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applications in wide-scale injury prediction or vehicular design optimization.

DEDICATION
I’d like to dedicate this thesis to my parents, Chad and Brenda Berthelson, and my sisters,
Summer and Heather Berthelson. Thanks for always supporting me. You’re the real ones.

ii

ACKNOWLEDGEMENTS
This material is based upon work supported by ERDC under Contract No. W912HZ-17-C0021. Any opinions, findings and conclusions or recommendations expressed in this material are
those of the author(s) and do not necessarily reflect the views of the ERDC. Public release;
distribution unlimited. I’d also like to acknowledge the Center for Advanced Vehicular Systems
(CAVS) at Mississippi State University for their support.
I would like to acknowledge the members of my Master’s committee. I’d like to give a
huge thanks to our collaborators at the University of Buffalo, Dr. Souma Chowdhury and Payam
Ghassemi, for their continued assistance throughout this project on anything and everything related
to surrogate modeling. I’d also like to thank John Wood for helping with automating data
acquisition and George Stubblefield for the early-stage finite element modeling guidance.
Additionally, I’d like to thank Dr. Yucheng Liu, Dr. Mark Horstemeyer, and our collaborators at
Cardiff University, Dr. Michael Jones and Ahmed Al-Graitti, for their guidance and mentorship
throughout the various stages of this project. Finally, I’d like to thank my major advisor, Dr. Raj
Prabhu, for the endless support and guidance throughout the last four years. Thanks for taking a
shot on me and giving me so many wonderful opportunities.

iii

TABLE OF CONTENTS
DEDICATION ................................................................................................................................ ii
ACKNOWLEDGEMENTS ........................................................................................................... iii
LIST OF TABLES ......................................................................................................................... vi
LIST OF FIGURES ...................................................................................................................... vii
CHAPTER
I.

INTRODUCTION .............................................................................................................1

II.

METHODOLOGY ............................................................................................................6
Finite Element Modeling ...................................................................................................8
Injury Metric Analysis .......................................................................................................9
Mathematical Surrogate Modeling ..................................................................................16

III.

RESULTS ........................................................................................................................20
Head Injury Risk..............................................................................................................20
Neck Injury Risk..............................................................................................................33

IV.

DISCUSSION..................................................................................................................46
Head Injury Risk Assessment ..........................................................................................46
Neck Injury Risk Assessment ..........................................................................................53

V.

CONCLUSIONS .............................................................................................................64

VI.

FUTURE WORK ............................................................................................................66

REFERENCES ..............................................................................................................................68
APPENDIX
A.

DESIGN OF EXPERIMENTS ........................................................................................75

B.

FE MODELING METHODOLOGY ..............................................................................79
iv

Vehicle Model .................................................................................................................80
Moving Deformable Barrier Model.................................................................................82
Human Body Model ........................................................................................................84
Contacts and Simulation Setup ........................................................................................90
C.

RESPONSE SURFACES FOR NECK INJURY METRIC COMPONENTS ................91

v

LIST OF TABLES
Table 2.1

Force and Moment Critical Intercept Values for Nij Normalization .............11

Table 2.2

Force and Moment Critical Intercept Values for Nkm Normalization...........13

Table 2.3

Force and Moment Critical Intercept Values for Lateral Nij Normalization .15

Table 2.4

Head and Neck Injury Risk Metric Data Sets ................................................17

Table 2.5

Optimum Surrogate Models Yielded by COSMOS for Occupant Head Injury
Risk .................................................................................................................18

Table 2.6

Optimum Surrogate Models Yielded by COSMOS for Occupant Neck Injury
Risk .................................................................................................................19

Table A.1 Design of Experiments ...................................................................................76
Table B.1 Material Properties of Vehicle Components ..................................................82
Table B.2 Material Properties of MDB Components ......................................................83
Table B.3 Viscoelastic Material Properties of THUMS Head and Neck Components ...85
Table B.4 Elastic and Plastic Material Properties of THUMS Head and Neck
Components ....................................................................................................85
Table B.5 Material Properties of Nahum Impactor Components....................................89

vi

LIST OF FIGURES
Figure 2.1

Coupled FE-Mathematical Surrogate Modeling Methodology ...................7

Figure 2.2

Orientation of Forces and Moments for Nij Calculation ...........................11

Figure 2.3

Orientation of Forces and Moments for Nkm Calculation ........................13

Figure 2.4

Orientation of Forces and Moments for Lateral Nij Calculation ...............15

Figure 2.5

Orientation of Impact Location and Angle of Impact Input Variables ......16

Figure 3.1

Influence of Impact Velocity on the Peak Head Injury Risk for the
Driver’s Side and the Passenger’s Side Impacts ........................................21

Figure 3.2

Influence of Impact Velocity on the Range of Injurious Impact Scenarios
for the Driver’s Side and the Passenger’s Side Impacts ............................22

Figure 3.3

Influence of Impact Velocity on the Peak Head Injury Risk for the Front
and the Rear Impacts ..................................................................................23

Figure 3.4

Influence of Impact Velocity on the Range of Injurious Impact Scenarios
for the Front and the Rear Impacts ............................................................24

Figure 3.5

Influence of Impact Location on the Peak Head Injury Risk for the
Driver’s Side and the Passenger’s Side Impacts ........................................25

Figure 3.6

Influence of Impact Location on the Range of Injurious Impact Scenarios
for the Driver’s Side and the Passenger’s Side Impacts ............................26

Figure 3.7

Influence of Impact Location on the Peak Head Injury Risk for the Front
and the Rear Impacts ..................................................................................27

Figure 3.8

Influence of Impact Location on the Range of Injurious Impact Scenarios
for the Front and the Rear Impacts ............................................................28

Figure 3.9

Influence of Angle of Impact on the Peak Head Injury Risk for the
Driver’s Side and the Passenger’s Side Impacts ........................................29

Figure 3.10

Influence of Angle of Impact on the Range of Injurious Impact Scenarios
for the Driver’s Side and the Passenger’s Side Impacts ............................30
vii

Figure 3.11

Influence of Angle of Impact on the Peak Head Injury Risk for the Front
and the Rear Impacts ..................................................................................31

Figure 3.12

Influence of Angle of Impact on the Range of Injurious Impact Scenarios
for the Front and the Rear Impacts ............................................................32

Figure 3.13

Effects of Impact Velocity on the Nij Response of the Front Impacts ......34

Figure 3.14

Effects of Impact Location on the Nij Response of the Front Impacts ......35

Figure 3.15

Effects of Angle of Impact on the Nij Response of the Front Impacts ......36

Figure 3.16

Effects of Impact Velocity on the Nkm Response of the Rear Impacts ....37

Figure 3.17

Effects of Impact Location on the Nkm Response of the Rear Impacts ....38

Figure 3.18

Effects of Angle of Impact on the Nkm Response of the Rear Impacts ....39

Figure 3.19

Effects of Impact Velocity on the Lateral Nij Response of the Driver’s
Side Impacts ...............................................................................................40

Figure 3.20

Effects of Impact Location on the Lateral Nij Response of the Driver’s
Side Impacts ...............................................................................................41

Figure 3.21

Effects of Angle of Impact on the Lateral Nij Response of the Driver’s
Side Impacts ...............................................................................................42

Figure 3.22

Effects of Impact Velocity on the Lateral Nij Response of the Passenger’s
Side Impacts ...............................................................................................43

Figure 3.23

Effects of Impact Location on the Lateral Nij Response of the Passenger’s
Side Impacts ...............................................................................................44

Figure 3.24

Effects of Angle of Impact on the Lateral Nij Response of the Passenger’s
Side Impacts ...............................................................................................45

Figure 4.1

Low Velocity Occupant Kinematic Response ...........................................48

Figure 4.2

High Velocity Occupant Kinematic Response ..........................................48

Figure 4.3

Front Impact Occupant Kinematic Response ............................................55

Figure 4.4

Rear Impact Occupant Kinematic Response..............................................57

Figure 4.5

Driver’s Side Impact Occupant Kinematic Response ................................60

Figure 4.6

Passenger’s Side Impact Occupant Kinematic Response ..........................61
viii

Figure B.1

Schematic of Vehicle Components ............................................................81

Figure B.2

Schematic of MDB Components ...............................................................83

Figure B.3

Schematic of THUMS Head and Neck Components .................................84

Figure B.4

Original THUMS Flesh Deformation Under High Velocity .....................87

Figure B.5

Validation of New Flesh Material..............................................................89

Figure C.1

Effects of Impact Velocity on the Ntf Response of the Front Impacts ......92

Figure C.2

Effects of Impact Velocity on the Nte Response of the Front Impacts .....93

Figure C.3

Effects of Impact Velocity on the Ncf Response of the Front Impacts .....94

Figure C.4

Effects of Impact Velocity on the Nce Response of the Front Impacts .....95

Figure C.5

Effects of Impact Location on the Ntf Response of the Front Impacts .....96

Figure C.6

Effects of Impact Location on the Nte Response of the Front Impacts .....97

Figure C.7

Effects of Impact Location on the Ncf Response of the Front Impacts .....98

Figure C.8

Effects of Impact Location on the Nce Response of the Front Impacts ....99

Figure C.9

Effects of Angle of Impact on the Ntf Response of the Front Impacts....100

Figure C.10

Effects of Angle of Impact on the Nte Response of the Front Impacts ...101

Figure C.11

Effects of Angle of Impact on the Ncf Response of the Front Impacts ...102

Figure C.12

Effects of Angle of Impact on the Nce Response of the Front Impacts ..103

Figure C.13

Effects of Impact Velocity on the Nfa Response of the Rear Impacts ....104

Figure C.14

Effects of Impact Velocity on the Nfp Response of the Rear Impacts ....105

Figure C.15

Effects of Impact Velocity on the Nea Response of the Rear Impacts ....106

Figure C.16

Effects of Impact Velocity on the Nep Response of the Rear Impacts ....107

Figure C.17

Effects of Impact Location on the Nfa Response of the Rear Impacts ....108

Figure C.18

Effects of Impact Location on the Nfp Response of the Rear Impacts ....109

Figure C.19

Effects of Impact Location on the Nea Response of the Rear Impacts ...110

Figure C.20

Effects of Impact Location on the Nep Response of the Rear Impacts ...111
ix

Figure C.21

Effects of Angle of Impact on the Nfa Response of the Rear Impacts ....112

Figure C.22

Effects of Angle of Impact on the Nfp Response of the Rear Impacts ....113

Figure C.23

Effects of Angle of Impact on the Nea Response of the Rear Impacts....114

Figure C.24

Effects of Angle of Impact on the Nep Response of the Rear Impacts ...115

Figure C.25

Effects of Impact Velocity on the Ntl Response of the Driver’s Side
Impacts .....................................................................................................116

Figure C.26

Effects of Impact Velocity on the Ntr Response of the Driver’s Side
Impacts .....................................................................................................117

Figure C.27

Effects of Impact Velocity on the Ncl Response of the Driver’s Side
Impacts .....................................................................................................118

Figure C.28

Effects of Impact Velocity on the Ncr Response of the Driver’s Side
Impacts .....................................................................................................119

Figure C.29

Effects of Impact Location on the Ntl Response of the Driver’s Side
Impacts .....................................................................................................120

Figure C.30

Effects of Impact Location on the Ntr Response of the Driver’s Side
Impacts .....................................................................................................121

Figure C.31

Effects of Impact Location on the Ncl Response of the Driver’s Side
Impacts .....................................................................................................122

