full body Lateral (WSU) 6.67, 8.89 m/s 1993
Lateral Full 15 m/s NHTSA tests #3522,
(FMVSS 214) vehicle #3668, NHTSA 2001

For the rigid wall sled impacts, responses of both UW-HBM and ATD occupant
surrogates have been compared to biomechanical corridors (Yuen 2010) established based on
the experimental data from PMHS tests, and the occupants were seated with upper arm aligned
with the torso, following the experimental procedure (Cavanaugh 1990, 1993; Pintar 1997).
The re-assessed ES-2re ATD NHTSA-type rigid wall lateral sled and full-vehicle impacts are
marked in bold in Table 3.2.
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For the full vehicle impacts, the UW-HBM and ATD responses at the three rib levels
were compared to existing experimental data from the physical ES-2re ATD response in a Ford
Taurus model year (MY) 1996 FMVSS 214 MDB impact at 54 kph (tests #3522 and #3482,
NHTSA 2000). The occupants were seated in a standard driving position, with the angle
between the upper arm and the torso set to 40 degrees, following the FMVSS 214 MDB
protocol (NHTSA 2012). The seat cushion angle with respect to vehicle floor was 5 degrees,
and the angle between seat back and vehicle floor was 70 degrees (NHTSA 2012). The seat
centerline in the coronal plane was in the middle position, 310 mm from the armrest. The
vehicle received good safety ratings in NCAP test (NHTSA 2000); however, MY 1996 and
2001 did not include thoracic airbags.

Table 3.2: The ES2-re ATD model response verification and verification scenarios

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

Bo_dy Direction Impactor Velocity Reference
region
US Federal Code Title
Rib module Lateral Pendulum 1,2,3,4m/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 al. 1997,
Lateral (NHTSA) 6.7 m/s 2001
L ateral Eull NHTSA tests #3522,
Full body (FMVSS 214) vehicle 15 m/s #3482, #2340, # 2975,
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 thesis, the GHBMC-HBM full body model response was assessed in a
full vehicle side impact scenario replicating a physical side crash. Accident reconstruction
using HBM presents challenges due uncertainty in the input information and differences
between the HBM and the case occupant. However, simulation of physical crash that resulted
in known injuries can improve confidence 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 to predict the occupant injury patterns in a full vehicle impact was
examined through a comparison to existing side impact crash data of the same vehicle (CIREN
2018). The reported crash was 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.3.2a). This scenario was identified in the CIREN database as being the
closest to the baseline case for this study in terms of vehicle, occupant, and impact type and
severity.

The occupant was an 18-year old male, 183 cm (6 ft) height and a mass of 80 kg (176
Ibs). This mass is similar to the value for the 50" percentile male GHBMC-HBM, but 8 cm
taller (for comparison, the standard deviation of stature for all adult men in the US is
approximately 8 cm; the occupant’s stature was approximately the 85" percentile for US men).
In the simulation, the driver was seated in a nominal driving position with the arms rotated 40
degrees upwards from the torso midline; however, information on pre-crash arm orientation
during the physical crash was not available. The driver was wearing a three-point seatbelt, and
no side airbag was present in the vehicle. All these pre-crash conditions were replicated in the
simulation (Fig.3.2b). 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 GHBMC-HBM, described in Chapter 2, section 2.1.3 and 2.2.5.
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(a) (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 GHBMC-HBM was coupled with the vehicle, seat, and restraint systems (as
described in section 2.3.3, section 4.1) during a series of pre-simulations (Fig.3.3a). To couple
the occupant with the seat, the HBM was positioned above the seat avoiding any initial contact
or penetration, and then gravity was applied to the HBM until a standard driving position was
reached and the occupant was equilibrated with the seat (Fig.3.3b). The occupant was assumed
to be equilibrated with the seat when the seat foam deformation followed the occupant pelvis
contour, and the oscillation of the z-acceleration (vertical) response of the pelvis centre of
gravity remained below 1 mm/s (Watson and Cronin 2011). The equilibrated assembly was
subjected to a Moving Deformable Barrier (MDB) impact at the National Car Assessment
Program (NCAP) impact velocity of 61 km/h (NHTSA 2012). The coupled vehicle-occupant
side impact models were solved using a commercial explicit finite element code (LS-Dyna,
version 6.1.1) (LSTC 2018).
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(a) (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 the UW-HBM response
to concentrated load (Fig.3.1a). The predicted impactor force followed the lower boundary of
the experimental corridor (Fig.3.4a) in agreement with previous studies. The maximum chest
compression time history initially followed the lower boundary of the experimental corridor
(Chung 1999), and matched the peak value of average experimental response, but 10 ms later
in time (Fig.3.4b).

(a) impactor force (kN) (b) maximum chest compression (%)
——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 oblique pendulum impact at 6.7 m/s, PMHS

results in gray.
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In the WSU-type rigid-wall sled test, shoulder (Fig.3.5a) and thoracic plate (Fig.3.5b)

forces were in good agreement with the experimental data in terms of shape and magnitude.

The thoracic plate response followed the experimental average for the loading phase (0-15 ms),

and upper experimental bound for peak (15-30 ms) and unloading phase (30-60 ms). The total

force predicted at all plates (Fig.3.5f) matched the shape of the experimental curves, following

the upper experimental bound for the loading and unloading phases, and remaining within one

corridor width for the peak phase (15-30 ms). An increase in maximum force was driven by

the pelvic (Fig.3.5d) and knee plate (Fig.3.5e) responses that both over predicted the

experimental response (but remaining within one corridor width), due to simplified geometry
of the lower body of the UW-HBM.
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Figure 3.5: UW-HBM response (blue) in a WSU-type rigid-wall sled at 6.7 m/s, compared

to PMHS data (gray).
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In the NHTSA-type rigid wall sled test, the predicted thoracic force in the simulation
followed the experimental average for the loading and peak phase and exceeded the upper
experimental bound for the unloading phase (30-60ms) (Fig.3.6a). The UW-HBM response
remained within the lower experimental bound for the abdominal plate (Fig.3.6b). The model
over predicted pelvic (one corridor width) (Fig.3.6c), and leg plate force (more than one
corridor width) (Fig.3.6d), due to simplified representation of the lower extremities. Total force
response (Fig.3.6e) was in a good agreement with the experimental upper bound for the peak
phase (15-30ms) in terms of amplitude; however, the rise time for the UW-HBM was shorter

that for the experiment, mainly due to a contribution from the leg plate force component.

(a) thoracic plate force (b) abdominal plate (c) pelvic plate force
(kN) force (kN) (kN)
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20 — UW-HBM 20 — UW-HBM 20 —— UW-HBM
15 15 15
10 | 10 10
5] e 5 5
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0 /,_/ ~ 0 ﬂ i — 0 fj \
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
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(d) leg plate force (kN) (e) total plate force
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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 the NHTSA-type rigid-wall sled impact, the UW-HBM chest compression and VVC time
histories compared well with the PMHS response and remained within the biomechanical
corridors at the three rib levels (Fig.3.7). The ATD predicted no chest compression at the upper
rib level, since the upper rib remained above the edge of the rigid wall (Fig.3.7) throughout the
entire impact event. The ATD predicted higher chest compression at the middle rib level
compared to the UW-HBM and the biomechanical corridors, since all the impact 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 was shorter than of the UW-HBM, since the soft
tissues modeled in the UW-HBM attenuated the rigid-wall impact energy, in contrast to steel
ATD ribs. The cross-correlation (CORA) rating, calculated based on equally weighed
progression, size, and phase shift rating between the ATD and UW-HBM chest deflection
responses was equal to 0.12 for the upper rib, because the ATD upper rib did not engage with
the thoracic plate. For the middle rib, the CORA rating was 0.87, and 0.89 for the lower rib.
CORA rating values range from O (no correlation between the compared signals) to 1

(overlapping curves).
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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 surrogates (Fig.3.8) were

similar to the experimental data at the three rib levels (Table 3.3).

(b)

Figure 3.8: Computational model of the (a) Moving Deformable Barrier impact scenario,
(b) ES-2re ATD model integrated with vehicle and restraints, (¢) 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 GHBMC-HBM in a reconstructed 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 deformation pattern was not
examined in detail (Fig. 3.9). However, 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 the physical occupant, with corresponding AIS
codes, is presented in Table 3.4. For the purpose of the GHBMC-HBM response assessment,
only the thoracic and abdominal injury was assessed. Injuries are listed from the most to the
least severe.
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Table 3.4: Injuries sustained by the physical occupant in a side crash (CIREN 2018).

AlS Injury type Aspect Injury source

Code

4 E |ap_hr§gm rupture with Inferior/ lower  Left side hardware or armrest

erniation

4 Major spleen laceration Left Left side hardware or armrest
Rib cage fracture 2-3 ribs L rib 11

3 any side with hemo-/ . ' Left side hardware or armrest

L rib 12

pneumothorax
Thoracic cavity injury

3 with I . Bilateral Left side hardware or armrest
pneumomediastinum (air
in chest cavity)

3 Femur fracture shaft Left Left 5|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

Colon laceration no . .
2 ) Inferior/lower Left side hardware or armrest
perforation

Right; left; e
) . 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 Facial skin laceration Left Hood

minor

Upper extremity skin

abrasion Left; upper arm  Hood edge
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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 GHBMC-HBM predicted three rib fractures at left ribs 9-11,
matching the location and severity of the physical hard tissue injury (Fig. 3.10a). The model
also indicated an increased maximum effective stress location in the lower inferior aspect of
the diaphragm, suggesting the potential for injury to this tissue (Fig.3.10b). The GHBMC-
HBM also predicted maximum effective stress of 180 kPa in the left aspect of the spleen
(Fig.3.10c), that exceeded the failure stress of 35 kPa (Kemper 2012), indicating a probability

of major spleen laceration, as observed in the physical crash.
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Figure 3.10: Locations of severe thoracic injuries predicted by the GHBMC-HBM, in
agreement with the physical data: (a) rib fractures, (b) diaphragm rupture, (c) spleen

laceration.

3.3 Discussion

The UW-HBM demonstrated the capability to predict PMHS response in a NHTSA-type rigid-
wall impact scenario (Pintar 1997). Responses of the ATD predicted in the simulations
matched the physical ATD measurements in the full vehicle crash scenarios and over-predicted
PMHS response in the NHTSA-type rigid wall sled. These differences were attributed to a

more upright seating position of the ATD in the sled impact, compared to PMHS and UW-
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HBM, and to higher stiffness of the ATD thorax, compared to the UW-HBM which included
soft internal organs and deformable outer tissues. Although some of the injury measures
proposed in the GHBMC-HBM are still preliminary, the model generally predicted higher
tissue response (e.g. strain) at the location of injuries reported for the physical occupant at

impact conditions resembling the real crash scenario.

Limitations

The ATD model response was re-assessed at the full body level only, rib module and thorax
pendulum impacts were not repeated. While the UW-HBM arms could be positioned similarly
to the PMHS pre-crash 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 due to the
ATD shoulder design constraints. Although distances between rib deflection measurement
locations were uniform in the coronal plane between the ATD and UW-HBM, consistent rib
width at the three levels in the ATD and, in contrast, anatomically variable in the UW-HBM,
could lead to different chest compression values despite having similar rib deflection
measurements. 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. Same value of chest
deflection would result in higher chest compression at upper rib levels, and lower at the lower
rib levels for the UW-HBM and human occupants, which could directly affect injuries of
underlying soft tissues.

Verification of the integrated vehicle, restraint system and GHBMC-HBM was limited
to one crash reconstruction impact scenario. While in the physical crash the vehicle was in
motion and was struck by a truck, in the simulation the stationary vehicle was impacted by a
Moving Deformable Barrier. Since no information on physical occupant pre-crash position
was available, the driver’s position was approximated with a standard driving position
(FMVSS 214, NHTSA 2012). The human driver was 80 mm taller than the GHBMC-HBM,
which could potentially affect the seating height and longitudinal location of the seat in the
physical vehicle. The injury criteria embedded in the GHBMC-HBM were used as-delivered
with the original version of the model (M50-0 v.4.3).
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Chapter 4
Occupant Surrogate Sensitivity to Door Compliance

and Pre-Crash Position?