Figure C.32

Effects of Impact Location on the Ncr Response of the Driver’s Side
Impacts .....................................................................................................123

Figure C.33

Effects of Angle of Impact on the Ntl Response of the Driver’s Side
Impacts .....................................................................................................124

Figure C.34

Effects of Angle of Impact on the Ntr Response of the Driver’s Side
Impacts .....................................................................................................125

Figure C.35

Effects of Angle of Impact on the Ncl Response of the Driver’s Side
Impacts .....................................................................................................126

Figure C.36

Effects of Angle of Impact on the Ncr Response of the Driver’s Side
Impacts .....................................................................................................127

Figure C.37

Effects of Impact Velocity on the Ntl Response of the Passenger’s Side
Impacts .....................................................................................................128

x

Figure C.38

Effects of Impact Velocity on the Ntr Response of the Passenger’s Side
Impacts .....................................................................................................129

Figure C.39

Effects of Impact Velocity on the Ncl Response of the Passenger’s Side
Impacts .....................................................................................................130

Figure C.40

Effects of Impact Velocity on the Ncr Response of the Passenger’s Side
Impacts .....................................................................................................131

Figure C.41

Effects of Impact Location on the Ntl Response of the Passenger’s Side
Impacts .....................................................................................................132

Figure C.42

Effects of Impact Location on the Ntr Response of the Passenger’s Side
Impacts .....................................................................................................133

Figure C.43

Effects of Impact Location on the Ncl Response of the Passenger’s Side
Impacts .....................................................................................................134

Figure C.44

Effects of Impact Location on the Ncr Response of the Passenger’s Side
Impacts .....................................................................................................135

Figure C.45

Effects of Angle of Impact on the Ntl Response of the Passenger’s Side
Impacts .....................................................................................................136

Figure C.46

Effects of Angle of Impact on the Ntr Response of the Passenger’s Side
Impacts .....................................................................................................137

Figure C.47

Effects of Angle of Impact on the Ncl Response of the Passenger’s Side
Impacts .....................................................................................................138

Figure C.48

Effects of Angle of Impact on the Ncr Response of the Passenger’s Side
Impacts .....................................................................................................139

xi

CHAPTER I
INTRODUCTION

The widespread impact of motor vehicle-induced injury has led to increased interest in
understanding the biomechanical phenomena behind trauma as a means of improving vehicular
design and optimization. In 2018, the World Health Organization (WHO) reported an annual 1.35
million deaths and up to 50 million injuries due to motor-vehicle accidents (World Health
Organization 2018). Injuries to the central nervous system (CNS), comprised of the brain and
spinal cord, are especially noteworthy, as damage to this network is very difficult to repair and
requires extended rehabilitation (Horner and Gage 2000). While there have been attempts at
artificially promoting neuronal repair post-injury (Bareyre 2008; Horner and Gage 2000; Xu et al.
2011), there is a need for better preventative measures and, therefore, a greater understanding of
how the CNS responds to trauma. Of the total cases of CNS injury reported in the United States
annually, 14% of traumatic brain injuries (TBI) (Taylor et al. 2017) and 40% of spinal cord injuries
(National Spinal Cord Injury Statistical Center 2017) are the result of motor vehicle accidents.
This high injury incidence has led to the development of a variety of testing methodologies and
injury criteria to better understand the mechanisms behind vehicular trauma.
There are approximately 2.8 million reported cases of traumatic brain injury (TBI) in the
United States, alone, each year, with vehicular impacts being one of the leading modalities (Taylor
et al. 2017). To combat this, a variety of injury metrics have been developed to better assess injury
1

risk and severity. The most commonly used metric, head injury criterion (HIC), measures head
injury risk as a factor of prolonged linear acceleration within the center of gravity (CG) of the head
(Versace 1971). HIC has been adopted by the National Highway Traffic Safety Administration
(NHTSA) as the standard for head injury risk analysis; however, a variety of other metrics have
been developed to investigate the effects of other phenomena acting on the brain during a traumatic
event. Brain injury criterion (BrIC), for example, utilizes rotational velocities to determine the risk
of inducing TBI (Takhounts et al. 2013). Overall, these advancements in human-centric
automotive research (both experimental and computational) have already led to downward trends
in the occurrence of motor vehicle accident-related TBI cases (Taylor et al. 2017).
Additionally, crash-induced injury to the neck is most commonly caused by rapid
acceleration-deceleration events, often referred to as “whiplash” (Spitzer et al. 1995). Whiplash
injuries can vary in severity from acute short-term pain to chronic bone or soft tissue damage,
known as whiplash associated disorders (WAD) (Pastakia and Kumar 2011; Spitzer et al. 1995).
This whiplash mechanism is often closely tied to rear-end collisions (Berglund et al. 2002; Holm
et al. 2008); showing significantly decreased incidence from lateral or frontal impacts (Berglund
et al. 2002). While manufacturers continue to optimize and improve safety features within
commercial vehicles, there has been an increased frequency in whiplash and WADs over the past
30 years (Holm et al. 2008). In addition to whiplash injuries, more severe crash-induced neck
injuries may be the result of fracture or dislocation of the vertebrae or some form of soft tissue
damage; the latter of which may lead to compromising the structural integrity of the spinal cord
(Cusick and Yoganandan 2002). These injuries commonly occur physiologically in the upper and
lower segments of the cervical spine (Cusick and Yoganandan 2002; Daffner et al. 2006), with the
upper regions often housing injuries due to an application of forces to the skull atlanto-occipital
2

junction (Cusick and Yoganandan 2002). Injuries induced in the lower areas of the cervical spine
are typically caused by forces directly impacting the vertebrae or adjacent segments of the spine
and are the most likely to cause varying degrees of quadriplegia (Cusick and Yoganandan 2002;
Yoganandan et al. 1989).
As a means of better investigating these phenomena, computational modeling is often used
in place of cadaveric or dummy testing for vehicular impact-based injury biomechanics analysis
to replicate potentially dangerous or unviable impact scenarios. To this end, several computational
human body models (HBM) have been created and validated to simulate the response of a human
body under extreme conditions. These include isolated head models, such as the Simulated Injury
Monitor (SIMon) head model (Takhounts et al. 2003, 2008); isolated neck models (Danelson et al.
2009; Fice, Cronin, and Panzer 2011; Panzer and Cronin 2009; Panzer, Fice, and Cronin 2011);
dummy models, such as the Hybrid III (Noureddine, Eskandarian, and Digges 2002) and Test
Device for Human Occupant Restraint (THOR) (Canha, Dimasi, and Tang 2000); and fully
biofidelic human body models, such as the Total Human Model for Safety (THUMS) (Iwamoto et
al. 2002, 2003, 2007) and Global Human Body Models Consortium (GHBMC) model (Gayzik et
al. 2011, 2012). Previous studies have used these HBMs to investigate injuries to various regions
of the human body, with increased emphasis on injuries to the head, neck, and thoracic regions,
under a variety of crash orientations (front, rear, driver’s side, passenger’s side, rollover, and
pedestrian impacts). For neck injury analysis, FE HBMs have also been employed to analyze
injuries induced by safety and restraint systems (Cusick and Yoganandan 2002; Robertson et al.
2002). For example, the effectiveness of seat belts and variations in belt placement have both been
investigated using FE HBMs (Danelson et al. 2009; Mroz et al. 2010). Danelson et al. (Danelson
et al. 2009), in particular, noted that seat belts that rest lower on the shoulder of the occupant have
3

a lower chance of causing undesired loading to the neck and, more specifically, the carotid artery
than the traditionally high belt placement seen in many commercial vehicles. FE models have been
utilized to design more effective seats and headrests within vehicles, as these designs have been
directly linked to neck injury risk and severity (Kitagawa, Yasuki, and Hasegawa 2006, 2008;
Sevagan et al. 2013). Other studies have used FE human body models to look more broadly at how
various changes in the crash scenario, such as impact velocity or crash orientation, affect potential
head and neck injury (Deng et al. 2013, 2014; Mattos et al. 2015). These crash orientation variables
are especially important in understanding how crash scenarios effect the human body, as whiplash
and other cervical spinal injuries tend are primarily caused under rear-collision scenarios (Bazarian
et al. 2004; Holm et al. 2008).
Occasionally, studies have used mathematical surrogate modeling to supplement the data
obtained from experimentation. This allows for an expansion of the desired output data across a
full domain of input variables; given the demonstrably lower computational cost of these surrogate
models compared to the higher order FE simulations. These response surfaces have previously
been applied toward both vehicular design optimization for crashworthiness (Cadete, Dias, and
Pereira 2005; Fang, Solanki, and Horstemeyer 2004a; Hamza and Saitou 2005; Moustapha et al.
2014; Simpson et al. 2001) and injury response analysis for motor-vehicle collision scenarios
(Chakravarthy 2016; Nie et al. 2013; Tay, Moradi, and Lankarani 2014; Wimmer et al. 2015). The
latter application has allowed for more thorough analyses of the causes of injury across a wider
array of input variables. However, these studies are limited in scope; specifically, with regards to
the crash orientation variables (impact location and angle of impact) as, to the author’s best
knowledge, these methods have only been applied toward the analysis of pedestrian (Nie et al.
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2013; Wimmer et al. 2015) and front (Chakravarthy 2016; Tay, Moradi, and Lankarani 2014)
impact scenarios.
Overall, it is necessary to better understand the effects of crash variables, such as impact
velocity, impact location, and angle of impact, as well as the interactions between these variables,
on the injury response of the occupant’s head and neck across collisions with all sides of the
vehicle. The current body of work indicates that both higher impact velocity and locational
proximity to the occupant generally lead to increased injury risk (Jurewicz et al. 2016). However,
these studies have not encompassed all potentially hazardous crash orientations (impact locations
and angles of impact) and impact velocities. A few studies have analyzed the effects of impact
velocity on head and neck injury risk; however, they all only investigate these changes to one
impact orientation (Chakravarthy 2016; Deng et al. 2013, 2014; Mattos et al. 2015; PelenyteVyšniauskienŷ and Jurkauskas 2007). To the author’s knowledge, there is no analysis on the
effects of the interactions between the velocity, location, and angle of impact on injury risk. A
comprehensive study to quantify patterns of injury risk across impacts to all sides of the vehicle
would allow for a better understanding of occupant head and neck injury for the entire range of
input values; specifically, for impact velocities from 10 mph to 45 mph, any impact location along
the exterior vehicular surfaces, and angles of impact from -45° to 45°.

5

CHAPTER II
METHODOLOGY

Figure 2.1 summarizes the coupled FE-mathematical surrogate modeling approach used to
assess the occupant head and neck injury risk due to vehicular impact scenarios. First, FE car crash
simulations were generated to obtain acceleration data from the center of gravity (CG) of the head
as well as force and moment data from the C1 vertebra of the HBM. Head and neck injury risk
metrics were then calculated from this data and used to train surrogate models; from which,
response surfaces were created to predict head and neck injury risk across the full range of impact
velocities, impact locations, and angles of impact.

6

Figure 2.1

Coupled FE-Mathematical Surrogate Modeling Methodology

7

Finite Element Modeling

All vehicular impact scenarios were created and simulated using LS-DYNA software
(LSTC, Livermore, CA, USA). This study used a full-scale FE model of a 1996 Dodge Neon that
was created by the United States National Crash Analysis Center (A. Zaouk, Marzougui, and
Bedewi 2000) and modified by Fang et al. (Fang et al. 2005) and Horstemeyer et al. (Horstemeyer
et al. 2009). The version 4 adult male 50th percentile THUMS (Iwamoto et al. 2002, 2003, 2007)
was seated within the driver’s seat of the vehicle and restrained by a three-point seat belt. A moving
deformable barrier (MDB) model, created by Fang et al. (Fang, Solanki, and Horstemeyer 2004a),
was used as the impacting vehicle in all collision scenarios. This barrier model, previously used in
a number of crashworthiness studies (Deng et al. 2013, 2014, Fang, Solanki, and Horstemeyer
2004b, 2004a; Horstemeyer et al. 2009; Potula et al. 2012), is based on National Highway Traffic
Safety Administration (NHTSA) specifications (National Highway Traffic Safety Administration
1999) and contains a deformable, aluminum, honeycomb face with a rigid chassis (Fang, Solanki,
and Horstemeyer 2004a; Horstemeyer et al. 2009). Following the completion of all FE simulations,
in-house Python scripts were used to obtain resultant linear acceleration data from the CG of the
head of the THUMS, as well as various forces and moments from the C1 vertebra of the THUMS
for each impact scenario. These included peak axial loads (tension and compression), sagittal plane
bending moments (flexion and extension), lateral plane bending moments (left and right), and
sagittal plane shear forces (anterior and posterior), depending on which side of the vehicle was
impacted.

8

Injury Metric Analysis

HIC15 was used to determine the head injury risk for the occupant in each impact scenario.
HIC, which measures head injury risk as a factor of prolonged linear acceleration (Henn 1998), is
the standard head injury risk metric used by NHTSA for 50th percentile male test subjects
(Eppinger et al. 1999, 2000). Equation 1 (Versace 1971) was used to calculate the HIC values for
each crash scenario

𝐻𝐼𝐶 = 𝑚𝑎𝑥 {(𝑡2 − 𝑡1 ) [𝑡

𝑡

1

2 −𝑡1

(𝑡1 ,𝑡2 )

2
∫𝑡 𝑎(𝑡)𝑑𝑡]
1

2.5

}

(1)

where a was the resultant linear acceleration (g) measured from the CG of the occupant’s head and
(𝑡2 − 𝑡1 ) was the injurious time duration (ms) with limits between 15 ms (HIC15) and 36 ms
(HIC36) (Eppinger et al. 1999; Versace 1971). This study used the lower limit of 15 ms for all HIC
calculations, as specified by NHTSA standards (Eppinger et al. 1999, 2000).
The HIC15 values were then converted to a percentage risk for a head injury exceeding the
threshold for an Abbreviated Injury Scale (AIS) level 3, or “serious” (Mackay 2007), injury as
these are most commonly associated with TBI (Carroll et al. 2010). Equation 2 (National Highway
Traffic Safety Administration 2008) was used to calculate the injury risk

𝑙𝑛(𝐻𝐼𝐶15 )−7.45231

𝐼𝑛𝑗𝑢𝑟𝑦 𝑅𝑖𝑠𝑘 (𝐴𝐼𝑆 3 +) = ∅ (

where ø represented a cumulative normal distribution.
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0.73998

)

(2)

For the assessment of the neck injury risk, multiple injury metrics were necessary, as
impacts to different sides of the vehicle most likely resulted in varied injury modalities. For
impacts to the front of the vehicle, the neck injury criteria (Nij) was used to evaluate the injury
risk. This metric is the current standard risk assessment criteria used by the National Highway
Traffic Safety Administration (NHTSA) for 50th percentile test subjects (Eppinger et al. 1999).
Equation 3 (Eppinger et al. 1999) was used to calculate Nij in each front impact scenario

𝑁𝑖𝑗 =

𝐹𝑍
𝐹𝑖𝑛𝑡

+

𝑀𝑌
𝑀𝑖𝑛𝑡

(3)

where FZ was the axial force (N) and MY was the sagittal plane bending moment (Nm); measured
from the top of the cervical spine. Additionally, Fint and Mint, shown in Table 2.1, were the critical
intercept values for the force and moment, respectively; used for normalization (Eppinger et al.
1999). As intercept values for the THUMS have not yet been evaluated, this study used those
proposed for the Hybrid III 50th percentile model (Eppinger et al. 1999), as previous THUMSbased studies have done before (Mattos et al. 2015; Untaroiu and Putnam 2016).
Nij represents four loading cases within the cervical spine: tension-flexion (Ntf), tensionextension (Nte), compression-flexion (Ncf), and compression-extension (Nce) (Eppinger et al.
1999). The assumed orientations for the axial (tension and compression) forces and sagittal plane
bending moments (flexion and extension) are shown in Figure 2.2. All four Nij component values
were calculated for each front impact scenario, and the peak Nij component value was collected
as the “Maximum Nij” for each crash case. A performance limit of 1, representing a 22% chance
of contracting an injury equivalent to that of the AIS level 2+, was used, as specified by NHTSA
standards for impact analysis (Eppinger et al. 1999; Parr et al. 2012).
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Table 2.1

Force and Moment Critical Intercept Values for Nij Normalization
Loading Case

Intercept Value

Fint (Tension)

6810 N

Fint (Compression)

6160 N

Mint (Flexion)

310 Nm

Mint (Extension)

136 Nm

(Eppinger et al. 1999)

Figure 2.2

Orientation of Forces and Moments for Nij Calculation

The tension and compression axial force values were assumed to be in the positive and negative
z-axis orientations, respectively. The flexion and extension sagittal plane bending moments were
assumed to be in the positive and negative y-axis orientations, respectively.
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While useful for the analysis of neck injury risk in front impact scenarios, Nij does not
sufficiently assess for the injury mechanisms most closely associated with low speed rear impacts
(Linder et al. 2000). For these, Nkm was developed to better account for sagittal plane shear forces,
a primary factor in rear impact neck injury (K. U. Schmitt et al. 2002; Yang et al. 1997). Equation
4 (K. U. Schmitt et al. 2002) was used to calculate Nkm for the rear impact scenarios

𝐹

𝑀

𝑁𝑘𝑚 = 𝐹 𝑋 + 𝑀 𝑌
𝑖𝑛𝑡

𝑖𝑛𝑡

(4)

where FX was the sagittal plane shear force (N) and MY was the sagittal plane bending moment
(Nm); measured from the top of the cervical spine. Additionally, Fint and Mint were the critical
intercept values used to normalize the shear forces and bending moments, respectively; shown in
Table 2.2Error! Reference source not found. (K. U. Schmitt et al. 2002). Like Nij, Nkm
represents four loading cases: flexion-anterior shear (Nfa), extension-anterior shear (Nea), flexionposterior shear (Nfp), and extension-posterior shear (Nep) (K. U. Schmitt et al. 2002). The
assumed orientations of the sagittal plane shear forces (anterior and posterior) and sagittal plane
bending moments (flexion and extension) are shown in Figure 2.3. All four component values
were calculated for each rear impact scenario, and the peak component value for each case was
collected as the “Maximum Nkm”. A performance limit of 1 was once again used as the injury
threshold (K. U. Schmitt et al. 2002).
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Table 2.2

Force and Moment Critical Intercept Values for Nkm Normalization
Variable

Intercept Value

Fint (Anterior/Posterior Shear)

845 N

Mint (Flexion)

47.5 Nm

Mint (Extension)

88.1 Nm

(K. U. Schmitt et al. 2002)

Figure 2.3

Orientation of Forces and Moments for Nkm Calculation

The anterior and posterior shear force values were assumed to be in the positive and negative xaxis orientations, respectively. The flexion and extension moments were assumed to be in the
positive and negative y-axis orientations, respectively.
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For lateral (driver’s side or passenger’s side) impacts, a modified version of Nij was used
to account for lateral plane bending moments rather than sagittal plane bending moments. The
equation for this injury metric, called Lateral Nij, is given in Equation 5 (Soltis 2001)

𝐹

𝑀

𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝑁𝑖𝑗 = 𝐹 𝑍 + 𝑀 𝑋
𝑖𝑛𝑡

𝑖𝑛𝑡

(5)

where FZ was the axial force (N) and MX was the lateral plane bending moment (Nm) (Soltis 2001);
measured from the top of the cervical spine. Again, Fint and Mint were the force and moment critical
intercept values used for normalization, shown in Table 2.3. Lateral Nij represents four loading
cases: tension-left lateral (Ntl), tension-right lateral (Ntr), compression-left lateral (Ncl), and
compression-right lateral (Ncr). The assumed orientations of the axial forces (tension and
compression) and lateral moments (left and right) are shown in Figure 2.4. All four components
were calculated for each driver’s side and passenger’s side impact scenario, and the greatest
component value for each case was collected as the “Maximum Lateral Nij”. Lateral Nij, once
again, used a performance limit of 1 as the injury threshold (Soltis 2001).
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Table 2.3

Force and Moment Critical Intercept Values for Lateral Nij Normalization
Variable

Intercept Value

Fint (Tension)

6810 N

Fint (Compression)

6160 N

Mint (Left)

60 Nm

Mint (Right)

60 Nm
(Soltis 2001)

Figure 2.4

Orientation of Forces and Moments for Lateral Nij Calculation

The tension and compression axial force values were assumed to be in the positive and negative
z-axis orientations, respectively. The left and right lateral plane bending moments were assumed
to be in the positive and negative x-axis orientations, respectively.
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Mathematical Surrogate Modeling

Three impact variables were selected to cover the broadest possible range of car crash
scenarios: (1) impact velocity, (2) impact location, and (3) angle of impact. The impact velocity
(mph) variable, ranging from 10 mph – 45 mph, determined the velocity at which the MDB struck
the Dodge Neon model in each scenario. The impact location (°) variable, ranging from 0° - 360°,
determined the location at which the MDB collided with the vehicle. This value was assigned
radially from the center of the vehicle starting with the front-passenger’s side corner of the vehicle
(0°) and moving counter-clockwise, as shown in Figure 2.5. Lastly, the angle of impact (°)
variable, ranging from -45° to 45°, determined the direction at which the MDB moved as it
impacted the vehicle. The orientation of this variable is also shown in Figure 2.5.

Figure 2.5

Orientation of Impact Location and Angle of Impact Input Variables

The impact location variable was oriented radially; moving counter-clockwise from the frontpassenger’s side corner of the vehicle (0°). The angle of impact variable ranged from -45° to 45°,
rotating with the MDB as the impacted side of the vehicle changed.
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Latin Hypercube Sampling (LHS), a random uniform sampling approach, was used to
create an initial test matrix of 60 vehicular impact cases. To improve the accuracy of the surrogate
models, an additional 37 cases were added to the regions that indicated the greatest injury risk.
Following the completion of the FE simulation and data collection procedures, the head injury
metric (HIC15) data from all 97 simulations was sorted into four groups: (1) front impacts, (2)
driver’s side impacts, (3) rear impacts, and (4) passenger’s side impacts. The neck injury metric
data was also sorted by the impacted side of the vehicle; however, the four side-based groups
(front, driver’s side, rear, and passenger’s side) were each further divided into 5 sub-groups: four
injury metric components and the maximum metric. For example, the front impacts were subdivided into the following groups: (1) Ntf, (2) Nte, (3) Ncf, (4) Nce, and (5) Maximum Nij.
Between the head and neck injury risk results, a total of 24 data sets were created from the FE
simulation results, as shown in Figure 2.4.