Several authors have identified the importance of occupant interaction with interior
components and occupant position (Viano 1991, 1994; Watson and Cronin 2011) on the
occupant response in side impact crash scenarios. As lead-in work to the larger study on
restraint systems, the University of Waterloo Human Body Model (UW-HBM) and ES-2re
Anthropometric Test Device (ATD) models were used to investigate the importance of these
parameters on occupant response and to identify differences between the HBM and ATD
response. The UW-HBM was utilized as the occupant surrogate in addition to the ATD model
since the kinematic responses of PMHS have been found to differ from those of ATDs in full
vehicle crash tests (Klaus and Kallieris 1983).

Previous studies (Watson and Cronin 2011) demonstrated an increase of thoracic injury
risk when occupants, modeled using three different side impact ATDs (USSID, ES-2re, and
WorldSID), were seated close to the door (271 mm between the armrest and seat centerline)
and in the vicinity of B-pillar. VVariation of the occupant response due to longitudinal and lateral
position in the vehicle was found to be affected by interaction with the arm. Watson and Cronin
(2011) recommended integrating HBMs into the vehicle crash environment to further
investigate the effect of the arm on thorax response. Recent experimental research on
interaction between the ES-2re and PMHS with a large-volume thoracic side airbag (tSAB) in
a side impact highlighted lack of biofidelity of 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 and UW-HBM models sensitivity to door

2 Figures 4.2, 4.3, 4.4, 4.7, tables and section 4.3 (Discussion) were previously published in the International

Journal of Crashworthiness © 19 Jan 2015 — https://www.tandfonline.com/10.1080/13588265.2014.998000,

used with Publisher’s permission.
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compliance and pre-crash arm position prior to further parametric studies on interaction
between the arm and side restraints. Door compliance was studied because the intruding door
panel was found to be the most frequent source of injuries (Morris 1997). The pre-crash arm
position effect 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 1989b). The purpose of this investigation was to identify an
occupant surrogate capable of capturing the effect of modifications of pre-crash parameters to

establish a foundation for further studies.

4.1 Methodology

Two occupant surrogates, an ES-2re ATD finite element (FE) model (DYNAmore GmbH,
2014) and the UW-HBM FE model were coupled with seat and restraints models within a
vehicle. The integration of the occupant and vehicle models required a pre-simulation 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 pre-processing software with a belt fitting option (LS-PrePost, LSTC). At this stage of
research, side airbags were not incorporated since the physical vehicle considered did not
incorporate side restraints. A 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 crash analysis (LS-Dyna, version 5.1.1).

The computationally intensive process of integrating the GHBMC-HBM with the
vehicle included multiple pre-simulations, namely calculations performed prior to the
experiment to apply appropriate initial conditions, performed in parallel to studies on occupant
response assessed with the UW-HBM. The Global Human Body Models Consortium HBM
(GHBMC-HBM) was evaluated in a later study to assess trends predicted with the UW-HBM
with use of an HBM more widely used in the automotive industry. A frontal steering-wheel
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 only triggered by

forward deceleration.
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Although the FMVSS and 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). The 7 kph (4.3 mph) velocity increase has a significant effect
on crash severity. 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. Previous studies
(Watson and Cronin 2011) also demonstrated higher sensitivity of occupant response to a
variation pre-crash parameters at higher impact velocities.

The occupant response was measured as a full-thorax deflection, between markers
located directly on ribs on both sides of the thorax at three rib levels to facilitate direct
comparison between the ATD and UW-HBM (Fig.4.1). The maximum chest deflection and
VCmax, described as global response, and the deflection at each of the three rib levels,
described as local response, were compared to evaluate sensitivity to impact conditions. The
thorax impact velocity considered in the study was comparable with the impact velocity
boundaries for VC suggested by Lau and Viano (1986).
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Figure 4.1: Location of the three rib levels in the: (a) UW-HBM model, (b) ATD model,
with respect to the vehicle door.

4.1.1 Variation of the Door Trim Material Properties

In the as-delivered vehicle finite element model (Opiela 2008), the interior trim components
were modeled with a piecewise linear-plasticity 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 interior door 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 materials (Fig.4.2).

Modified
material

properties

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

modified elements.

The Young’s modulus, density and yield strength of the ABS material were varied
according to upper and lower bounds for ABS identified in the literature (MatWeb 2010)
(Table 4.1). The door trim material stress-strain curves were scaled in accordance with the
yield strength, with a 1.44 scaling for the high strength and 0.61 for the low strength material,
relative to the average ABS material properties (MatWeb 2010).

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

Density (g/cmq) Young’s modulus (MPa) Yield strength (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 a 2° full-factorial experiment (Table 4.2) (Montgomery 2012) for
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Young’s modulus, yield strength and density examined at two levels (Table 4.3). Occupants
were seated in a standard driving position (Fig.4.3b), with the arm rotated 40 degrees upwards
with respect to torso midline, according to side impact test protocol (NHTSA 2012).

Table 42: Coded (Table 4.3) Table 4.3: Description of the

experimental design for the eight experimental factors and variable

runs of the factorial design. codes.
run |[E |r |Er|s Es | Rs | Ers > - :
1 i ) T | 1+ i Young’s
modulus
2 e i B B E  (MPa) 1520 4,500
3 S T R N I A + _
4 N T N T i} S Density
2 T A K R P & r  (gemd 0.3 1.2
6 |+ | - | - |+ |+ ]| - - Yield
7 + |+ |+ | -] -1 - - strength
8 + + + + + + + S (|\/|Pa) 276 650

Following the factorial experiment, a one-variable-at-the-time study was performed to
investigate the main effects in detail. One material property was modified in each run, and the
other two remained at a baseline level (Table 4.1). Occupant response was assessed for both
ATD and UW-HBM models at three rib levels in a standard driving position. The magnitude
of the effect, namely change of the chest deflection and VVC due to change of parameter value,
were assessed with use of half-normal probability plots and marginal means plots. The
potential for interactions between the factors was assessed with use of marginal means plots.
Since replicates of the experiments, namely repeated numerical runs, yielded identical
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 and pre-crash arm
position, a 22 full-factorial experiment (Montgomery 2012) was conducted (Table 4.4). The
UW-HBM response to arm position (A) was varied between horizontal and vertical, and
Young’s modulus (E) and yield strength (s) of the door trim material were varied between high
and low levels (Table 4.5). The UW-HBM was the only occupant model used in 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 I A arm  horizontal vertical
2 e A L position

O I T e B Young’s

4 |-+ - |+ - |+ - S E modulus 1520 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 one-variable-at-a-time examination was run for three arm positions to study the
magnitude of the arm effect for ATD and UW-HBM response. The ATD shoulder response
was previously verified by Watson (2009), and the UW-HBM arm and shoulder response was

previously assessed by Forbes (2005, 2006).
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(@) (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 investigated: vertical (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), and horizontal (upper arms parallel to the ground) (Fig.4.3c), to simplify the
possible range of pre-crash occupant positions reported in the epidemiological data (Viano
1989h). The occupant arm orientation was changed during a pre-simulation, and the occupant

was equilibrated with the seat for each vehicle impact simulation.

4.1.4 UW-HBM and GHBMC Sensitivity to Arm Position
The UW-HBM (Fig.4.4a) and GHBMC-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 lead-in study. The control points for positioning the HBMs in the
vehicle were locations of the hip and head centre of gravity measured with respect to vehicle
chassis, and an ability to reach pedals and steering wheel while maintaining a 40-degree 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, ¢) comparison of the ribcage position with
respect to the door, oblique view: UW-HBM (blue), GHBMC-HBM (red).

Although both the UW-HBM and GHBMC-HBM represented a nominal *“50™
percentile male” occupant with reference stature of 175 cm (5°9”), weight of 78 kg (172 Ibs)
and comparable erect sitting height (92 cm, 36”), differences in chest depth and extremities
lengths between the models led to different upper torso orientations when seated in the vehicle.
The position and orientation of control points, namely hip, head, feet and hands was the same
between the two models (Fig. 4.4c, 4.5a). Difference in the lateral distance between the models
and vehicle door was below 5mm at the head centre of gravity, below 5mm at the left
glenohumeral joint, 13mm at the left humeroradial joint, and below 14mm at the hip level (Fig.
4.5b). The UW-HBM was leaning backward more than the GHBMC-HBM (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).
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Responses of the UW-HBM and GHBMC-HBM were also compared for a vertical arm
position, with the upper arm aligned with the torso (Fig.4.5c). The vertical arm position of both
models was achieved 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 UW-HBM was leaning backwards more than the GHBMC-HBM, the vertical arm
position led to a direct alignment of the upper arm with rib compression measurement locations
in the UW-HBM, contributing to higher sensitivity of the UW-HBM to arm position.

4.2 Results
For the 61-kph NCAP MDB standard impact (NHTSA 2012) the UW-HBM and ES2-re

occupant kinematics were comparable throughout the impact sequence (Fig.4.6). The upward
rotation of the shoulder and upper arm was more pronounced in the UW-HBM compared to
the ATD model, which resulted in a lower rotation of the upper body of the UW-HBM towards
the intruding door, compared to the ATD.

Oms

Figure 4.6: Comparison of the HBM and ATD kinematics in the full vehicle MDB impact.
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Reduced upper body rotation of the UW-HBM, compared to the ATD, led to a shift in
the point of contact with the door at the level of rib 4 between the UW-HBM and ATD, which
contributed to higher value of chest deflection (66 mm) predicted by the UW-HBM compared
to the ATD (50 mm). CORA rating of the two responses, based on equally weighed
progression, shape, and size metrics compared for the two chest deflection time histories, was
0.75, indicating a reasonable correlation. At the other two rib levels, peak chest deflection
responses predicted by the two occupant surrogates differed by less than 15% (Table 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 occupant
surrogates subjected to a NCAP (61 kph) impact.

Upper Middle Lower
ES2-re 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 (Fig. 4.7). Marginal means are calculated as mean
response for one factor across levels of the other factor. 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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(a) upper rib level (b) middle rib level (c) lower rib level
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Figure 4.7: Marginal means plots visualizing mean factor effects of and two-factor
interactions between the Young’s modulus, density, and yield strength for rib deflection,
predicted by the UW-HBM at the (a) upper, (b) middle, and (c) lower rib level.

The sensitivity of the ATD model to the parametric changes was very low, and
responses predicted for different combinations of the door material properties provided similar
responses (Appendix 1). For the UW-HBM, potential interactions were predicted at the upper
rib level, between Young’s modulus and density, Young’s modulus and yield strength, and
density and yield strength (Fig.4.7a). The most noticeable evidence for interactions between
factors was predicted for density-yield strength at the lower rib level (Fig.4.7c).

The importance of the main effects and of the potential interactions was assessed

through half-normal probability plots (Fig.4.8, Montgomery 2012) at the three rib levels. If a
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factor did not contribute to changes in occupant response, it would follow a linear trend line.

Outliers indicated a potentially important effect 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 * E 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). E — Young’s modulus, rs — interaction between the Young’s
modulus and density, Es — interaction between the Young’s modulus and yield strength.

Distinguishable effects marked in red.

The magnitude of the effects associated with variation of the door trim material
properties for the UW-HBM chest deflection was rather small (0-7 mm change, Fig.4.9).
Interaction between Young’s modulus and yield strength had the highest effect for chest
deflection predicted at the upper rib level, and the change in chest deflection due to Young’s

modulus variation was the most pronounced 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 three rib levels. E — Young’s modulus, s — yield
strength, r — density. Er — interaction between the Young’s modulus and density, Es —
interaction between the Young’s modulus and yield strength, Ers — interaction between

the three factors.
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For single factor variations of the door trim material properties, the ATD and UW-
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 both the UW-HBM 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 0.97-0.99, Table 4.7). The VCmax values measured with the 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 of -16.5%, 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, between 0.95-0.96 (Table 4.7).