Table 2.4

Head and Neck Injury Risk Metric Data Sets

Surrogate Models

Front Impacts
HIC15
Maximum
Nij
Ntf
Nte
Ncf
Nce

Driver’s Side
Impacts
HIC15
Maximum
Lateral Nij
Ntl
Ntr
Ncl
Ncr

Rear Impacts
HIC15
Maximum
Nkm
Nfa
Nea
Nfp
Nep
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Passenger’s Side
Impacts
HIC15
Maximum
Lateral Nij
Ntl
Ntr
Ncl
Ncr

The Concurrent Surrogate Model Selection (COSMOS) (Chowdhury, Ghassemi, and
Mehmani 2017; Mehmani et al. 2018) framework was then used to select the best suited surrogate
modeling techniques for predicting injury risk across the entire range of impact variable inputs in
each of the 24 data sets. This framework uses model uncertainty measures given by the Predictive
Estimation of Model Fidelity (PEMF) approach (Mehmani, Chowdhury, and Messac 2015) to
automate the selection of model type, kernel function type, and hyper-parameter values (Mehmani
et al. 2018). The selection process operates on a pool of models, including various configurations
of Radial Basis Functions, Kriging, Support Vector Regression, and Artificial Neural Network
models. For this study, Kriging models were determined to best represent the FE simulation data
and were trained using the DACE Kriging (Lophaven, Nielsen, and Sondergaard 2002)
implementation. To best capture how each variable influenced the injury risk, separate Kriging
models were trained for impacts to each side of the vehicle; designed to predict the HIC15 and neck
injury metric (Nij, Nkm, or Lateral Nij) values in response to impact velocities from 10 mph to 45
mph, any impact location along the exterior of the vehicular surface, and angles of impact between
-45° and 45°. The selected models, kernel types, and predicted median errors of the models, in
terms of relative absolute error (RAE) given by PEMF, are listed in Tables 2.5 and 2.6 for head
and neck injury risk, respectively.

Table 2.5

Optimum Surrogate Models Yielded by COSMOS for Occupant Head Injury Risk
Impacted Side of
the Vehicle
Front
Driver’s Side
Rear
Passenger’s Side

Model
Type
Kriging
Kriging
Kriging
Kriging

Kernel
Linear
Spherical
Exponential
Exponential
18

Median
Error (%)
2.06
2.42
4.87
2.16

Table 2.6

Optimum Surrogate Models Yielded by COSMOS for Occupant Neck Injury Risk
Model Output

Ntf
Nte
Ncf
Nce
Maximum Nij
Ntl
Ntr
Ncl
Ncr
Maximum
Lateral Nij
Nfa
Nfp
Nea
Nep
Maximum Nkm
Ntl
Ntr
Ncl
Ncr
Maximum
Lateral Nij

Impacted Side
of the Vehicle
Front
Front
Front
Front
Front
Driver’s Side
Driver’s Side
Driver’s Side
Driver’s Side
Driver’s Side

Model
Type
Kriging
Kriging
Kriging
Kriging
Kriging
Kriging
Kriging
Kriging
Kriging
Kriging

Exponential
Spherical
Spherical
Spherical
Exponential
Gaussian
Gaussian
Gaussian
Gaussian
Exponential

Median
Error (%)
5.51
19.5
1.44
18.3
9.78
9.26
4.50
9.94
5.73
8.62

Rear
Rear
Rear
Rear
Rear
Passenger’s Side
Passenger’s Side
Passenger’s Side
Passenger’s Side
Passenger’s Side

Kriging
Kriging
Kriging
Kriging
Kriging
Kriging
Kriging
Kriging
Kriging
Kriging

Spherical
Exponential
Cubic
Linear
Exponential
Exponential
Linear
Spherical
Exponential
Spherical

3.64
9.22
5.22
9.60
9.60
4.82
1.98
4.36
2.18
2.16
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Kernel

RESULTS

Head Injury Risk

Figures 3.1 – 3.12 present HIC15 response surfaces, as well as the peak HIC15 and
associated AIS 3+ injury risk patterns, across all three input variables (impact velocity, impact
location, and angle of impact) for impacts with the driver’s side, passenger’s side, front, and rear
surfaces of the vehicle. Each set of response surfaces and peak injury patterns was obtained from
the trained surrogate models; derived from the THUMS-based FE car crash simulation response
data. Figures 3.1 – 3.2 illustrate the effects of impact velocity on the occupant head injury risk
response for the driver’s side and the passenger’s side impacts, while Figures 3.3 – 3.4 demonstrate
this trend for the front and rear impacts. Figures 3.1 and 3.3 represent the general trends; showing
the peak HIC15 values for any fixed impact velocity (10 – 45 mph). Figures 3.2 and 3.4 give the
complete response surfaces for fixed impact velocities (10, 27.5, and 45 mph) to demonstrate the
interactions between the impact location and angle of impact variables as the impact velocity
increased.
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Figure 3.1

Influence of Impact Velocity on the Peak Head Injury Risk for the Driver’s Side
and the Passenger’s Side Impacts

Peak HIC15 and associated AIS 3+ injury risk (%) at each impact velocity input (10 – 45 mph) for
impacts to the driver’s side and passenger’s side of the vehicle.
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Figure 3.2

Influence of Impact Velocity on the Range of Injurious Impact Scenarios for the
Driver’s Side and the Passenger’s Side Impacts

Full response surfaces for impact velocities of 10, 27.5, and 45 mph for impacts to the driver’s
side and passenger’s side of the vehicle.
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Figure 3.3

Influence of Impact Velocity on the Peak Head Injury Risk for the Front and the
Rear Impacts

Peak HIC15 and associated AIS 3+ injury risk (%) at each impact velocity input (10 – 45 mph) for
impacts to the front and rear of the vehicle.
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Figure 3.4

Influence of Impact Velocity on the Range of Injurious Impact Scenarios for the
Front and the Rear Impacts

Full response surfaces for impact velocities of 10, 27.5, and 45 mph for impacts to the front and
rear of the vehicle.

Similarly, Figures 3.5 – 3.8 demonstrate the influence of the impact location variable on
the occupant head injury risk response. Figures 3.5 – 3.6 present these effects for the driver’s side
and passenger’s side impacts, while Figures 3.7 – 3.8 show these trends for the front and rear
impacts. More specifically, Figures 3.5 and 3.7 present the overall trends based on the peak injury
24

risk produced at each fixed impact location, and Figures 3.6 and 3.8 represent the full response
surfaces at various fixed impact locations.

Figure 3.5

Influence of Impact Location on the Peak Head Injury Risk for the Driver’s Side
and the Passenger’s Side Impacts

Peak HIC15 and associated AIS 3+ injury risk (%) at each impact location input along the exterior
driver’s side and passenger’s side surfaces (from the front-most location to the rear-most location).
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Figure 3.6

Influence of Impact Location on the Range of Injurious Impact Scenarios for the
Driver’s Side and the Passenger’s Side Impacts

Full response surfaces for the front-most, center-most, and rear-most impact locations of the
exterior driver’s side and passenger’s side surfaces.
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Figure 3.7

Influence of Impact Location on the Peak Head Injury Risk for the Front and the
Rear Impacts

Peak HIC15 and associated AIS 3+ injury risk (%) at each impact location input along the exterior
front and rear surfaces (from the driver’s-most location to the passenger’s-most location).
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Figure 3.8

Influence of Impact Location on the Range of Injurious Impact Scenarios for the
Front and the Rear Impacts

Full response surfaces for the driver’s-most, center, and passenger’s-most impact locations of the
exterior front and rear surfaces.
Finally, Figures 3.9 – 3.12 illustrate the effects of the angle of impact variable on the injury
response, with Figures 3.9 – 3.10 focusing on the driver’s side and passenger’s side impacts and
Figures 3.11 – 3.12 assessing the front and rear impacts. Further, Figures 3.9 and 3.11 present the
trends of peak injury risk for every angle of impact (-45° to 45°), and Figures 3.10 and 3.12 show
the full response surfaces for various fixed angles of impact (-20°, 0°, and 20°).
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Figure 3.9

Influence of Angle of Impact on the Peak Head Injury Risk for the Driver’s Side
and the Passenger’s Side Impacts

Peak HIC15 and associated AIS 3+ injury risk (%) at each angle of impact input (-45° to 45°) for
impacts to the driver’s side and passenger’s side impacts.
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Figure 3.10

Influence of Angle of Impact on the Range of Injurious Impact Scenarios for the
Driver’s Side and the Passenger’s Side Impacts

Full response surfaces for angles of impact of -20°, 0°, and 20° for impacts to the driver’s side
and passenger’s side of the vehicle.
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Figure 3.11

Influence of Angle of Impact on the Peak Head Injury Risk for the Front and the
Rear Impacts

Peak HIC15 and associated AIS 3+ injury risk (%) at each angle of impact input (-45° to 45°) for
impacts to the front and rear of the vehicle.
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Figure 3.12

Influence of Angle of Impact on the Range of Injurious Impact Scenarios for the
Front and the Rear Impacts

Full response surfaces for angles of impact of -20°, 0°, and 20° for impacts to the front and rear
of the vehicle.
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Neck Injury Risk

Figures 3.13 – 3.24 present patterns of neck injury risk across variations in impact velocity
(10 – 45 mph), impact location, and angle of impact (-45° to 45°) for impacts to the front, rear,
driver’s side, and passenger’s side of the vehicle. All responses surfaces and peak neck injury
metric component patterns were generated from the trained Kriging surrogate models; based on
force and moment data obtained from the C1 vertebra of the THUMS in each FE car crash scenario.
Specifically, Figures 3.13 – 3.15 illustrate the effects of impact velocity, impact location, and angle
of impact on the Nij response for the impacts to the front of the vehicle. Figures 3.13a, 3.14a, and
3.15a present the influences of impact velocity, impact location, and angle of impact, respectively,
on each of the peak Nij component value responses, while Figures 3.13b-d, 3.14b-d, and 3.15b-d
show these effects on the full Maximum Nij response surfaces for a variety of front impact
scenarios.
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(a)

(c)

Figure 3.13

27.5 mph

(b)

10 mph

(d)

45 mph

Effects of Impact Velocity on the Nij Response of the Front Impacts

(a) Peak Nij component profiles (Ntf, Nte, Ncf, and Nce) for each impact velocity input (10 – 45
mph) for impacts to the front of the vehicle. (b-d) Maximum Nij response surfaces at impact
velocities of 10, 27.5, and 45 mph.
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(a)

(c)

Figure 3.14

Center

(b)

Driver’s-most

(d)

Passenger’s-most

Effects of Impact Location on the Nij Response of the Front Impacts

(a) Peak Nij component profiles (Ntf, Nte, Ncf, and Nce) for each impact location input along the
exterior front vehicular surface (from the driver’s-most location to the passenger’s-most location).
(b-d) Maximum Nij response surfaces for impact locations at the driver’s-most, center, and
passenger’s-most positions along the exterior front surface.
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(a)

(c)

0°

Figure 3.15

(b)

-20°

(d)

20°

Effects of Angle of Impact on the Nij Response of the Front Impacts

(a) Peak Nij component profiles (Ntf, Nte, Ncf, and Nce) for each angle of impact input (-45° to
45°) for impacts to the front of the vehicle. (b-d) Maximum Nij response surfaces for angles of
impact of -20°, 0°, and 20°.