Detailed analysis of response correlation ratings is provided in Appendix 1.

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

levels between baseline-low, and baseline-high material properties setting.

ATD UW-HBM ATD UW-HBM
Chest deflection Viscous Criterion
density 0.99 0.95 0.98 0.83
Young’s modulus 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 from 66 mm to
52-56 mm (-18 to -27%) when the door trim material properties were assigned the upper
boundary properties, captioned as high in Table 4.8. The most significant rib deflection change
was predicted by the HBM for the high yield strength. The average correlation between the
chest deflection responses was 0.95-0.98 (Table 4.7). The UW-HBM 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/s (low strength) to 0.59 m/s (high strength), where the highest values
of VCmax were controlled by the upper chest band location. The average correlation between
the UW-HBM VC responses indicated a moderate effect of varying material properties (0.83-
0.92), more pronounced than in the ATD (Table 4.7). Detailed analysis of response correlation

ratings is provided in Appendix 1.

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

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

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%

Young’s modulus

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 for chest deflection response of the UW-HBM at all
three rib levels, with the highest magnitude of the effect at the lower rib level (85 mm increase

with arm in vertical position). Interaction between the arm position and yield strength of the
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door trim material was the second highest effect, but with a magnitude considerably lower (5
mm change) compared to the effect of arm position (85 mm change for vertical arm position)
(Fig.4.10).

To evaluate interactions between the arm position and door compliance, marginal
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.4.11b). However, the actual effects of these interactions on the
occupant response were negligible, compared to the magnitude of the effect of the arm position
itself (Fig.4.10).

(@) 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. A —arm, E — Young’s modulus, s
—yield strength, AE — interaction between the arm position and Young’s modulus, As —
interaction between the arm position and yield strength, AEs — interaction between the

three factors.
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(a) upper rib level (b) middle rib level (c) lower rib level
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Figure 4.11: Marginal means plots visualizing mean factors effects and two-factor
interactions between the arm positon, Young’s modulus and yield strength, predicted by

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 comparable between the
ATD and the HBM for horizontal and driving positions at the middle and lower chest band
level. The ATD chest deflection values remained within the 40-52 mm range for all the rib
levels and all arm positions. The cross-correlation rating calculated at three rib levels for three
arm positions remained between 0.93-0.95, indicating low sensitivity of the ATD chest
deflection response to the arm position. In contrast, the HBM deflection response was
significantly different for the vertical arm position at all rib levels, compared to driving and
horizontal positions (Table 4.9). The most significant increase in the rib deflection predicted
by the UW-HBM was observed for the vertical arm position at the middle and lower rib
locations. The cross-correlation rating for the UW-HBM chest deflection ranged from 0.70 at

the middle rib level to 0.82 at the upper rib level, indicating rib-level specific sensitivity to arm
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position. Detailed analysis of correlation ratings and time histories of chest deflection

responses are available in Appendix 1.

Table 4.9: Chest deflection responses predicted by the ATD and UW-HBM at all

three rib levels for three pre-crash 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 the horizontal and driving arm positions the difference between maximum
rib deflection values of the ATD and UW-HBM remained within a 25% margin, for the vertical
arm position the UW-HBM maximum chest deflection value increased by 200% (0.70-0.76
correlation rating, Table 4.10), while the ATD model predicted no change (Fig.4.12a) (0.89-
0.93 correlation rating). The VCmax 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 (Table 4.11).

Table 4.10: Average cross-correlation rating for the occupant responses compared at
three rib levels between driving-horizontal, 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 for ATD with the vertical arm position (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 for the horizontal arm position. Maximum UW-HBM 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 (Table 4.11). VC response sensitivity

assessment with cross-correlation rating was reported in detail in Appendix 1.

Table 4.11: Viscous Criterion responses predicted by the ATD and UW-HBM at all

three rib levels for three pre-crash arm positions (maximum values shown in bold).

ATD UW-HBM
vertical driving  horizontal  vertical driving horizontal
Upper 0.9 1.1 1.1 0.9 0.7 0.3
Middle 1.0 1.6 1.4 1.6 0.3 0.3
Lower 0.8 0.8 0.8 1.7 0.3 0.3
(@) (b)
Maximum chest deflection (mm) Maximum VC (m/s)
B ATD mUW-HBM B ATD mUW-HBM
1.7
134 16 1.4
1.0
49 50 °° 52 51 I 0.7
I l 0.3
[] [] ] | =
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 GHBMC-HBM predicted comparable values of chest compression for
an unbelted mid-sized occupant at the level of rib 6 (17%) and rib 8 (17-20%) in a full vehicle
lateral MDB impact at 61 kph. However, the chest compression values varied at the level of
rib 4 (30% for the UW-HBM and 8% for the GHBMC-HBM, Fig.4.13a). Due to higher pre-
crash backward leaning of 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 UW-HBM compared to the GHBMC-HBM, with respect to
vehicle door. Therefore, the UW-HBM thorax was exposed directly to contact the intruding
sharp edge between the window sill and the door trim, at the level of rib 4, while in the
GHBMC-HBM the soft tissue of the upper arm got compressed between the upper door trim
and the ribcage and reduced the direct deformation to the ribs. The UW-HBM therefore
predicted significantly higher chest compression at the level of rib 4 (Fig.4.13a).

Chest compression values for the vertical arm position increased at all three rib levels
for both HBMs. 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 to the arm position, at the level of rib 6 the UW-HBM predicted a
+162% relative increase, while the GHBMC-HBM 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 both HBMs, +157% for the UW-HBM, and +61% for the GHBMC-HBM
respectively (Fig.4.13b).
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Figure 4.13: Comparison of the UW-HBM (blue) and GHBMC-HBM (red) chest
compression at three rib levels in a full vehicle side impact in a: (a) standard driving

position, (b) vertical arm position.

4.3 Discussion

For the standard driving position, the UW-HBM and ATD rib deflection responses were
comparable between the models at the middle and lower rib levels, and the difference 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 (2010), by comparing a physical
ES-2re rib deflection in a padded and rigid sled impact conditions. The maximum rib deflection
values were identified at the upper rib level for both the ATD and UW-HBM. The ATD did
not show sensitivity to change of door trim material properties in terms of rib deflection
response. These findings 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 deflection response was

observed for the UW-HBM when the door trim material was stiffer.
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In terms of the VCmax response, the ATD response changed by -13 to -16.5% for both
stiffer and more compliant door trim material. The VCmax values were controlled by the
middle rib level. For the UW-HBM, the VCmax decreased by -13.5% for higher yield strength
of the door trim material and were controlled by the upper rib level. Although the VCmax
values for the UW-HBM were recorded at the upper rib level, both the upper and lower rib
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 position influenced shoulder kinematics and arm motion (Fig.4.6) and subsequently the
loading of the thorax. During the impact, the UW-HBM arm typically rotated upward for the
initial driving and horizontal positions. In contrast, the ATD arm moved in the sagittal plane
only, and the GHBMC-HBM arm moved in coronal plane only, without a noticeable rotation
(Fig.4.6). For the vertical arm position, the UW-HBM arm provided a load transmission path
to the thorax, increasing the thoracic deflection; whereas the ATD model arm did not transmit
the loading and instead protected the chest. For the GHBMC-HBM, the vertical arm position
placed the upper arm more anteriorly to the rib compression measurement locations. Upper
arm soft tissue was compressed between the intruding door and rib compression measurement
locations, providing additional padding. Therefore, the predicted chest compression increase
due to the vertical arm position was lower for the GHBMC-HBM than for the UW-HBM. The
results of this study agree with previous observations (Watson 2010) regarding low sensitivity
of the ATD to changes in pre-crash arm position.

The highest values of rib deflection typically occurred at the upper rib location for both
the ATD and the UW-HBM due to contact with the window sill (Table 4.9) and load transferred
to the thorax by interaction with the upper arm, before the arm rotation or movement occurred.
For the GHBMC-HBM, the highest values of rib deflection were predicted at the lower rib
location, due to concentrated load transferred through the distal end of the humerus, when
compressed between the intruding door and GHBMC-HBM torso.
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While the literature on the effect of the arm suggested a potential protective effect when
located in the load path, it is important to note that the proposed protective effect of the arm
was observed in a free-flight distributed load impact (dropping the PMHS on the floor) or in a
velocity-pulse concentrated load impact (limited stroke pendulum). However, the limitations
of both of these scenarios in representing the vehicle-to-vehicle side impact (Deng 1989) will
be further discussed in Chapter 5. The potential protective effect of the arm, reported by some
authors (Cesari 1981, Stalnaker 1979, Kemper 2008) is also further discussed in Chapter 5.

For non-standard arm positions, 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 the spine box in the ATD. The UW-HBM shoulder was connected to the
thorax through the scapula, clavicle and musculature providing a physiological range of motion
of the arm in all directions and coupling to the thorax. The UW-HBM kinematics were
comparable to the PMHS tests for the same NHTSA-type sled side-impact scenario in terms
of arm rotation and displacement (Forbes 2005). Biofidelity of the GHBMC-HBM shoulder
was recently investigated by Park et al. (2016); however, the proposed improvements altered
the predicted side impact response by only 5%.

Movement of the elbow anterior to the thorax in the driving and horizontal positions
reduced the load transferred to the thorax through the UW-HBM arm, while the GHBMC-
HBM arm was rotating predominantly in the coronal plane during the entire impact sequence.
The vertical arm position resulted in higher values of maximum thoracic deflection and VC,
compared with other arm positions for the UW-HBM in side impact. The ATD arm model was
softer compared to the UW-HBM arm model, which 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 padding to the ATD ribs. This difference can explain a reduced value of global
thoracic deflection for the vertical arm position for the ATD compared to the UW-HBM.

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

the ATD owing 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 higher than the
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 findings of Watson and
Cronin (2011) who demonstrated that the ATD model was more sensitive to change of arm
position in terms of VCmax than in case of rib deflection, since the VCmax was mainly
influenced by rib deformation velocity. The time of the deformation velocity peak in the ATD
corresponded to the time of the VCmax response. For the UW-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 GHBMC-HBM predicted an increase of injury metrics for the
vertical arm position; however, individual anthropometric differences between the two
“average male” models yielded distinctive, occupant-specific results in terms of sensitivity to
the pre-crash position. The occupant responses demonstrated a sensitivity to the location where
the response was measured. 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 VCmax-based 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 safety through modifying
door contact area or restraint systems.

Contacts defined between the occupant models and the vehicle interior, seat, and the
restraints could have contributed to the predicted arm kinematics. However, the coefficient of
static friction of 0.3 used in this study was 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 skin-to-fabric or fabric-to-fabric contact (Vilhena and Ramalho
2016). Experimentally measured dynamic coefficients of friction between occupant clothes
and automotive seats ranged between 0.344-0.906 (Cummings et al. 2009), and a dynamic

coefficient of friction 0.35 used in this study represented the lower range of this range. Of
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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 of pre-
crash parameters, and was subsequently applied in the parametric study on the occupant
response sensitivity to lateral impact type (Chapter 5), owing to its applicability in predicting
pulmonary contusion (PC) (Yuen 2010). Although the GHBMC-HBM was a more detailed
model recognized in automotive industry, the potential of the GHBMC-HBM to predict PC
has not been previously demonstrated, and no Crash Induced Injury criteria were associated
with the lungs constitutive model (GHBMC 2014). The calculation times for the UW-HBM
were also significantly reduced compared to the GHBMC-HBM, which was an advantage for
a parametric study involving 10 load cases. The computation runtime for 100 ms of the impact
sequence was over 60 hours on 32 computing cores for the GHBMC-HBM, and for the UW-
HBM it took 24 hours with 6 computing cores.