Additionally, Figures 3.16 – 3.18 show the effects of each input variable on the Nkm
response for the rear impact scenarios. Figures 3.16a, 3.17a, and 3.18a represent the peak Nkm
component profiles across changing impact velocities, impact locations, and angles of impact,
respectively, and Figures 3.16b-d, 3.17b-d, and 3.18b-d illustrate their influences on the full
Maximum Nkm response surfaces for a variety of rear impact scenarios.
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(a)

(c)

Figure 3.16

27.5 mph

(b)

10 mph

(d)

45 mph

Effects of Impact Velocity on the Nkm Response of the Rear Impacts

(a) Peak Nkm component profiles (Nfa, Nfp, Nea, and Nep) for each impact velocity input (10 –
45 mph) for impacts to the rear of the vehicle. (b-d) Maximum Nkm response surfaces at impact
velocities of 10, 27.5, and 45 mph.
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(a)

(c)

Figure 3.17

Center

(b)

Driver’s-most

(d)

Passenger’s-most

Effects of Impact Location on the Nkm Response of the Rear Impacts

(a) Peak Nkm component profiles (Nfa, Nfp, Nea, and Nep) for each impact location input along
the exterior rear vehicular surface (from the driver’s-most location to the passenger’s-most
location). (b-d) Maximum Nkm response surfaces for impact locations at the driver’s-most, and
passenger’s-most positions along the exterior rear surface.
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(a)

(c)

0°

Figure 3.18

(b)

-20°

(d)

20°

Effects of Angle of Impact on the Nkm Response of the Rear Impacts

(a) Peak Nkm component profiles (Nfa, Nfp, Nea, and Nep) for each angle of impact input (-45°
to 45°) for impacts to the rear of the vehicle. (b-d) Maximum Nkm response surfaces for angles of
impact of -20°, 0°, and 20°.

Next, Figures 3.19 – 3.21 demonstrate the neck injury risk responses for the driver’s side
impacts, represented by Lateral Nij. Figures 3.19a, 3.20a, and 3.21a present the peak Lateral Nij
component patterns for any impact velocity, impact location, and angle of impact, respectively,
while Figures 3.19b-d, 3.20b-d, and 3.21b-d show the complete Maximum Lateral Nij response
surfaces for several rear impact scenarios.
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(a)

(c)

Figure 3.19

27.5 mph

(b)

10 mph

(d)

45 mph

Effects of Impact Velocity on the Lateral Nij Response of the Driver’s Side
Impacts

(a) Peak Lateral Nij component profiles (Ntl, Ntr, Ncl, and Ncr) for each impact velocity input (10
– 45 mph) for impacts to the driver’s side of the vehicle. (b-d) Maximum Lateral Nij response
surfaces at impact velocities of 10, 27.5, and 45 mph.
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(a)

(c)

Figure 3.20

Center

(b)

Front-most

(d)

Rear-most

Effects of Impact Location on the Lateral Nij Response of the Driver’s Side
Impacts

(a) Peak Lateral Nij component profiles (Ntl, Ntr, Ncl, and Ncr) for each impact location input
along the exterior driver’s side vehicular surface (from the front-most location to the rear-most
location). (b-d) Maximum Lateral Nij response surfaces for impact locations at the front-most,
center, and rear-most positions along the exterior driver’s side surface.

41

(a)

(c)

0°

Figure 3.21

(b)

-20°

(d)

20°

Effects of Angle of Impact on the Lateral Nij Response of the Driver’s Side
Impacts

(a) Peak Lateral Nij component profiles (Ntl, Ntr, Ncl, and Ncr) for each angle of impact input (45° to 45°) for impacts to the driver’s side of the vehicle. (b-d) Maximum Lateral Nij response
surfaces for angles of impact of -20°, 0°, and 20°.

Lastly, Figures 3.22 – 3.24 show the influence of each input variable on the Lateral Nij
response for the passenger’s side impacts. Figures 3.22a, 3.23a, and 3.24a present the peak Lateral
Nij component response trends due to changes in the impact velocity, impact location, and angle
of impact, respectively, and Figures 3.22b-d, 3.23b-d, and 3.24b-d demonstrate the interactions
between these variables through the full Maximum Lateral Nij response surfaces at a variety of
passenger’s side impact scenarios.
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(a)

(c)

Figure 3.22

27.5 mph

(b)

10 mph

(d)

45 mph

Effects of Impact Velocity on the Lateral Nij Response of the Passenger’s Side
Impacts

(a) Peak Lateral Nij component profiles (Ntl, Ntr, Ncl, and Ncr) for each impact velocity input (10
– 45 mph) for impacts to the passenger’s side of the vehicle. (b-d) Maximum Lateral Nij response
surfaces at impact velocities of 10, 27.5, and 45 mph.
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(a)

(c)

Figure 3.23

Center

(b)

Front-most

(d)

Rear-most

Effects of Impact Location on the Lateral Nij Response of the Passenger’s Side
Impacts

(a) Peak Lateral Nij component profiles (Ntl, Ntr, Ncl, and Ncr) for each impact location input
along the exterior passenger’s side vehicular surface (from the front-most location to the rear-most
location). (b-d) Maximum Lateral Nij response surfaces for impact locations at the front-most,
center, and rear-most positions along the exterior passenger’s side surface.
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(a)

(c)

Figure 3.24

0°

(b)

-20°

(d)

20°

Effects of Angle of Impact on the Lateral Nij Response of the Passenger’s Side
Impacts

(a) Peak Lateral Nij component profiles (Ntl, Ntr, Ncl, and Ncr) for each angle of impact input (45° to 45°) for impacts to the passenger’s side of the vehicle. (b-d) Maximum Lateral Nij response
surfaces for angles of impact of -20°, 0°, and 20°.
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DISCUSSION

This study presents response surfaces of occupant head and neck injury risk, derived from
THUMS-based FE simulation results, across variations in several vehicular impact input variables
(impact velocity, impact location, and angle of impact). Analysis of this range of input values
would typically require several hundred higher-order FE car crash simulations to effectively
capture the head and neck injury risk responses shown in Figures 3.1 – 3.24. However, the addition
of lower-order mathematical surrogate modeling techniques significantly reduced the number of
test cases and, in turn, saved valuable computational cost and time. This methodology allowed for
the generation of occupant head and neck injury risk response surfaces with minimal median RAE
(1.44 – 19.5%) for impact scenarios with a broad range of impact velocities (10 – 45 mph), impact
locations, and angles of impact (-45° to 45°).

Head Injury Risk Assessment

As presented in several previous studies (Deng et al. 2013; Jurewicz et al. 2016; Nie et al.
2013; Pelenyte-Vyšniauskienŷ and Jurkauskas 2007), there was a direct correlation between
impact velocity and head injury risk. This relationship, best demonstrated by Figures 3.1 and 3.3,
showed that as the impact velocity variable increased from 10 mph to 45 mph, there was a
46

nonlinear increase in peak HIC15 under all possible collision scenarios. For the impacts to the
driver’s side, passenger’s side, and front of the vehicle, this trend grew exponentially with a
pronounced increase from impact velocities between 25 mph and 35 mph. We assert that the
significant increase in injury risk within this range (25 – 35 mph) resulted from a shift in the
occupant’s kinematic response mechanism. This shift is illustrated by Figures 4.1 – 4.2. Below
this range (<25 mph), following the initial impact, the occupant’s body and head move together
toward the impact site with minimal flexion within the neck, as shown in Figure 4.1. However,
above this velocity range (>56.3 km/h), the occupant’s torso collided with internal vehicular
components (the driver’s side wall in the driver’s side impacts, and the seat belt in the passenger’s
side and front impacts) and was projected away from the impact site. This led to a severe bending
of the neck, as the occupant’s head moved toward the impact site, as shown in Figure 4.2. As the
body moved away from the impact site, the occupant’s head jerked toward the impact; resulting in
flexion within the neck. For the rear impacts, this bending is far less pronounced, preventing the
steep increase in head injury risk, as the occupant’s back is fully supported by the seat.
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Figure 4.1

Low Velocity Occupant Kinematic Response

Under low impact velocities, the contact between the occupant’s torso and the interior vehicle
components is not severe enough to result in any significant bending of the neck. To demonstrate
this, four snapshots of the THUMS are shown from a 10 mph driver’s side impact scenario.

Figure 4.2

High Velocity Occupant Kinematic Response

Under high impact velocities, the contact between the occupant’s torso and the interior vehicle
components is severe enough to project the occupant away from the impact site; resulting in a
significant bending of the neck as the occupant’s head travels toward the impact site. To
demonstrate this, four snapshots of the THUMS are shown from a 45 mph driver’s side impact
scenario.
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While the trends in the peak HIC15 response allow for easy pattern recognition for a single,
isolated input, these impact variables (impact velocity, impact location, and angle of impact) are
closely linked together and require a broader view of their interactions to understand their full
effects on occupant head injury risk. As such, Figures 3.2 and 3.4 demonstrate that increases to the
impact velocity also resulted in expansions to the ranges of potentially injurious impact locations
and angles of impact. To clarify, as the impact velocity increased from the lowest input value (10
mph) to the middle value (27.5 mph) to the highest value (45 mph), there was an expansion of high
HIC15 regions, represented by non-blue to red contour colors, across both the impact location and
angle of impact axes. Figure 3.2 shows that no impacts to the driver’s side of the vehicle at an
impact velocity of 10 mph resulted in HIC15 values greater than 81. As the impact velocity
increased to the middle value (27.5 mph), most impact locations and angles of impact resulted in
HIC15 values around 250 – 500. The most injurious scenarios at this velocity (HIC15 = 400 – 500)
were in closest proximity to the occupant with angles of impact from 9° to 31°. Finally, as the
impact velocity reached the highest value (45 mph), nearly all impact scenarios produced HIC 15
values exceeding 1000. For impacts to the passenger’s side of the vehicle, both the 10 mph and
27.5 mph impact velocities resulted in minimal HIC15 (<250) responses. At the highest velocity
value (45 mph), however, the HIC15 values peaked around 400 – 540 for scenarios in which the
impact was located nearest the center of the passenger’s side surface for angles of impact from 7°
to 42°. Additionally, there was a second region in this peak HIC15 range for impact locations
directly behind the occupant with a similar set of angles of impact (11° to 39°). For the impacts to
the front and rear of the vehicle [Figure 3.4], the overall peak HIC15 values were much lower than
those of the driver’s side and passenger’s side impacts. The front impacts produced no regions
exceeding HIC15 values of 100 in either the 10 mph or 27.5 mph impact velocity states. At the
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highest velocity (45 mph), there was a region of HIC15 greater than 300 for locations directly in
line with the occupant’s location with angles of impact from -39° to -45°. The impacts to the rear
of the vehicle also saw no HIC15 values greater than 100 at the lowest velocity value (10 mph);
however, the 27.5 mph impact velocity produced a small region of HIC15 approaching 100 for
impact locations nearest the occupant’s location with angles of impact around 15° to 45°. This
region remained the most injurious at the highest impact velocity (45 mph) with HIC15 values
approaching 300.
Like the impact velocity before, previous studies have explored a connection between the
impact location and occupant head injury risk (Jurewicz et al. 2016; Pelenyte-Vyšniauskienŷ and
Jurkauskas 2007). Our models showed that the greatest head injury risk resulted from impact
locations with the closest proximity to the occupant. Thus, the side of the vehicle that was impacted
was a significant determining factor in the overall injury risk, with the driver’s side impacts
generating much greater HIC15 responses than the impacts to the other sides of the vehicle. These
driver’s side impacts produced a peak AIS 3+ injury risk of 90.8% (HIC15 = 4611.7) [Figure 3.5].
After a severe drop-off in HIC15 output, the passenger’s side impacts peaked with an AIS 3+ injury
risk of 5.8% (HIC15 = 540.3) [Figure 3.5]; followed by the front impacts (1.8%, HIC15 = 368.2)
[Figure 3.7] and then the rear impacts (0.8%, HIC15 = 286.3) [Figure 3.7]. This general succession
from greatest to least injury risk (driver’s side > passenger’s side > front > rear) is consistent with
previously published results (Jurewicz et al. 2016). Additionally, for impacts to the front, rear, and
passenger’s side of the vehicle, the peak values occurred when the impact location was in closest
proximity to the driver. However, the driver’s side impacts produced peak injury risk when the
vehicle was struck directly behind the occupant; likely due to the lack of interior vehicle
components in this region that could absorb the impact energy before it reached the occupant. As
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the impact location and angle of impact were most closely linked, it was important to analyze their
interactions within the full response surfaces.
For impacts to the driver’s side of the vehicle [Figure 3.6], the greatest injury risk region
(HIC15 > 1000) was produced in all observed locations along the driver’s side surface (front-most,
center, and rear-most) with the center location resulting in the widest range of injurious impact
velocities and angles of impact. At this center location, the region of HIC15 exceeding 1000
resulted from impact velocities greater than 35 mph and angles of impact between -45° and 37°.
When the MDB struck the front-most or rear-most impact locations, however, this range of
injurious scenarios was reduced. For the front-most location, this high HIC15 region required a
significantly greater impact velocity (>43 mph) with similar angles of impact (-45° to 27°).
Conversely, the rear-most impact location produced major reductions in both the scope of
damaging impact velocities (>39 mph) and angles of impact (<15°) required to obtain this level of
injury risk. For the passenger’s side impacts [Figure 3.6], all three impact locations (front-most,
center, and rear-most) reached the highest level of HIC15 (HIC15 > 300) under the most severe
impact velocities (>41 mph) with direct (closest to 0°) angles of impact. For both the front and rear
impacts [Figure 3.8], the driver-most location produced high-HIC15 regions (HIC15 > 300) from
the greatest impact velocities (~ 45 mph). These highest-risk scenarios also required angles of
impact in which the MDB moved inward toward the center of the front/rear surfaces; represented
by negative angles for the front impacts and positive angles for the rear impacts. As the impact
location in the front impacts moved from the driver-most to the center and passenger-most
locations, the highest risk regions required similar impact velocities; however, the potentially
injurious angles of impact shifted from negative (<0°) to direct (closest to 0°) to positive (>0°).
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Contrarily, the high-risk region for the rear impacts saw very little change in the range of injurious
angle of impact as the impact location changed.
In contrast to the impact velocity and impact location variables, the angle of impact’s
influence on head injury risk did not follow an explicit pattern across impacts to all sides of the
vehicle. As shown in Figure 3.9, the impacts to the driver’s side produced the greatest injury risk
with negative angles of impact, peaking at -22°, while the passenger’s side impacts favored direct
impacts, peaking at 0°. Furthermore, the front and rear impacts both produced the greatest injury
risk when the MDB moved obliquely toward the passenger’s side of the vehicle; represented by
positive and negative angles of impact, respectively [Figure 3.11]. As such, the front impacts
peaked with an angle of impact of -39°, while the rear impacts peaked at 20°. Overall, except for
the passenger’s side impacts, oblique impacts generally produced higher injury risk than direct
impacts. The cause of this phenomenon is likely due to the impact location variable. For driver’s
side impacts, the most injurious scenarios were those in which the MDB struck directly behind the
occupant with a negative angle of impact (toward the occupant). This allowed the impact to strike
the occupant without the interference of the interior vehicular components that are housed toward
the front of the vehicle. For the front and rear impacts, the most injurious scenarios were those in
which the MDB struck the driver-most corner of the vehicle while moving obliquely inward
toward the center of the front/rear vehicular surfaces. For the passenger’s side impacts, the lack of
overall proximity to the driver likely reduced much of the angle of impact’s influence on the injury
risk, as direct (closest to 0°) impacts were the most injurious. It is, once again, important to
investigate how changes to one input variable affected the injurious ranges of the others. However,
Figures 3.10 and 3.12 demonstrate that the angle of impact had much less influence over the other
input variables. For the driver’s side impacts [Figure 3.10], there was very little change in the
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injurious ranges of the impact velocity and impact location as the angle of impact moved from 20° to 0° to 20°. Under direct (0°) and positive (20°) angles of impact, the passenger’s side impacts
saw a much wider range of higher-risk HIC15 (>400) values toward the front to center locations
with the most severe impact velocities (>41 mph) [Figure 3.10]. Lastly, the front and rear impacts
both saw a focus on high velocity and driver-most locations regardless of the angle of impact
[Figure 3.12].

Neck Injury Risk Assessment

Due to the complexity of neck injury, multiple injury metrics were utilized to fully capture
the neck injury risk response of the occupant across the complete range of input variables,
displayed in Figures 3.13 - 3.24. Specifically, front impacts were analyzed using Nij, while rear
impacts used Nkm, and lateral (driver’s side and passenger’s side) impacts used Lateral Nij. When
analyzing the surrogate model-produced neck injury risk patterns, it was very important to assess
impacts to each side in isolation, as Nij, Lateral Nij, and Nkm are not directly comparable. Rather,
they each represent different injury mechanisms with separate, specific normalization criteria.
The front impact injury metric, Nij, was calculated using axial forces (tension and
compression) and sagittal plane bending moments (flexion and extension) to determine the risk of
inducing an AIS 2+ neck injury. The response surfaces, presented in Figures 3.13 – 3.15, indicated
that no impact scenarios produced Nij values exceeding the injury threshold of 1. Interestingly, the
peak Nij component trends formed distinct moment-based pairings, with the extension (Nte and
Nce) components producing greater overall injury risk than the flexion components (Ntf and Ncf)
for nearly all impact scenarios [Figures 3.13a, 3.14a, and 3.15a]. Nte (tension-extension) is often
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cited as the primary injury modality for front-end collisions; typically due to contact between the
occupant’s head and a frontal airbag (Eppinger et al. 1999; Prasad et al. 2010). Interestingly, the
FE vehicle model used in this study did not contain a frontal airbag, and, yet, the extension moment
still resulted in the greatest injury risk for nearly all scenarios. This is likely best explained by the
kinematic response of the occupant immediately post-impact, as illustrated in Figure 4.3.
Following the initial collision, the occupant’s body, restrained by the seat belt, was forced
backwards with the vehicle; however, the unrestrained head was left to jerk forward, creating the
flexion moment about the neck. At this point, the occupant rebounded into the seat, where contact
with the seat-back resulted in a sudden deceleration of the torso. The head, meanwhile, continued
along its path of motion and created an extension moment about the neck; the leading injury
mechanism displayed in Figures 3.13a, 3.14a, and 3.15a.
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Initial Impact: Flexion

Figure 4.3

Rebound: Extension

Front Impact Occupant Kinematic Response

The initial post-impact contact resulted in a flexion moment about the neck (Ntf and Ncf), while
the rebounding event created an extension moment (Nte and Nce).

Best shown in Figure 3.13a, there was a direct correlation between the impact velocity
variable and the neck injury risk; represented by Nij. As the impact velocity transitioned from 10
to 45 mph, all four peak Nij component values increased, with the extension components
producing the greatest response at all evaluated velocities. Variations in the impact location
variable, similarly, caused the injury risk to change significantly. Figure 3.14a indicated that
increased locational proximity to the occupant produced the greatest neck injury risk; however,
this is only true for the extension components (Nte and Nce). Conversely, the flexion components
(Ntf and Ncf) were mostly insensitive to variations in the impact location; likely due to the intended
limitation of occupant’s motion post-impact by the seat belt functionality. Lastly, the angle of
impact variable had little influence on the injury risk. Figure 3.15a shows that all four Nij
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components produced the greatest injury risk under direct (0°) or acutely negative (> -15°) angles;
however, the injury response remains roughly equivalent for all angles greater than -15°. It is, once
again, important to investigate the interactions between each of the input variables and the effects
of these interactions on the Nij response. To best represent the whole of the neck injury trends, the
peak Nij component value for each FE car crash simulation case was collected in a separate data
set called “Maximum Nij”. The full Maximum Nij response surfaces, presented in Figures 3.13bd, 3.14b-d, and 3.15b-d, showed very little interaction between the input variables, especially
compared to the large variations seen by the head injury risk assessment. Regardless of variations
to the input variables, the most injurious crashes to the front of the vehicle were always those with
high velocity (> 41 mph), closest proximity to the occupant, and direct (0°) or acutely negative (>
-15°) angles of impact.
Since Nij does not sufficiently assess rear impact scenarios, Nkm, which is calculated based
on sagittal plane shear forces (anterior and posterior) and sagittal plane bending moments (flexion
and extension), was used as the primary neck injury risk metric for these cases. Unlike the front
impacts, nearly all rear impact scenarios resulted in Nkm values exceeding the injury risk threshold
of 1 [Figures 3.16 – 3.18]. Again, it is important to not directly compare the two metric values, as
Nkm represents the lower-threshold mechanisms common to whiplash; likely the cause of the
increased injury risk prediction. Contrary to the component pairings seen in the front impact Nij
response, the peak Nkm components formed a distinct hierarchy for nearly all impact scenarios:
Nfp > Nfa > Nep > Nea. This order, from most to least injurious, is consistent with previously
published results (K. U. Schmitt et al. 2002) and is, once again, best explained by the kinematic
response of the occupant throughout the crash [Figure 4.4]. The initial impact caused the vehicle
to move forward, pushing the occupant’s torso against the seat-back. The head was jerked
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backwards, and an extension moment was created within the neck; represented by the Nea
(extension-anterior shear) component. The occupant then rebounded forward and was restrained
by the seat belt. The torso was suddenly decelerated by this restraint, and the momentum of the
head continued forward. This created a flexion moment about the neck, seen as Nfp (flexionposterior shear); the primary injury component for all rear impact scenarios. These rebound events
in the front and rear impacts are similar to the acceleration-deceleration events that are closely
linked to whiplash (Spitzer et al. 1995).