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

e The UW-HBM demonstrated significantly higher sensitivity to pre-crash
parameters than the ATD in terms of chest deflection and VVC responses.

e Change of the chest deflection and VVC responses of the UW-HBM was higher
for varying arm positions than for different door trim material properties.

e The thesis should focus on the effect of the arm position, and evaluate its effect
for different lateral loading scenarios and interaction with the restraints.

e 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 US SID ATD. The vehicle received good safety ratings in NCAP test (NHTSA 1996).
Elevated values of predicted rib deflection and VC response in this study are due to the NCAP
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impact velocity (61 kph) and use of a different ATD (ES-2re, instead of the USSID). Validation
with the ES-2re ATD was carried out at 54 kph to address FMVSS 214 requirements.

The UW-HBM lower arm was simplified; however, this was not expected to affect the
results since the tissue mass was accounted for, and lower arm was not in contact with the
occupant body. Only one vehicle, seat location, and crash scenario were used at this stage of
the study. The occupant size was representative for a mid-sized male, yet demonstrated
differences related to individual anthropometry of the UW-HBM and GHBMC-HBM.
Although the shoulder is acknowledged to be an important load transmission path in side
impact crash scenarios, changes in the load path due to arm orientation were not investigated
in the thesis due to limited capacity of the ATD model to predict shoulder response in off-axis
impacts. The shoulder model of each occupant surrogate was previously validated using
concentrated pendulum impacts, while the full vehicle crash was similar to a distributed load

impact.
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Chapter 5
Human Body Model Sensitivity to Lateral Impact Type

In Chapter 4, a significant effect of arm position for occupant responses related to thoracic
injury was predicted by two Human Body Models in a full-vehicle side-impact scenario. The
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 measures. However, in
research studies, side impacts are commonly simplified to pendulum and sled impacts due to
the high cost associated with full vehicle crashes. Consequently, more study is needed of the
differential responses associated with the nature of the lateral loading scenario.

This chapter presents a numerical parametric study to examine differences in occupant
response sensitivity to lateral impact type. The UW-HBM was selected due to its capacity to
predict potential for lung injury and high computational efficiency. Four standardized side
impact test scenarios were considered, namely pendulum impacts (Viano et al. 1989, Chung et
al. 1999) and rigid-wall impacts (Pinter et al. 1997, Cavanaugh et al. 1990), and the results of
those scenarios were compared to occupant response in a full-vehicle MDB impact (NHTSA
2012). The arm position prior to impact was varied from a position aligned with the torso to

above the head.
5.1 Methods

5.1.1 Lateral Impact Scenarios

The UW-HBM injury response sensitivity to parametric changes was investigated to quantify
the effect of the arm position for different lateral impact scenarios. The geometries and
boundary conditions for the pendulum and rigid-wall impacts were based on biomechanical
test standards and component level tests (Fig.5.1). Impact velocities, geometry of the
impactors, and corresponding literature references are summarized in Table 5.1. Pendulum
impactors were 152 mm in diameter and weighed 23.4 kg (Viano et al. 1989, Chung et al.

1999). Rigid-sled geometries were based on two standards: National Highway Transport
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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, 51 mm 17 m/s (NCAP)

displacement
Impactor 23.4 kg, 23.4 kg, _
weight / NHTSA/ WSU vehicle door
dimensions $152mm $152 mm
NHTSA-F,
Code P-F WSU-E P-V NCAP-V

Pintar et al.1997

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

Figure 5.1: Lateral impact scenarios: (P-F) 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 2015a).

The literature data discussed in Chapter 2 suggest that the arm may act as a load
transmission path to the thorax for vehicle impacts that are primarily displacement-controlled
impacts (compared to free flight impacts where the pendulum is decelerated by the body). In

the case of low-energy impacts, the arm serves to attenuate and distribute the load and assist
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in decelerating the impactor resulting in lower thorax response. Therefore, impact scenarios
were grouped in two categories: free-flight, and velocity-pulse. For the free-flight impacts, the
impactor initial energy was pre-determined through an initial velocity and the pendulum was
slowed down by the mass of the occupant after impacting the occupant body. For the velocity-
pulse categories, a velocity profile was assigned to the impactor as a function of time or
displacement, similarly to the velocity 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 arm in the load path, to investigate response sensitivity to arm for different loading types.
Two pre-impact positions of the HBM were considered: with upper arms aligned with torso
(arm down), and with arms moved above the head or in a horizontal position, exposing the
thorax to impact (arm up) (Fig.5.2). For the full vehicle 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 and vehicle roof.

A O0

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

in orange, arm down in 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 measured at 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 Chapter 2, section
2.2.4. In addition to local deflection response, the maximum of three rib-level 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 certain pulmonary injury criteria (Yuen
2010). This advantageous capacity of the UW-HBM enabled a comparison of occupant
response prediction with use of standard injury metrics (maximum chest compression, VCmax)
with local injury response (chest compression and VC measured 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 individual element level, has been adopted. To ensure adequate temporal
resolution, the lung response was monitored at 40,000 Hz (Yuen 2010), and volumes of all the
elements that exceeded the threshold pressure at any phase of the simulation, loading and
unloading, were summed. The volume of elements exceeding the pressure criterion threshold

were divided 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 position, arm down, predicted an increase of the chest
compression for all the load cases, except for the velocity-pulse pendulum impact. The
magnitude of the effect was dependent on the impact scenario, where the highest increases of
the chest compression (+140%) were predicted in the full vehicle scenario, a relative increase

between +56 to +69% was predicted for both rigid-wall sled impacts, and the chest
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compression remained relatively insensitive to the arm position in the pendulum impacts (-13
to +10%). The effect of the arm was even more pronounced for the VC metric, where the full
vehicle scenario resulted in a +428% increase of VCmax with arm down, the two rigid-wall
sled impacts change remained within the +56 to +76% range, and the free-flight pendulum (P-
F) predicted a negligible change (-11%). However, the arm down position led to a decrease of

VCmax (-36%) for the velocity-pulse pendulum (P-V) scenario (Table 5.2).

Table 5.2: Relative changes in occupant metrics due to arm down pre-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 the arm position for concentrated load impacts, namely pendulum impacts,
resulted in a lower relative change of the occupant response compared to distributed load
impacts, namely rigid-wall sled and full vehicle scenarios. Although the relative change of
chest compression did not exceed +/-13% in the pendulum impacts, the chest compression
pattern, 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 8 with arm down position
for both pendulum impacts (Fig.5.3a,d). For the distributed load scenarios, the change due to
arm down position ranged between +56 to +140%. While the maximum chest compression
location was maintained for both the WSU-F and NHTSA-F scenarios, for the full-vehicle
impact the maximum chest compression location moved from rib 4 to rib 8 with the arm down
position.

Chest deformation pattern between the WSU-F and full-vehicle impacts demonstrated
the same trend, where the arm up position led to chest compression values approximately
equally distributed over the three ribs. For the arm down position, the highest values of chest
compression were predicted at the level of rib 8 for both the WSU-F and NCAP-V scenario

(Fig. 5.3b,e). For the NCAP-F scenario, the arm down position led to an increase of the chest
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compression, while the thoracic deformation pattern remained the same, with the lowest chest
compression at the level of rib 4, and the highest at the level of rib 8 (Fig.5.3c). Despite
similarities in the chest compression patterns, the relative increase of the chest compression
due to arm position was larger for the NCAP-V scenario than for both rigid-wall sled impacts
(+140% versus +69% in WSU-F, and +56% in NHTSA-F), which was even more pronounced
in the predicted VCmax (+428 versus +76 in WSU-F, and +56% in NHTSA-F).

(b)
==
=)
=]
020% 60% 40% 20% 0 60% 40% ‘20% 0
=
E—
— 3 .
60% 40% 20% 0 O% 0% 0%

60% 40% 20% O 60% 40% 20% 0

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) free-flight pendulum (P-F), (b)
WSU-type rigid-wall sled (WSU-F), (c) NHTSA-type rigid-wall sled (NHTSA-F), (d)

velocity-pulse pendulum (P-V), (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 vehicle, right for pendulum).

5.2.2 Free-Flight versus Velocity-Pulse

The relative change in the occupant metrics predicted by the UW-HBM was higher in the
velocity-pulse impacts (-V) than in the free-flight impacts (-F) (Fig.5.4). The sensitivity of the
chest compression and VCmax to the arms down position was comparable between the free-
flight rigid sled impacts (WSU-F and NHTSA-F), increasing by 56-76% for both chest

compression and VCmax metrics.

(a) (b)
Earmup MEarm down ®arm up larm down
48% 3% 46% 1.7
34%
28% 1.0
12%14% I 14%129% 19%I 0z 03 05
0 2
mmm [ po02 92
WSU-F  NHTSA-F PV 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 with the arm in the load path (arm down) chest compression was lower for
the velocity-pulse pendulum impact (relative reduction of -13%) and increased for other impact
types. The VCmax response followed the same trend, where the arm down position reduced
the VCmax by -36% in the velocity-pulse pendulum impact. Both rigid sled configurations
predicted an increase of chest compression between 56-69% (Table 5.2), while the highest
relative increase of chest compression was observed for the full vehicle impact (+140%). With
arm in the load path (arm down), time between maximum compression and maximum velocity
was shorter, therefore the VCmax response increase 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). The arm down position had a negligible effect on contused lung volume in
the free-flight pendulum scenario (3% to 2% decrease, P-F). For the velocity pulse pendulum,
the injured lung volume was reduced from 7% to 4% with the arm down position, confirming
the protective effect of the arm for this impact scenario. For the WSU-F rigid sled, the arm
down led to an increase of predicted contused lung volume from 38% to 48%, and a similar
10% increase was found for the arm down position in the full vehicle scenario (50% to 60%,
NCAP-V). For the NHTSA-F, although the chest compression and VC values increased for
the arm down position, the lung contusion response remained relatively unchanged (38% to
36% reduction, NHTSA-F). Shoulder soft tissues in the arm down position provided additional
padding in the area above rib 4 that contacted a rigid edge of the NHTSA-F sled wall in the
arm up position.

Earmup Barm down

60%

48% 50%
38% 38%36%
HI M -
[ — I

P-F WSU-F  NHTSA-F P-V NCAP-V

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

types.

Lung contusion patterns for the WSU-F and NCAP-V scenarios that yielded
comparable chest compression patterns at three rib levels for both arm up and arm down
positions, demonstrated higher predicted volume of contused lungs in the full-vehicle scenario
(NCAP-V) (Fig.5.5). Although the maximum chest compression for the arm up position was
higher in the WSU-F scenario (28%) than in the NCAP-V scenario (19%), the full vehicle
impact resulted in higher predicted total contused lung volume (50%) than the rigid sled (38%)
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(Fig.5.6). Similarly, for the arm down position the predicted contused lung volume was higher
in the full vehicle scenario (60%) than in the rigid sled (48%), although the WSU-F scenario
yielded a higher maximum chest compression (48s%) than the NCAP-V (46%).

(@) (b)

arm up arm down arm up arm down

Figure 5.6: Predicted contused lung volumes for (a) WSU-F scenario, (b) NCAP-V

scenario, for the two arm positions.

5.3 Discussion

The UW-HBM 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 levels; and tissue-
level, measured as the contused lung volume.

The UW-HBM confirmed previous observations on the protective effect of the arm in
a low-severity velocity-pulse pendulum impact (Kemper 2008). The increase of the predicted
occupant response, both in terms of kinematic and tissue-level criteria, was the most
pronounced in the full vehicle impact, indicating an increased sensitivity of the UW-HBM to
the arm position in velocity-pulse impacts, such as vehicle crashes.