Initial Impact: Extension

Figure 4.4

Rebound: Flexion

Rear Impact Occupant Kinematic Response

The initial post-impact contact resulted in an extension moment about the neck (Nea and Nep),
while the rebounding event created a flexion moment (Nfa and Nfp).
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Like the front impact Nij response before, all four Nkm components were significantly
influenced by the impact velocity variable. As shown in Figure 3.16a, all component values
increased as the impact velocity shifted from 10 to 45 mph. While most components displayed this
rise at low velocities, the Nea component did not noticeably increase until the impact velocity
exceeded 30 mph; the velocity at which the initial contact with the seat-back became severe enough
to create a significant extension moment about the neck. Furthermore, the Nkm response was also
heavily influenced by the impact location variable, as shown in Figure 3.17; however, the
location’s proximity to the occupant was not the primary factor. Instead, the impacts closest to the
driver’s side of the rear vehicular surface were the most severe, with the posterior shear
components (Nfp and Nep) producing the greatest risk. As the impact location moved closer to the
occupant, the overall Nkm response decreased significantly; at which point, the primary injury
mechanism shifted from posterior shear (Nfp and Nep) to flexion (Nfa and Nfp). There was then
a steep rise in the neck injury risk under this new mechanism, peaking nearest the center of the
rear surface. This shift in the primary injury mechanism is likely due to a combination of seat belt
positioning/fitting and the rotation of the occupant post-impact. We also assert that the strong
decrease in injury risk for locations nearest the occupant is likely an artifact created by limitations
within the injury metric calculation; most notably the previously discussed issues of using
exclusively uniaxial forces and moments to predict risk for non-uniaxial impacts. Finally, Figure
3.18 illustrates that all components produced their greatest neck injury risk under positive, oblique
angles of impact, peaking at 20°. The Maximum Nkm response surfaces, presented in Figures
3.16b-d, 3.17b-d, and 3.18b-d, showed very little interaction between the input variables. Under
all input states, the most injurious impacts to the rear of the vehicle were those with high impact
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velocity, locations closest to the driver’s side or center of the rear surface, and positive, oblique
angles of impact.
Impacts to the driver’s side and passenger’s side of the vehicle quantified neck injury risk
as a factor of Lateral Nij, based on axial forces (tension and compression) and lateral plane bending
moments (left and right). While not comparable with the front or rear impacts, the driver’s side
and passenger’s side impacts both used the same injury metric; therefore, the injury risk patterns
produced by the response surfaces may be directly compared. As such, the impacts to the driver’s
side of the vehicle were notably more injurious than those to the passenger’s side, with no
passenger’s side impacts exceeding the performance limit of 1. Additionally, the most and least
injurious metric components for these sets of impacts were flipped. For the driver’s side impacts,
the tension-left lateral component (Ntl) produced the greatest injury risk and the compression-right
lateral component (Ncr) produced the least for nearly all impact scenarios. Conversely, the most
injurious passenger’s side mechanism was Ncr, while Ntl produced the least injury risk for almost
all crash orientations. Interestingly, for impacts to both sides, the primary injury mechanism was
not the rebound collision (as was the case for the front and rear impacts) but the initial impact. It
is, once again, important to understand the kinematics of each scenario. For the driver’s side
orientations, the initial impact resulted in the occupant colliding with the driver’s side door,
pushing the body away from the impact site and creating a severe left lateral bending moment
about the neck (Ntl). The occupant then rebounded away from the impact location and collided
with the seat belt, resulting in the right lateral bending moment (Ncr), as shown in Figure 4.5. For
the passenger’s side impacts, the opposite was true. The initial impact resulted in a seat beltinduced Ncr component, followed by the occupant rebounding into the driver’s side-door (Ntl).
This mechanism is illustrated in Figure 4.6.
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Initial Impact: Left Lateral

Figure 4.5

Rebound: Right Lateral

Driver’s Side Impact Occupant Kinematic Response

The initial post-impact contact resulted in a left lateral moment about the neck (Ntl), while the
rebounding event created a right lateral moment (Ncr).
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Initial Impact: Right Lateral

Figure 4.6

Rebound: Left Lateral

Passenger’s Side Impact Occupant Kinematic Response

The initial post-impact contact resulted in a right lateral moment about the neck (Ncr), while the
rebounding event created a left lateral moment (Ntl).

Like the front and rear impact scenarios, those to the driver’s side were directly affected
by the impact velocity. Figure 3.19 demonstrates that increasing velocities resulted in an overall
increase in Lateral Nij response. Ncr, however, saw a mild decrease in injury risk for velocities
exceeding 38 mph; likely due to seat belt slippage during the rebounding event under higher
velocities preventing a stronger right lateral moment. Additionally, no peak Lateral Nij component
values exceeded the injury threshold of 1 until the velocity reached 29 mph. As such, the Maximum
Lateral Nij response surfaces at the lowest (10 mph) and middle (27.5 mph) velocity states showed
no impact scenarios that exceeded this injury level, while the highest state (45 mph) showed most
scenarios crossing the threshold [Figures 3.19b-d]. All three velocity response surfaces produced
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their most injurious Lateral Nij responses for locations nearest the occupant with the most direct
(closest to 0°) angles of impact. Figure 3.20 further confirms that proximity to the occupant was
the primary locational influence in the neck injury risk response. All four peak components
followed the same general trend; peaking nearest the center of the driver’s side vehicular surface.
Figures 3.20b-d show that, unlike the front and rear impact responses, there was some interaction
between the impact location and the angle of impact for the driver’s side impacts, with the injurious
angles of impact significantly reducing as the location moved away from the center state. For the
front-most location, no scenarios reached the injury threshold of 1; however, the most injurious
region (Lateral Nij > 0.75) was produced under extreme impact velocities (>43 mph) with angles
of impact between 22° and 30° [Figure 3.20b]. As the location transitioned to the center of the
vehicular surface, this injurious range expanded to velocities greater than 31 mph and angles of
impact less than 35°; all of which produced Maximum Lateral Nij values exceeding the threshold
[Figure 3.20c]. At the rear-most location, the threshold-exceeding region reduced to only direct
impacts (nearest 0°) with velocities greater than 44 mph [Figure 3.20d]. Lastly, the most injurious
angles of impact were those nearest to 0°. As shown in Figure 3.21, the peak left lateral momentbased components (Ntl and Ncl) peaked around 15°, while the right lateral moment-based
components (Ntr and Ncr) peaked around -15°. Additionally, the response surfaces showed little
change in the range of injurious scenarios between the 0° and 20° angles of impact, but the -20°
angle only produced threshold-exceeding Nkm values for locations closer to the center or rear of
the driver’s side vehicular surface.
For the passenger’s side impacts, Figure 3.22 shows that, like all previous scenarios,
increasing velocity resulted in increased neck injury risk. Additionally, Figure 3.23 illustrates that
proximity was, once again, the primary factor in the influence of the impact location on injury risk.
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Finally, Figure 3.24 shows that the most direct (0°) impacts produced the highest risk for nearly
all peak component values. Similar to the front and rear impacts, the response surfaces in Figures
3.22-24 show that there was little to no interaction between the input variables. This is, again,
likely due to the limitations with the uniaxiality of the Lateral Nij metric. Overall, the most
injurious passenger’s side scenarios were concentration nearest the center and rear-most locations
saw the greatest injury risk from direct (0°) angles of impact.
While these mathematical surrogate models allowed for the prediction of injury risk across
the full range of impact velocity (10 – 45 mph), impact location, and angle of impact (-45° to 45°)
inputs, there were limitations to this methodology. These models predicted the injury risk response
based on FE simulation data with a median RAE of 1.44 – 19.5%. Additional FE simulation-based
data could be used to incrementally improve the model’s accuracy; however, these surrogate
models may not effectively capture outlier impact scenarios due to the sparsity of input data across
such a broad response range. The neck injury metrics used to assess the risk response presented
additional limitations. As previously noted, the impacts to nearly all sides of the vehicle showed
increased injury risk due to direct (nearest 0°) angles of impact; most likely due to use of uniaxial
forces and moments as the only prediction criteria within each of the metrics (Nij, Nkm, and
Lateral Nij).
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CONCLUSIONS

Utilizing a combination of FE and mathematical surrogate modeling techniques, response
surfaces were developed to determine the patterns of occupant head and neck injury risk across a
wide range of impact velocities (10 – 45 mph), impact locations, and angles of impact (-45° to
45°). The impact velocity variable showed the most direct influence on the head injury risk
response. As the impact velocity increased, the injury risk also increased under impacts to any side
of the vehicle. For all but the rear impacts, a shift in the kinematic response mechanism of the
occupant was observed in which higher impact velocities resulted in severe contact between the
occupant’s torso and internal vehicle components. This created a sharp flexion event within the
neck; causing the occupant’s head to jerk toward the impact site. The impact location variable also
significantly affected the occupant head injury risk, with the HIC15 response increasing with the
impact’s proximity to the occupant. Thus, impacts to the driver’s side of the vehicle were
significantly more injurious than those to any other side of the vehicle. Finally, the highest risk
scenarios were often those with acutely oblique angles of impact; likely due to the strong
connection between the impact location and the angle of impact variables.
As expected, increases to the impact velocity variable resulted in increasing neck injury
risk for all scenarios, regardless of which side of the vehicle was impacted. Similarly, the impact
location variable’s influence over injury risk was, once again, primarily based on the proximity to
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the occupant. Interestingly, the leading injury modality varied between sides of the vehicle. For
impacts to the front and rear of the vehicle, the post-impact rebounding of the occupant into
additional interior components created the extension and flexion moments, respectively, within the
neck that ultimately produced the primary injury risk. This aligns with the general understanding
that the neck is highly susceptible to jerk/whiplash events in these types of scenarios (K.-U.
Schmitt et al. 2010). Conversely, for impacts to either the driver’s side or passenger’s side of the
vehicle, the primary injury was created by the initial impact, itself, rather than a rebounding event.
Lastly, the angle of impact variable was often the most injurious under direct (0°) or slightly
oblique angles. This focus on direct impacts is likely due to the lack of interaction between the
impact location and angle of impact variables. As one changed, there was very little effect shown
in the response of the other; likely due to limitations of the injury metrics, with each being built
upon unidirectional moments and forces. A new neck injury risk metric that accounts for multiaxial and/or lateral rotations within a car crash is necessary to more fully understand the effects of
vehicular impacts on the human neck. Overall, this methodology of coupling FE modeling and
mathematical surrogate modeling to assess injury patterns showed great promise and likely has
future applications in injury prediction or vehicular design optimization that accounts for the level
of occupant safety.
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FUTURE WORK

Further analyses into the effects of vehicular impact scenarios on the human body would
greatly benefit from improvements to the HBMs used for these studies. Due to strain rate
dependency limitations within the current material models, it is unrealistic to assess crash scenarios
with impact velocities greater than 45 mph; much less those approaching highway speeds (70+
mph). High-rate testing of various human body organ would allow for an improved understanding
of the strain-rate dependence within these materials. From these newly acquired material
properties, FE models could be calibrated and used to run crash simulations at more realistic highspeed velocities.
There is also a significant need for improved neck injury metrics. This study showed that
the focus on uniaxial forces and moments within the cervical spine prevented accurate analyses of
the influence of the angle of impact on the injury risk and the resulting interaction between
variables. Under the current paradigm, the primary neck injury risk metrics are piece-wisely
divided based on which side of the vehicle is impacted; however, they all use similar force and
moment pairings. Added degrees of freedom would greatly improve the accuracy of this risk
prediction for non-axial impacts, specifically for impacts to the edges of the vehicle.

66

It may also be beneficial to apply these newfound injury risk patterns toward improving
the crashworthiness of consumer vehicles from a design perspective. Since head and neck injury
risk did not increase under the exact same impact scenarios or set of impact parameters,
mathematical surrogate modeling may be utilized to determine ideal vehicular design criteria to
reduce each injury risk metric to a desired threshold. These models are typically incomplete and
have some associated uncertainty (Mistree and Allen 1997). Hence, from a design perspective, it
is important to reach satisficing solutions (Nellippallil, Mohan, et al. 2018) for different impact
scenarios that are relatively insensitive to this uncertainty. To address this, it would be beneficial
to investigate different sources of uncertainty – uncertainty due to noise factors, uncertainty due
to control factors (model parameter uncertainty), and uncertainty in the model itself (model
structure uncertainty (McDowell et al. 2009)) - using Error Margin Index (EMI) and Design
Capability Index (DCI); formulated using the compromise Decision Support Problem (cDSP)
construct (Nellippallil, Rangaraj, et al. 2018). From this, we could identify robust solution regions
that best meets the design requirements from the associated uncertainty.
Lastly, the onset of autonomous vehicles has led to endless possibilities toward the
positioning of occupants within a vehicle. Within the current status quo, it is reasonable to assume
that the driver of a vehicle will be seated upright with hands on the steering wheel. However, with
the popularization of driver-less vehicles, it is less likely that the driver will be positioned in the
same general manner. The addition of offset postures, such as those with reclined occupants or
occupants that are facing directions other than forward, to this coupled FE-mathematical surrogate
modeling methodology would greatly improve the understanding of these injuries as vehicular
design changes.
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An initial test matrix consisting of 60 car crash cases was generated using LHS to allow
for an equally weighted distribution of the three input variables: impact velocities (10 – 45 mph),
impact locations (0° - 360°), and angle of impact (-45° to 45°). An additional 37 test cases were
added to improve the accuracy of the surrogate models, based on impact cases that showed the
greatest potential injury risk. The full 97 case test matrix is shown in Table A.1.