Changes in occupant kinematic response due to modifications of the pre-crash position
(lateral, fore, aft) has been previously demonstrated by Watson and Cronin (2011) with use of
three side-impact ATD numerical models. Campbell also observed an increased susceptibility
of the occupant VCmax response due to a vertical arm position in a component-level 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 between the maximum chest compression and maximum chest compression velocity
of the ATD ribcage, which amplified the effect of the pre-crash parameter change (Watson and
Cronin 2011), explained also in Chapter 2. This study expanded previous findings investigating
a variety of side impact scenarios and application of the HBM in a full-vehicle impact.

For the P-F, WSU-F, P-V, and NCAP-V scenarios, all three response measurement
methods: global, local, and tissue-level, predicted the same trends in change of the occupant
injury response due to arm. Interestingly, for the NHTSA-F, although the VCmax increased
from 1.3 to 2.1 with arm down position, which indicated an increase of serious injury risk to
soft organs according the current standards (Lau and Viano 1986), the lung-specific contusion
metric sensitivity to the arm position was negligible in the NHTSA-F scenario. While the VC
response was based entirely on deformation of hard tissues, namely rib compression and rib
compression velocity, the lung contusion response was affected by deformation and load
transfer between hard and soft tissues throughout the entire occupant body. The arm down
position, although resulting in increased the chest compression values, provided a uniform load
distribution over the upper thorax 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 rigid wall.

Although the impact energy absorbed by the occupant body was comparable between
the rigid-sled impacts and the full vehicle impacts, the UW-HBM sensitivity to the arm position
was 3 times higher in the full vehicle impact compared to rigid sled impacts. The UW-HBM
predicted probability of severe injury when the arm was located in the 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 conditions were used as an example
of an extreme pre-crash condition that is not incorporated in the current safety standards or
testing procedures. Despite lower chest compression and VCmax values in the NCAP-V
scenario, compared to the WSU-F and NHTSA-F, the predicted contused lung volume was the
highest for the full-vehicle impacts. These findings confirm Deng’s et al. (1989) suggestion
that free-flight impacts, such as pendulum or rigid-wall 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 to pre-crash position, and a comparison of kinematic and
tissue-level responses, were enabled by the application of a numerical HBM. UW-HBM
provided additional insights into injury mechanisms in side impacts, highlighting advantages

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

Restraint Systems in Side Impact Crash Scenarios?®

Thoracic SAB (tSAB) effectiveness in reducing thoracic injury severity in side impacts has not
been consistently demonstrated (D’Elia 2013, Gaylor and Junge 2015, Kahane 2014, Shaw
2014, Viano and Parenteau 2016, Yoganandan 2007). To investigate sources of variability in
vehicle side impact restraint effectiveness, it would be beneficial to study both global and
tissue-level injury metrics in interaction with a tSAB (Shaw 2014). Confounding factors, such
as the anthropometric differences between the occupants and occupant pre-crash position have
impeded parametric studies on contribution of various factors to differences in predicted
occupant response in interaction with tSAB. In Chapter 4 the occupant arm position was
demonstrated to affect the Human Body Model (HBM) thorax response measured using chest
deflection (+140%) and the Viscous Criterion (VC) (+428%). In contrast, a wide range of side
door compliance changed chest deflection and VC by only 18% and 16%, respectively. In
Chapter 5, the importance of utilizing a full vehicle scenario to model occupant response in
side crashes was demonstrated. Compared with a rigid-wall impact, the effects of arm position
on chest compression and VC in the HBM thorax were up to 2.5 and 7.6 times higher,
respectively, in a simulated full-vehicle impact. That is, rigid-wall tests underestimate the
importance of arm position.

In this final study, the kinematic response of the occupant and potential for thorax
injury in side impact were assessed for interaction with a tSAB. Importantly, response was
assessed using kinematics for two different HBMs, to reinforce the importance of this effect
through consistent outcomes, and at the tissue level on HBM where this was possible. The
UW-HBM was used due to its capacity to predict lung injury, and GHBMC-HBM was used as

3 This Chapter contains figures, tables, and excerpts from articles previously published in the Journal of
Accident Analysis and Prevention © 14 Jun 2017 - https://doi.org/10.1016/j.aap.2017.05.017, and Journal of
Biomechanics © 26 Jun 2018 - https://doi.org/10.1016/j.jbiomech.2018.04.044 - used with Publisher’s
permission,
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it is the most recent and widely validated HBM for automotive crash simulations. Importantly,
the effect of the thorax deformation measurement location and method on predicted
performance of seatbelts and tSABs in a side crash could be investigated using the GHBMC-
HBM. Occupant response 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
different outcomes may be predicted with use of a HBM for the same impact scenario
depending on the measurement method. Four restraint configurations: belted and unbelted,

with and without a tSAB, were considered in a full vehicle MDB impact at 61 kph.

6.1 Methods

The thoracic side airbag (tSAB) was modeled as a generic rectangular thoracic airbag, 7 liter
in volume and 130 mm in thickness to match criteria established by Haland and Pipkorn (1996)
when fully inflated (Fig.6.1a). Pipkorn and Haland (1996) stated that side airbag thickness has
to be greater than 120 mm when fully inflated, to fill the available clearance between the
occupant chest and door surface and engage occupant arm and shoulder. The highest reduction
of chest deflection and VVC metrics was obtained with 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 and Pipkorn (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. 2011). Development of the seat and three-point seatbelt model (Fig.6.1b) was
described in section 2.2. While 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 three-point seatbelt.

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

The University of Waterloo Human Body Model (UW-HBM) with a detailed thoracic section
was integrated with seat, seatbelts, and vehicle model representing a mid-sized sedan in a
Moving Deformable Barrier (MDB) side impact at 61 kph. The tSAB model was attached at
the typical location between the seat and the door (McCartt and Kyrychenko 2007, Loftis et al.
2011), and four positions were investigated (Fig.6.2) to cover the shoulder and upper thorax

area and to fill the initial gap between the occupant and door during impact (Morris 2005).

() (b) (©)

back 20% front

top |
50%
bottom ' |

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 involving the

tSAB, a screening fractional factorial 24! experiment (D=ABC) has been designed to study
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main effects of the: (A) arm position (Fig.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) (Table 6.1), in eight runs (Table 6.2).

Table 6.1: Description of the experimental factors and variable codes.

- +
A Arm position horizontal vertical
5 B Longitudinal tSAB position back front
Eé 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 factorial

design
run | A|B D|AB|AC | AD |BC|BD | CD | ABC | ABD | ACD | BCD | ABCD
1 - - - + + + + + + - - - - +
2 + | - + - - + + - - + - - + +
3 - |+ + - + - - + - + - + - +
4 + | + - + - - - - + - - + + +
5 - - + + - - - - + + + - - +
6 + | - - - + - - + - - + - + +
7 -+ - - - + + - - - + + - +
8 | + |+ + | + + + + + + + + + + +

A factorial 22 experiment was then run to study magnitude of the effect of interactions
between the arm and tSAB location (factors A, B, C, Table 6.1) for the peak tSAB pressure of

40 kPa, following recommendations of Haland and Pipkorn (1996) for tSAB settings. For all

the experiments, the HBM pre-crash arm position was varied between a horizontal (Fig.6.2b),

and vertical arm position (Fig.6.2c).
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UW-HBM Response Assessment

The effect of the factors on the occupant response was assessed in terms of maximum chest
deflection (Viano 1989) and VCmax (Lau 1986) assessed at the three rib levels corresponding
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 lungs (Yuen 2008, 2010). A cluster of
eroded elements was referred to as a rib fracture, when the elements eroded throughout the

entire cross-section of 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 (Fig. 6.3) to account for different
combinations of restraints implemented in vehicles, and provide a spectrum of loading.
Contribution of the presence or removal of each aspect of the restraint system was assessed
(Table 6.3). The coupled vehicle-restraint-occupant model was subjected to MDB impact at 61
kph (16.9 m/s) (NHTSA 2012), representative for high-severity side impact crash scenarios.

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

Seatbelt - - + +
tSAB - + - +

Figure 6.3: Restraint system configurations for vehicle side-impact 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; Figure 6.4a), and with arms in the vertical position (arm
aligned with the torso; Figure 6.4b), pre-positioned as described in Chapter 3. While the UW-
HBM arm position ranged from a vertical alignment with the torso to arm parallel with the
ground, the GHBMC-HBM arm positions ranged from a vertical to standard driving position,
to ensure consistent orientation of the upper torso between the two positions. 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) arms 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 aVv-B aV-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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GHBMC-HBM Response Assessment
The occupant response was assessed by tracking spinal curvature and measuring chest
compression using two methods: the rib-deflection (RD) method, characteristic for the ATD
measurements, and the chest-band (CB) method that is specific for the PMHS experiments. In
the CB method, chest compression was measured as a change in distance between markers
located on the outside of the thorax, at three locations. The upper (rib 8) and lower (rib 10) CB
locations corresponded to PMHS CB locations (Pintar et al. 1997), and a middle CB location
(rib 9) was also included in order to provide additional information on the deformation profile
of the thorax (Fig. 6.5a). Chest compression measurement for the CB was based on the central
thorax deflection methodology described by Kuppa et al. (2003) and Shaw et al. (2014) and
defined as a change in length between the opposing measurement points due to impact
deformation, divided by the pre-crash thorax width (Fig. 6.5b).

The RD method assessed chest compression through measurement of change of

distance between measurement points directly on the ribs, at the location of maximum rib

curvature, and symmetric with respect to the coronal plane (Fig. 6.5c). Measurements were
taken on the GHBMC-HBM ribs 4, 6, 8 — which are comparable to locations of the ribs in the
ATDs — and ribs 9 and 10, to match the CB locations (Fig.6.5a).

(b) (©)

< lower

Figure 6.5: Chest compression measurement location: (a) tissue outer contour with chest-
band locations marked with respect to the ribcage, (b) chest-band (CB) method, (c) rib-
deflection (RD) method (Gierczycka et al. 2018).
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Chest deflection was divided by initial breadth of the thorax at a given chest band level,
measured externally for the CB methods or directly on the ribs for the RD method, to express
it as a chest compression. The predicted locations of rib fractures were also assessed with the
model. The GHBMC-HBM predicted locations of rib fractures based on a plastic strain failure
criterion embedded in the cortical bone material model definition. Element erosion occurred
during the simulation when the plastic strain criterion was exceeded, and elements were
virtually removed, leading to discontinuity of the rib. For the purpose of this study, the failed
elements were identified using a post-processing software (LS-PrePost software (LSTC, 2018)
was used to locate the eroded elements, which indicated potential rib fractures predicted by the
GHBMC-HBM.

Displacements of the GHBMC-HBM vertebral bodies (thoracic vertebrae T1, T6, T11,
and the lumbar vertebra L3), and of the pelvis center of gravity were tracked in the coronal
plane to capture the occupant whole-body kinematics, similarly to methodology described by
Shaw et al. (2014). A consistent spine curvature, namely a consistent relative lateral distance
between the vertebrae, was described by Kaneko et al. (2007) as a potential metric that
correlates with chest compression in a lateral impact. For the purpose of this thesis, the
GHBMC-HBM spine curvature measurements focused on the time of the maximum chest
compression, which occurred between 40 and 50 ms. Chest compression and VC responses
were compared to measured trends of displacements of the spine and pelvis to verify the
observations from Kaneko et al. (2007) on the decrease of chest compression values when

consistent spine curvature was maintained during the crash (Kaneko et al. 2007).

6.2 Results

6.2.1 Interaction with tSAB Depending on Arm Position Predicted by the UW-
HBM

As previously demonstrated in Chapters 4 and 5, for belted occupants without the tSAB the

chest compression and VC increased for the vertical arm position (+140% relative increase for

maximum chest compression, and +428% for VCmax) compared to the driving position.
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Predicted rib fracture locations followed the arm alignment with the torso. For the horizontal
arm position, the HBM predicted the potential for rib fractures at the costovertebral joints.
Three rib fracture locations were predicted at the rib angles for the horizontal arm position, for
ribs 2 and 5 (Fig.6.6a). For the vertical arm position, fracture locations at the rib angles were
predicted at nine locations (Fig. 6.6b). The predicted contused lung volume also increased with
the arm in the vertical position (Fig.6.6). When the arm was aligned with the torso, contused
volume of the right lung increased by as much as 90% (from 13-18% to nearly 30% volume).
Contused left lung volumes exceeded 70% for both arm positions, indicating risk of onset of
the acute respiratory distress syndrome. However, it is acknowledged that for such high impact

severity, based on level of thorax deformation, the lung contusion criterion sensitivity may be

compromised.

Figure 6.6: Predicted locations of rib fractures, left view, and contused lung pattern: (a)

horizontal, and (b) vertical arm position.

After adding the tSAB to the analysis, the arm position was identified as a dominant
effect for chest deflection measured at all three rib levels, and for the maximum overall chest
deflection and VCmax (Fig.6.7). The effect of the tSAB pressure on the predicted occupant
response (D in Fig. 6.7) was less evident than the effect of arm position (A in Fig.6.7). With
the higher SAB pressure, the maximum chest deflection increased by approximately 9% and
the VCmax by 15%, for the considered SAB locations and occupant pre-crash positions. Due
to the aggressive nature of the impact, total volume of contused lungs remained above 40% for

all load cases, indicating an elevated risk of onset of acute respiratory distress syndrome
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regardless of the tSAB configuration. With the tSAB located in the shoulder and upper thoracic
region, contused lung volume increased by 30% compared to tSAB location in the lower
thoracic and abdominal region.

Chest deflection (mm)

*A *A *A *A

CcD
-30 -10 10 30 50 30 10 10 30 50 -30 -10 10 30 50 -30 -10 B&)o 30 50

BC

Viscous Criterion (m/s)

A A * A *A
D ®D ecC
D ecC *D
c cD
bl 05 0 05 1 -1 -0.5 BO 0.5 1 -1 -0.5 0 0.5 1 A 0.5 BB 05 1
BC B
BD BC
rib 4 rib 6 rib 8 maximum

Figure 6.7: Normal plots of the effects at each rib level and maximum overall value, for
the UW-HBM model chest deflection response (upper row) and the Viscous Criterion
(lower row). Magnitude of the effect plotted on the abscissa for each metric,

distinguishable effect marked in red.

Analysis of marginal means plots demonstrated interactions between the tSAB location
and pressure (CD and BD). The interactions were the most pronounced at the level of rib 6 for
both the chest deflection and VVC, which could explain lack of a distinguishable effect at the
level of rib 6 (Fig.6.7). The magnitude of the effects associated with each factor was different

between the maximum overall values and the three rib levels.
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The tSAB performance was dependent on the occupant arm position. While for the
vertical arm position finding a combination of tSAB pressure and location that either did not
increase or even reduced the occupant response was possible, for the horizontal arm position
all considered combinations of tSAB settings increased the predicted occupant injury response
(+200% for the maximum chest deflection, +340% for VCmax) (Fig. 6.8). For the horizontal
arm position (labeled as ‘H’ in Fig.6.8), the reference scenario without a SAB (‘H no SAB’)
was compared to the tSAB location that resulted in the lowest maximum chest deflection and
VCmax (‘H with SAB (reduced)’), and to the SAB location that resulted in the highest
maximum chest deflection and VCmax values (‘H with SAB (increase)’) (Fig.6.8).

Chest deflection (mm) Viscous Criterion (m/s)
150 2.5
120 20
1.5
a0
1.0
60
i I T I
., mi (1 . mh (] |
rib 4 rib 6 rib 8 rib 4 rib 6 rib 8
m H with SAB (reduced) M HnoSAB MH with SAB (increase) W H with SAB (reduced) ®HnoSAB ™ H with SAB (increase)

Figure 6.8: UW-HBM response at three rib levels for the horizontal arm position (H),
with a tSAB combination that reduced (green) and increased (red) the injury metrics

with respect to a case with no tSAB (gray).

For the vertical arm position (labeled as ‘V’ in the graphs, Fig.6.9), the reference
scenario without a tSAB (‘V no SAB’) was compared to the tSAB location that resulted in the
lowest maximum chest deflection and VCmax (‘V with SAB (reduced)’), and to the tSAB
location that resulted in the highest maximum chest deflection and VCmax values (‘V with
SAB (increase)’) in the parametric study. Differences between the reference case (no tSAB)
and the case with the highest maximum chest deflection and VCmax were less pronounced

than in case of the horizontal arm position.
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Chest Deflection (mm) Viscous Criterion (m/s)

150 2.5
120 2.0
1.5

90
1.0
30 0.0

rib 4 rib 6 rib 8 rib 4 rib 6 rib 8
mV with SAB (reduced) ®mV noSAB WV with SAB (increase) BV with SAB (reduced) MV noSAB BV with SAB (increase)

Figure 6.9: UW-HBM response at three rib levels for the vertical arm position (V), with
a tSAB combination that reduced (green) and increased (red) the injury metrics with
respect to a case with no tSAB (gray).

The contribution of the (A) arm position, (B) longitudinal location of the tSAB, and
(C) vertical location of the tSAB to the occupant response was assessed in detail in a full
factorial experiment. Factors that contributed more than 5% to the differences in responses
amongst the eight experimental runs were marked in red in the normal plots of the effects (Fig.
6.10). For the maximum chest deflection, the highest change in response was attributed the
arm position (66%), vertical position of the tSAB (25%), and the interaction between the two
(7%) (Fig. 6.10a). For the VCmax, contribution of the vertical tSAB location was the most
pronounced (42%), followed by the arm position (32%), and interaction between the two
factors (17%) (Fig.6.10b). The number of predicted rib fracture locations was affected by the
arm position (62%), followed by the interaction between the arm position and vertical location
of the tSAB (16%), and finally the vertical location of the tSAB (11%) (Fig.6.10c). While the
predicted contused left lung volume demonstrated noticeable sensitivity to interaction between
the arm position and longitudinal location of the tSAB (50%), vertical tSAB location (28%),
and interaction between the two (13%), the contused right lung volume was affected almost
exclusively by the arm position (89%) (Fig.6.10d). Regardless of the tSAB location (B -
longitudinal, C — vertical in Fig. 6.10), the vertical arm position led to approximately 60%

more potential rib fractures than the horizontal arm position (average for the horizontal arm
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position: 11 locations of eroded rib elements, range 7-12, for the vertical arm position: 17

locations of eroded rib elements, range 17-18 fractures).

(a) Maximum chest deflection (mm) (b) VCmax (m/s)
* A *C
®C * A

¢ AC + AC

(c) Number of left rib fractures (#) (d) Contused right lung volume (%o)
*A * A
4B
* AC

Figure 6.10: Normal plots of the effects, magnitude of the effect plotted on the abscissa
for each of the metrics, distinguishable effects marked in red.

An interaction between the arm position and tSAB location (AB) was highlighted for
the contused left lung volume (Fig. 6.11a), although the effect was not clearly distinguishable
on other plots. No interaction between the arm position and tSAB location was found for the
contused right lung volume response, which was expected. An interaction between the arm
position and tSAB vertical location (AC) was also predicted for the chest deflection measured
at the level of rib 6 (Fig.6.11b), which was even more evident for the VC response at the level
of rib 6 (Fig.6.11c) and reflected also by the number of predicted rib fractures locations
(Fig.6.11d).
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Figure 6.11: Marginal means plots visualizing mean factor effects of two-factor
interactions predicted by the UW-HBM.

6.2.2 Interaction with tSAB Depending on Arm Position Predicted by the
GHBMC-HBM

The pre-crash position altered the GHBMC-HBM response measured as chest compression,
VC, and spine kinematics. For an unbelted case without a tSAB (-B-tSAB), the arm in a vertical
position (aV) led to a relative 205% increase of chest compression, compared to the driving
arm position (from 16 to 33%). While for the driving arm position the tSAB led to a +75%
relative increase of the chest compression, for the vertical arm position the tSAB reduced the
chest compression, from 30.2% to 25.8% (lower CB, Fig.6.12). The VC trends were
comparable to the chest compression response. When no tSAB was fitted in the vehicle, arm
in the vertical position led to a 205% relative increase of VCmax (Table 6.4). With the tSAB,
the vertical arm position reduced the VCmax response from 1.38 m/s to 1.21 m/s (relative
reduction of 14%), which still remained above the threshold value of 1.0 for the VC (Fig.6.12).

113



(a) (b)

Chest compression Viscous Criterion (m/s)

Y

30% 7 1.5

20%

Z _
é | Z
10% é 0.5
é ,//
0% 7 0.0 A
upper CB middle CB lower CB upper CB middle CB lower CB
aD-B-tSAB aD-B+tSAB f4aV-B-tSAB M aV-B+tSAB aD-B-tSAB aD-B+tSAB f4aV-B-tSAB W aV-B+tSAB

Figure 6.12: Thoracic side airbag (tSAB) effect for a driving (aD) versus vertical (aV)
arm position for an unbelted occupant, measured at three chest band (CB) levels: (a)
chest compression, and (b) Viscous Criterion (VC). The highest increase in chest
compression and VC due to vertical arm position indicated by arrows. Injury criteria

threshold values marked with a red dashed line.

Table 6.4: Maximum chest compression and Viscous Criterion results (aD = arms in
driving position, aV = arms in vertical position, -B = unbelted, +B = belted, -tSAB =
without tSAB, +tSAB = with tSAB deployed) normalized with respect to injury criteria
thresholds.

aD-B aD-B aD+B aD+B aVv-B aVv-B
scenario code -tSAB +tSAB -tSAB +tSAB -tSAB +tSAB
Compression 21.2% 27.4% 24.6% 26.8% 32.9% 31.4%

Compression

) 0.62 0.81 0.73 0.79 0.97 0.93
normalized
\VC

) 0.76 1.05 0.95 0.96 1.38 1.21
normalized
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6.2.3 GHBMC-HBM Spine Kinematics Change Due to Arm Position and
Restraints Configuration

For the spine kinematics, the smallest overall lateral translation was observed for the unbelted
occupant with no tSAB and arms in the driving position (Fig.6.13, aD-B-tSAB), For the driving
arm position, when the tSAB was present, the overall lateral translation values increased for
all vertebrae and the spine curvature changed more during the impact event. The spine initially
translated laterally and vertebrae formed almost a straight line between pelvis centre of gravity
(CG) and T1 (Fig.6.13, aD-B+tSAB, 40ms). At 60 ms the upper body interacted with the
intruding door (Fig.6.13, aD-B+tSAB, 60ms), increasing relative lateral translation between
L3-T11-T6 vertebrae, and causing a change in curvature of the spine, namely change of relative

lateral translation between vertebrae.

20ms 40ms 60ms 75ms

pelvis CG

{
r

Figure 6.13: Kinematics and visualization of spine tracking of the GHBMC-HBM
during the lateral MDB impact. Unbelted, no tSAB, vertical arm position case (aV-B-
tSAB).

Similarly, an increase of relative translation between L3-T11-T6 vertebrae during the
crash was observed for the vertical arm position with no tSAB (Fig.6.14, aV-B-tSAB), in
addition to an overall increased translation compared to the driving position. For the vertical
arm position when the tSAB was present (Fig.6.14, aV-B+tSAB), the change of spinal
curvature during the crash was reduced, compared to aV-B-tSAB.
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Figure 6.14: Spine kinematics (T1, T6, T11, L3, and pelvis) for four unbelted cases: drive
no thoracic side airbag (tSAB), drive with tSAB, vertical no tSAB, vertical with tSAB.
Vertical distance was measured from the ground, lateral distance from body centerline
(0 at time=0).

In terms of spine kinematics, the unbelted case with no tSAB predicted the smallest
overall lateral translation values compared to other restraint configurations for the driving arm
position (Fig.6.15). With the seatbelt and no tSAB, although the overall lateral translation
values increased for all the vertebrae, the spine curvature remained consistent during the
impact event. The relative displacement between T1 and T6, and T11 and L3, was more
pronounced in the belted case, compared to the unbelted case. When the tSAB was present, the
seatbelt had very little effect on the predicted response, and both the overall lateral translation
values and relative translation between vertebrae were similar between the belted and unbelted
tSAB configurations (Fig.6.15; aD-B+tSAB and aD+B+tSAB). For the belted occupants,
while the L3 and pelvis CG overall lateral translations were comparable between the cases with
tSAB and without tSAB, the tSAB reduced the change in spinal curvature during the crash
event (Fig.6.15; aD+B+tSAB).
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Figure 6.15: Spine kinematics (T1, T6, T11, L3, and pelvis) for driving arm position cases
and different restraint combinations: unbelted no tSAB, unbelted with tSAB, belted no

tSAB, and belted with tSAB. Vertical distance was measured from the ground, lateral

distance from body centerline (0 at time=0).

6.2.4 Side Restraint Combination Effect Assessed with Two Chest Compression

Measurement Methods

When no tSAB was fitted in the vehicle, the maximum chest compression measured with rib-

deflection (RD) method did not change when the seatbelt was incorporated (20% for both

cases) and the deformation pattern was not affected (Fig.6.16). However, the chest band (CB)

method predicted an increase of the maximum chest deflection value from 16% to 25%

(Fig.6.16) and overall increase of chest compression along the thorax.
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Figure 6.16: Chest compression for unbelted and belted configurations without the tSAB,

measured with RD and CB methods.
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The GHBMC-HBM predicted more fracture locations (8-9) in the belted, no tSAB
case than in the unbelted, no tSAB (4 fracture locations), corresponding to an increased chest
compression measured with the CB method. Most of the elements eroded in the vicinity of
posterior ends of ribs 9-11 on the left side of the thorax, indicating the highest probability of
rib fracture in that area. For the belted case, clusters of eroded elements were predicted in the
upper anterior section on the left side of the thorax (ribs 5-6), and in lower anterior section on
the right side of the thorax (ribs 7-9), following the seatbelt path (Fig.6.17).

(@) (b)
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Figure 6.17: Rib fracture locations for the: (a) unbelted, no tSAB, (b) belted, no tSAB.
Frontal and lateral view of the GHBMC-HBM ribcage post-crash. Eroded elements

marked as black solid.

When the tSAB was fitted in the vehicle, the CB method demonstrated no change in
chest compression values and chest compression pattern between belted and unbelted
configurations with the tSAB (less than 1% change). In contrast, the RD method demonstrated
a decrease in chest compression values for the belted occupant (from 24% to 19%). The
maximum chest compression was predicted at the upper CB level (rib 8) for both belted and
unbelted configurations with tSAB (Fig. 6.18). When the tSAB was deployed, the belted case
predicted fewer fracture locations in the vicinity of the belt compared to the unbelted case

(Fig.6.19). The presence of the seatbelt reduced the number of predicted rib fracture locations
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from 11 to 6-7, and maximum chest compression predicted by RD method was reduced from
24% to 19%.

Unbelted, tSAB Belted, tSAB
Chest compression Chest compression
0% 10% 20% 30% 0% 10% 20% 30%
rib 4 riba
ribe ribe
W rib deflection M chest bands HErib deflection B chest bands

Figure 6.18: Chest compression values for unbelted and belted configurations with the
tSAB, measured with RD and CB methods on the GHBCM-HBM.

Figure 6.19: Rib fracture locations for the: (a) unbelted, no tSAB, (b) belted, no tSAB.
Frontal and lateral view of the GHBMC-HBM ribcage post-crash. Eroded elements
marked as black solid.
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6.3 Discussion

The pre-crash arm position effect for the UW-HBM responses was observed to dominate over
the tSAB location and tSAB maximum pressure. Positioning the arm in the load path, namely
the vertical arm position, increased injury metrics in terms of maximum chest deflection,
VCmax, number of predicted rib fractures and predicted contused lung volume. When no tSAB
was present, the vertical arm position increased maximum chest compression by 140% and
VCmax by 428% higher compared to the horizontal arm position. The predicted contused lung
volume was in agreement with chest deflection and VC metrics, increasing when the arm was
located in the load path.

A slight reduction of the injury metrics was observed for the bottom SAB locations,
where it could provide coverage for the lower torso and push the arm away from the load path.
The least desired SAB position for both the horizontal and vertical arm positions was in the
shoulder and upper torso area, where the deploying SAB would rotate and push the arm
towards the torso.

The GHBMC-HBM demonstrated sensitivity to the pre-crash position of the arm,
which was more pronounced (+106% relative increase of the maximum chest compression)
than the effect of different combinations of the restraint systems (+75%). In general, the
vertically positioned arm in the load path increased the injury metrics, which was in agreement
with the earlier findings summarized in Chapters 4 and 5. Importantly, the current study also
included a thoracic side airbag (tSAB), which had not previously been investigated.

When the tSAB was fitted in the vehicle, the CB chest compression magnitudes and
patterns for the unbelted and belted configurations were comparable. The maximum CB chest
compression was predicted at the upper CB level for both the belted and unbelted
configurations with tSAB. In contrast, with the RD method the maximum chest compression
for the unbelted occupant was evenly distributed across ribs 46, while for the belted occupant
the maximum chest compression occurred at the level of ribs 8 and 9 only (Table 6.5).

Research on frontal impacts has demonstrated advantages of measuring chest
deflection at multiple locations rather than at a few discrete locations (Kemper, 2016), but very
few such investigations have been conducted for side impacts. This study demonstrated that
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discrete RD measurement locations at the level of ribs 4-8, corresponding to locations of the
side-impact ATD ribs, did not capture maximum chest compression locations when they
occurred at the level of ribs 9 and10. Incorporating more measurement locations enabled an
identification the effect of restraint combinations that was not possible using only the three
discrete locations. For example, while adding the tSAB increased the maximum chest
compression values for the unbelted occupant, it also distributed the load, and therefore the

chest compression, more evenly over the torso.

Table 6.5: Effect of the restraints on chest compression for the two measurement

methods
Compared _ )
_ ) Chest-band method Rib-deflection method

configurations
Seatbelt increased chest

-B-tSAB and on (largest . Seatbelt had no effect on chest
compression (largest increase: from

+B-tSAB P J compression.
16% to 25%).

Seatbelt reduced chest compression
-B+tSAB and  Seatbelt had no effect on chest )
(largest reduction: from 24% to

+B+tSAB compression.
19%).

Frontal impact studies have also demonstrated that ATD-based metrics implemented
in the HBM were less sensitive to different restraint settings than PMHS-based and tissue level
predictions, such as CB deflection and rib strain distribution (Danelson 2015). The current
study verified Danelson’s observation, but for side-impact scenarios, demonstrating increased
sensitivity of the ATD-based metrics (RD method) when the tSAB was present, and increased
sensitivity of the HBM-based metrics (CB method) when no tSAB was present in the vehicle.

The response of the GHBMC-HBM was previously compared to PMHS responses by
Hayes et al. (2014) in a rigid-wall sled impact at 6.7 m/s. Deformation patterns of the chest

bands were comparable between the HBM and three PMHSs (Yoganandan and Pintar 1997)
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at the time of maximum loading. The differences between the peak compressions predicted by
the GHBMC HBM and the PMHSs varied between 6% and 14%, and Hayes (2014) attributed
these differences to the model material properties and differences in rib-cage geometry
between the model and the PMHSs. The GHBMC-HBM peak chest compression values
predicted by Hayes et al. (2014) were 28%, 26% and 20% for the upper, middle and lower
chest band, respectively. Chest compression values reported by Yoganandan and Pintar (1997)
were measured as 24% for the CB at the level of rib 8 (upper) and 16% for the CB at the level
of rib 10 (lower).

Anthropometric differences between occupants are yet another incentive to include
more measurement locations in the injury assessment. In the ATD the ribs are evenly spaced
and have the same breadth at all three levels, but in the human thorax the distances between
the left and right rib are shorter in the upper thorax (21 cm between apexes of the left and right
second rib, measured with the GHBMC-HBM), and greater in the lower thorax (29 cm between
left and right eighth rib, measured with the GHBMC-HBM), decreasing again for ribs 9-12.
Current side-impact occupant response assessment standards are based on the maximum ATD
rib deflection. For the ATD the location of the maximum rib deflection would not affect the
chest compression values, but in the human thorax the same magnitude of deflection would
yield different (fractional) compression values at different chest levels. Therefore, data should
be gathered at all the chest levels where the occupant body contacts the restraints and vehicle
interior. A comparison of the outcomes of both CB and RD response measurement methods
with use of an HBM would provide a better understanding of the restraint and interior design
outcomes for occupant safety than ATD testing alone.

The trends in spine kinematics, assessed using the findings of Shaw (2014) and Kaneko
(2007), were consistent with the chest compression and Viscous Criterion (VC) trends. An
increase in chest compression and VC was associated with changes in spine curvature during
the crash event (i.e. changing from initially straight to curved through interaction with the
intruding door). Both an increase in overall lateral displacement and change in the spine
curvature during the crash were consistent with the largest increase in chest compression and

VC values. Kaneko et al. (2007) in a simulation study with use of ATD models observed that
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reducing relative displacements between the vertebrae and ribs decreased chest deflection
values, and results of this study are consistent with these findings (Kaneko et al. 2007).

Assessment using lateral displacement of the thoracic spine correlated positively with
chest compression and the Viscous Criterion, with the benefit of evaluating the whole thorax
response, and provided a useful metric to compare occupant response for different side impact
safety systems.

In general, the presence of the thoracic tSAB reduced the chest compression values for
the vertical arm position and increased the injury metric values for the driving arm position,
for the impact case considered in this study. For configurations with the tSAB, the combined
effect of the seatbelt and tSAB reduced the predicted occupant response relative to the case
with a tSAB but no seatbelt. The increase in chest compression associated with the seatbelt
was related to the shoulder belt engaging the thorax at the location of the lower chest band
(CB), where the thorax is more compliant.

The thoracic side airbag was found to increase the chest compression for the driving
arm position (+70%), and reduced the injury metrics for the vertical arm position (-17%). It
was demonstrated that a tSAB can have both a negative effect and a positive effect on the
predicted injury response. For the considered set of parameters and boundary conditions, the
pre-crash position of the occupant was a predominant factor for both the UW-HBM and
GHBMC-HBM injury responses. One potential and important source of ambiguity in
epidemiological studies on tSAB effectiveness is the change in tSAB performance due to

occupant arm pre-crash arm position.

Limitations

The MDB-to-vehicle impact was a simplified representation of the vehicle-to-vehicle lateral
impact. The results and conclusions from this study were related to this specific scenario and
should not be extrapolated in general to the passenger vehicle fleet at the current level of
knowledge, but the results provide some important insight into the importance of vehicle safety
systems and interaction with the occupant. Limitations of the current study include considering

only one seat design and restraint system configuration. However, the seat model was validated
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with experimental data in a previous study (Watson and Cronin 2011, Campbell and Cronin
2014) and the aim of this study was to demonstrate that arm position could affect the occupant
response, rather than to optimize the safety systems for this specific side impact scenario. The
importance of this finding is that future research on side impact safety system optimization
should consider the effect of occupant posture and position.

Recent studies by Kemper (2013) and Park et al. (2016) have highlighted the
importance of biofidelic response of the occupant surrogate arm in side impact. Park et al.
proposed enhancements to the GHBMC M50 that could improve the biofidelity of the shoulder
area of this HBM, potentially leading to a change in chest deflection on the order of 5%
according to the study. However, these further improvements to the HBM are not expected to
change the general trends observed in the current study.

The design of the fractional factorial experiment also constituted a limitation of the
study. The two-factor interactions were aliased (Table 6.6) hindering the analysis of
interactions contribution to the occupant response. However, due to a significantly higher
effect of the arm position compared to any other main or interaction effects, for the purpose of
this study it was an acceptable compromise. The magnitude of the interaction between the arm
position and tSAB location was further examined in a full factorial experiment at the higher
tSAB pressure, revealing interactions at the level of rib 6 for the chest deflection, VVC, predicted
number of rib fracture locations, and volume of contused lungs. The specific location of the
interactions further highlights the importance of assessing thoracic response at multiple
locations and with use of different methods, beyond discrete locations and maximum values
implemented in current safety standards (NHTSA 2012).

Table 6.6: Two-factor interactions aliased due to the experimental design of the

fractional factorial experiment.

AB (arm and longitudinal tSAB location) CD (vertical tSAB location and pressure)

AC (arm and vertical tSAB location) BD (longitudinal tSAB location and pressure)
AD (arm and tSAB pressure) BC (longitudinal and vertical tSAB location)
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Chapter 7

Conclusions

This study contributes to the existing knowledge on side impact crash scenarios, demonstrating
the advantages of integrated numerical vehicle, restraint, and Human Body Models (HBMs)
for simulating and understanding occupant thorax response in the crash environment. The
benefits of numerical methods include a fully controlled crash environment that assures
repeatability and enables detailed parametric studies. This thesis focused on potential
contributors to conflicting data on the effectiveness of thoracic side airbags (tSABs) in reducing
injury. Four factors examined in this thesis included: 1) the capacity of occupant surrogates to
predict changes in measured response due to varying pre-crash parameters; 2) sensitivity of the
occupant surrogate to pre-crash parameters in different lateral impact scenarios; 3) influence
of the arm position on the effectiveness of tSABs; 4) importance of the occupant response
assessment method for predicted outcomes due to varying tSAB and seatbelt settings.

The occupant was modeled with three computational surrogates: a standard ES-2re
Anthropometric Test Device (ATD) finite element model, the University of Waterloo HBM
(UW-HBM), and the Global Human Body Models Consortium HBM (GHBMC-HBM). For
the vertical arm position, an increase of chest compression response was predicted by both
HBMs, and the ATD model was not sensitive to varying arm pre-crash orientation (<5%
relative change). The VCmax response of the ATD to varying door trim material properties
was higher than that of the UW-HBM, owing to a stiffer thorax and a shorter duration between
the maximum chest compression and maximum chest compression velocity, attenuated by soft
tissues in the UW-HBM. In contrast, the UW-HBM exhibited higher sensitivity to varying
door trim material properties in terms of chest compression (+27% relative maximum
increase), where the ATD chest compression change remained below 5%. A reduction of the
UW-HBM chest deflection at the level of rib 4 was observed with increasing Young’s modulus
and yield strength of the door trim material, since stiffer door trim properties led to higher
contact forces between the intruding door and occupant arm, altering the magnitude of upper
arm rotation during crash. Although the UW-HBM predicted potential interactions between
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the arm position and door compliance on chest compression, the magnitude of the effect was
very low (0-7mm) compared to the effect of arm position itself (83mm).

The UW-HBM predicted an increase of 2.5 times for chest compression (+140%) due
to the vertical arm position in the full vehicle scenario, higher than simplified tests such as the
rigid-wall sled impacts (+56-69%). Predicted VCmax and number of rib fracture locations
were in agreement with chest compression trends, increasing for the vertical arm position.
However, the lung contusion response was affected by deformation and load transfer between
hard and soft tissues throughout the entire occupant body and depended on the loading type.
The pendulum scenarios were relatively insensitive to the arm (-10 to +13% chest compression
change), and the UW-HBM confirmed previous observations on protective effect of the arm
in velocity-pulse low-severity pendulum impacts.

The effectiveness of a thoracic side airbag (tSAB) was dependent on the occupant pre-
crash position. Both HBMs predicted an increase of chest deflection and VC metrics at multiple
rib levels due to tSAB deployment for the driving arm position, and a decrease in metrics for
the vertical arm position. The pre-crash arm position was more dominant in terms of response
metrics compared to the effect of varying tSAB location and pressure for the UW-HBM, and
over the effect of any restraint combination for the GHBMC-HBM (+106% increase due to
vertical arm position, and +75% increase due to restraints). Lower tSAB locations were found
to provide coverage for the lower torso and push the arm away from the load path, and the least
desired tSAB position was in the shoulder and upper torso area, where the deploying tSAB
would rotate and push the arm towards the torso. Measurement of the spine curvature, namely
relative distances between vertebrae during the crash, demonstrated an increase of chest
deflection and VC metrics when the overall lateral displacement and change in the spine
curvature were the most pronounced, providing a useful metric to compare occupant responses
for different side impact safety systems.

Two methods for measuring thorax compression, Post-Mortem Human Surrogate
(PMHS) specific, or ATD specific, yielded contrasting results on tSAB and seatbelt
effectiveness, as evaluated using the GHBMC-HBM. HBMs provided an improved
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understanding of thoracic response, enabling a direct comparison of global, local (measured at
multiple rib levels), and tissue level responses.

This study demonstrated that the choice of occupant surrogate, ATD or HBM, to predict
changes in injury response affected the outcomes of parametric studies. Sensitivity of the
occupant surrogate response to pre-crash parameters was the highest in full vehicle impacts
compared to other lateral impact scenarios, and highlighted the importance of replicating real
crash conditions for research on further improvement of passive restraints. The arm position
of the HBM was observed to affect the effectiveness of tSABs, demonstrating a potential for
improvement of occupant safety with multiple pre-crash positions included in vehicle
compliance testing. Finally, the HBMs enabled an identification of the effect of restraint
combinations beyond the three discrete locations, providing evidence that the effect of passive

restraints could be dependent on occupant response assessment method

7.1 Recommendations and Future Work

Future studies should focus on optimization of side restraint systems with HBMs, based on
additional insight into the thorax deformation pattern, spine kinematics and change of
curvature during impact, and prediction of locations of rib fractures and potential injury to
internal organs. A parametric numerical verification of the occupant interaction with safety
restraints and vehicle interior in a full vehicle impact would be a beneficial supplement to the
physical component-level lateral sled or pendulum impacts. Different impact velocities should
be investigated to ensure that the predicted trends for restraint effectiveness follow for higher
and lower severity impacts. Additional impact scenarios (impact angle, MDB bumper height)
and the effect of occupant position (fore/aft) coupled with arm position for occupant response
should be considered. The effect of the arm position should be investigated for rotations in
both sagittal and coronal plane, and verified for different door and armrest designs in addition
to inflatable restraints (side airbags). Future investigations should consider the interaction of
the pelvis and seat to enhance the model validation, and investigation of other HBMs, body

anthropometries and postures.
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Appendix A

Supplementary figures for Chapter 4

Two-level interactions between the door trim material properties were assessed through

marginal means plots (Montgomery 2012) of chest deflections predicted at three rib levels of

the ATD (Fig. A.1). Sensitivity of the ATD model to the parametric changes was very low,

and responses predicted for different combinations of the door material properties were

returning similar responses. The similarity of the responses was reflected by overlapping

results of chest deflection predicted in runs with different door material properties.
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Figure A.1l: Marginal means plots visualizing mean factors effects and two-factor

interactions between the Young’s modulus, density, and yield strength, predicted by the

ATD at the three rib levels.
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Figure A.2: Comparison of chest deflection time histories of the UW-HBM and ATD at

three rib levels.
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Figure A.3: Comparison of Viscous Criterion time histories of the UW-HBM and ATD

at three rib levels.

150



Table A.1: Chest deflection and VVC response on different chest band levels. Base — baseline material properties. Low — lower

boundary for material properties. High — upper boundary for material properties.

defl max
[mm]
up
mid
low

VC max
[m/s]
up
mid
low

defl max
[mm]

up

mid

low

VC max
[m/s]
up
mid
low

Arm position
ATD
vertical = driving horizontal| vertical
49 50 52 79
40 43 43 123
48 42 43 134
ATD
vertical =~ driving horizontall| vertical

0.90 111 1.12 0.90
1.00 1.56 1.42 1.62
0.84 0.77 0.79 1.69

Young’s modulus

ATD
low base high low
51 50 50 62
43 43 42 38
45 42 40 48
ATD
low base high low
1.06 111 1.01 0.70
1.34 1.56 1.38 0.32
0.93 0.77 0.70 0.50

HBM

driving horizontal

66
38
49

HBM

47
46
51

driving horizontal

0.67
0.25
0.29

HBM

base
66
38
49

HBM
base
0.67
0.25
0.29

0.32
0.27
0.30

high
56
37
49

high
0.69
0.27
0.34
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defl max
[mm]
up
mid
low

VC max
[m/s]
up
mid
low

defl max
[mm]
up
mid
low

VC max
[m/s]
up
mid
low

low
51

43

low
1.03
1.53
0.89

low
52
45
41

low
1.14
1.51
0.91

Density
ATD
base high low
50 51 62
43 43 38
42 43 51
ATD
base high low
1.11 1.05 0.64
1.56 1.48 0.28
0.77 0.81 0.33

Yield strength

ATD

base high low
50 50 66
43 42 37
42 42 50

ATD

base high low

111 1.06 0.76

1.56 1.47 0.30

0.77 0.77 0.44

HBM
base
66
38
49

HBM
base
0.67
0.25
0.29

HBM
base
66
38
49

HBM
base
0.67
0.25
0.29

high
55
36
42

high
0.67
0.33
0.46

high
52
35
39

high
0.59
0.35
0.43



Table A.2: Correlation ratings on three rib levels: d — driving position, h — horizontal position, v — vertical position. Base —

baseline material properties, low — lower boundary for material properties, high — upper boundary for material properties.

deflection
correlation
up

mid

low

\'/¢
correlation
up
mid
low

deflection
correlation
up

mid

low

VvC
correlation
up
mid
low

Arm position

ATD HBM
d-v d-h h-v d-v d-h h-v
0.95 0.97 0.89 0.85 0.85 0.76
0.92 0.98 0.87 0.55 0.90 0.64
0.93 0.99 0.94 0.64 0.95 0.69

ATD HBM
d-v d-h h-v d-v d-h h-v
0.93 0.96 0.90 0.90 0.71 0.68
0.84 0.97 0.85 0.60 0.85 0.65
0.85 0.96 0.88 0.64 0.97 0.65

Young modulus
ATD HBM
base-low base-high high-low |base-low base-high high-low

1.00 0.99 1.00 0.95 0.93 0.97
1.00 1.00 1.00 0.97 0.99 0.99
0.97 0.97 0.94 0.95 0.99 0.95

ATD HBM

base-low base-high high-low [[base-low base-high high-low

0.99 0.98 0.97 0.93 0.84 0.90
0.95 0.93 0.98 0.94 0.98 0.95
0.93 0.94 0.88 0.92 0.92 0.91
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deflection
correlation

up

mid

low

VvC
correlation
up
mid
low

deflection
correlation

up

mid

low

VvC
correlation
up
mid
low

Density
ATD
base-low base-high high-low
1.00 0.98 0.99
1.00 0.99 1.00
0.99 1.00 0.99
ATD

base-low base-high high-low

HBM
base-low base-high high-low
0.96 0.92 0.95
0.99 0.94 0.95
0.95 0.96 0.92
HBM

base-low base-high high-low

0.98 0.98 0.99 0.93 0.70 0.83
1.00 0.99 0.99 0.98 0.91 0.92
0.97 0.97 1.00 0.97 0.55 0.73
Yield strength
ATD HBM
base-low base-high high-low [base-low base-high high-low
0.97 0.99 0.97 0.92 0.90 0.98
0.96 0.99 0.95 0.94 0.93 0.99
0.97 1.00 0.97 0.96 0.95 0.99
ATD HBM
base-low base-high high-low [base-low base-high high-low
0.96 0.98 0.94 0.99 0.69 0.77
0.98 0.97 0.96 0.98 0.91 0.94
0.98 0.98 0.99 0.88 0.81 0.83
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