Table A.1

Design of Experiments
Case
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Impact Velocity
(mph)
40.968
43.136
14.836
43.876
29.544
13.876
21.088
28.248
46.812
49.280
16.048
49.484
46.344
26.376
40.368
15.796
24.328
44.328
38.788
47.472
32.236
11.748
42.124
44.980
33.100

Angle of
Impact (°)
-31.590
43.974
-43.560
23.895
27.720
32.859
-35.730
-1.224
-11.583
26.775
5.013
38.223
-20.961
-9.972
-23.697
-26.181
33.849
15.264
13.374
-24.201
31.239
17.415
-7.245
10.791
1.413
76

Impact
Location (°)
294.496
125.440
200.176
282.832
343.420
14.632
226.060
63.520
71.584
130.264
337.228
117.736
321.856
107.620
4.084
159.244
92.932
112.624
262.780
193.084
168.784
331.684
247.516
230.236
0.412

Impacted
Side
Passenger
Driver
Rear
Passenger
Passenger
Front
Rear
Driver
Driver
Driver
Passenger
Driver
Passenger
Driver
Front
Driver
Driver
Driver
Passenger
Rear
Driver
Passenger
Passenger
Passenger
Front

Table A.1 (continued)
Case
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

Impact Velocity
(mph)
37.372
36.084
23.632
31.584
17.608
35.196
10.464
20.352
12.512
12.772
41.872
34.516
21.888
45.848
11.044
25.124
22.716
38.380
39.876
18.064
26.680
25.708
30.592
35.828
37.060
19.604
33.824
30.932
16.860
14.520
27.920
48.468
22.456
29.052
18.996
45.601
40.473

Angle of
Impact (°)
-36.603
-15.786
-29.124
-18.981
-14.445
4.059
-39.645
37.476
40.527
10.251
8.838
-8.055
35.703
-3.735
-30.510
24.075
-2.880
-12.078
1.890
-33.408
-27.63
39.681
42.084
14.373
-38.979
-16.956
-5.553
28.998
-42.813
-41.544
-21.996
20.736
22.311
18.000
7.245
14.010
-27.448
77

Impact
Location (°)
143.440
304.972
296.908
174.184
236.680
42.352
33.064
214.036
308.320
8.692
55.564
241.648
190.996
26.800
155.824
84.832
314.548
148.012
208.132
85.588
255.328
135.304
265.84
272.176
285.532
185.92
53.548
97.684
354.832
76.048
329.992
217.132
20.716
45.988
178.180
110.113
121.324

Impacted
Side
Driver
Passenger
Passenger
Driver
Passenger
Front
Front
Rear
Passenger
Front
Driver
Passenger
Rear
Front
Driver
Driver
Passenger
Driver
Rear
Driver
Passenger
Driver
Passenger
Passenger
Passenger
Rear
Driver
Driver
Passenger
Driver
Passenger
Rear
Front
Front
Driver
Driver
Driver

Table A.1 (continued)
Case
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

Impact Velocity
(mph)
41.583
48.343
38.372
43.708
39.568
42.894
11.113
45.214
25.282
20.774
44.281
43.020
44.892
33.437
24.635
47.222
15.256
31.636
25.643
40.435
41.257
49.036
50.000
50.000
50.000
50.000
50.000
50.000
50.000
50.000
50.000
50.000
50.000
50.000
50.000

Angle of
Impact (°)
-16.698
0.242
-14.602
29.737
21.311
-4.714
13.790
-7.644
-35.227
-25.447
11.730
-38.587
22.731
-35.361
-43.155
-8.193
-21.038
25.716
22.895
-29.573
-24.942
-24.571
0.000
-38.587
20.000
0.000
0.000
-21.862
0.000
20.736
20.000
0.000
0.000
-20.961
0.000
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Impact
Location (°)
105.326
98.891
133.073
72.013
78.890
128.859
29.804
45.162
2.524
24.014
10.702
39.794
189.883
205.426
223.484
224.287
213.205
196.681
224.000
315.803
326.444
314.051
25.000
39.794
20.000
35.000
115.000
147.215
205.000
217.132
184.000
195.000
295.000
321.856
304.000

Impacted
Side
Driver
Driver
Driver
Driver
Driver
Driver
Front
Front
Front
Front
Front
Front
Rear
Rear
Rear
Rear
Rear
Rear
Rear
Passenger
Passenger
Passenger
Front
Front
Front
Front
Driver
Driver
Rear
Rear
Rear
Rear
Passenger
Passenger
Passenger
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LS-DYNA software was used to generate and simulate all 97 car crash cases in which an
FE vehicle model, housing the THUMS HBM, was impacted by an FE MDB model. Additional
details on the vehicle model, HBM, and MDB model are given below.

Vehicle Model

The vehicle model used in this study was a full-scale FE model of a 1996 Dodge Neon, as
shown in Figure B.1. This model was created and validated by the United States National Crash
Analysis Center (A. K. Zaouk, Marzougui, and Bedewi 2000) and further modified by researchers
at the Center for Advanced Vehicular Systems (CAVS) at Mississippi State University (MSU)
(Fang, Solanki, and Horstemeyer 2004a; Horstemeyer et al. 2009). These modifications included
further optimization of the vehicle for single-collision impacts (Fang, Solanki, and Horstemeyer
2004a) and the additions of the driver’s seat and steering column (Horstemeyer et al. 2009). In
total, this model contains 433,287 nodes across 221,049 elements, including solid, shell, beam,
discrete, and seatbelt elements.
Additional alterations were made to the vehicle model to allow for the simulation of all 97
impact scenarios. First, to prevent the seat-back from collapsing backwards under rear impact
scenarios, the metal support components of the seat frame were replaced with a stiffer, steel
material. These material properties are shown in Figure B.1 (Steels, General Properties 2018). A
three-point seat belt model was also added to the vehicle model to prevent the THUMS from
moving unrealistically following the initial impact. The belt model was created using the Belt Fit
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tool within LS-Prepost and used a mixture of 1D seatbelt elements and 2D shell elements. Material
properties for the seat belt model are shown in Table B.1 (Yu 2010).

Figure B.1

Schematic of Vehicle Components

Full-scale FE model of a 1996 Dodge Neon; created by the United States National Crash Analysis
Center (A. Zaouk, Marzougui, and Bedewi 2000) and modified by the Center for Advanced
Vehicular Systems (CAVS) at Mississippi State University (MSU) (Fang, Solanki, and
Horstemeyer 2004a; Horstemeyer et al. 2009). Material models and properties are shown in Table
B.1.
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Table B.1

Material Properties of Vehicle Components

Part
Exterior Panels

Material Model

Piecewise Linear
Plasticity
Bumper
Piecewise Linear
Plasticity
Window
Piecewise Linear
Plasticity
Tire
Elastic
Seat Frame
Piecewise Linear
Plasticity
1
Seat Back
Piecewise Linear
Plasticity
Seat Cushion
Soil and Foam
Steering Wheel
Elastic
Steering Column
Rigid
Airbag Plate
Piecewise Linear
Plasticity
Dashboard
Plastic
Kinematic
2
Seat Belt
Elastic
1
(Steels, General Properties 2018)
2
(Yu 2010)

Density
(tonne/mm3)
7.89 × 10−9

Young’s
Modulus (MPa)
2.10 × 105

Poisson’s Ratio

1.20 × 10−9

2.80 × 103

0.300

2.50 × 10−9

7.60 × 104

0.300

8.06 × 10−9
8.00 × 10−9

2.46 × 104
2.00 × 105

0.323
0.250

8.00 × 10−11

2.55 × 102

0.300

8.10 × 10−11
7.85 × 10−9
7.85 × 10−9
4.05 × 10−9

7.00 × 104
2.10 × 103
1.00 × 104

0.300
0.300
0.334

1.50 × 10−9

2.07 × 103

0.300

1.08 × 10−9

2.00 × 104

0.250

0.300

Moving Deformable Barrier Model

This study also featured an FE MDB model, shown in Figure B.2, as the impacting vehicle
in all simulations. The MDB model was created in-house (Fang, Solanki, and Horstemeyer 2004a),
based on specifications outlined by NHTSA’s Federal Motor Vehicle Safety Standard (FMVSS)
214 (National Highway Traffic Safety Administration 1999). This model consists of 217,806
nodes across 52,718 solid and shell elements. Relevant material properties for the MDB model are
shown in B.2.
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Figure B.2

Schematic of MDB Components

FE model of the Moving Deformable Barrier (MDB); created by CAVS at MSU (Fang, Solanki,
and Horstemeyer 2004a) based on NHTSA specifications (National Highway Traffic Safety
Administration 1999). Material models and properties are given in Table B.2

Table B.2
Part

Material Properties of MDB Components
Material Type

Bumper
Honeycomb
Main Face Block Honeycomb
Mounting Plate
Rigid
Chassis
Rigid
Tire
Elastic
(Fang, Solanki, and Horstemeyer 2004a)

Density
(tonne/mm3)
8.500 × 10−11
5.120 × 10−11
2.760 × 10−9
7.800 × 10−9
1.068 × 10−9
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Young’s
Modulus (MPa)
6.895 × 104
6.895 × 104
6.895 × 104
2.068 × 105
2.461 × 104

Poisson’s Ratio
0.330
0.330
0.330
0.350
0.323

Human Body Model

Finally, this study utilized the Version 4 adult male 50th percentile Total Human Model for
Safety (THUMS) to simulate the response of an occupant under single-impact motor vehicle
collision scenarios. The model consists of 630,399 nodes across 1,714,413 elements, including
solid, shell, beam, discrete, and seatbelt element formulations. The head and neck components of
the THUMS are shown in Figure B.3, and the material properties for these components are given
in Table B.3 and B.4.

Figure B.3

Schematic of THUMS Head and Neck Components

50th Percentile Version 4 Male Total Human Model for Safety (THUMS). Material models and
properties are given in Tables B.3 and B.4.
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Table B.3
Part

Viscoelastic Material Properties of THUMS Head and Neck Components
Density
(tonne/mm3)

Elastic Bulk
Modulus
(MPa)

Short-Time
Shear
Modulus
(MPa)

Flesh1
2880
1.323 × 10−9
−9
Grey
2190
1.000 × 10
Matter
White
2160
1.000 × 10−9
Matter
Spinal
2190
1.000 × 10−9
Cord
1
(Roberts, O’Connor, and Ward 2005)

Table B.4

Decay
Constant

7.39
0.01

Long-Time
(Infinite)
Shear
Modulus
(MPa)
2.36
0.005

0.0125

0.006125

0.06

1.00

0.20

0.06

0.1
0.06

Elastic and Plastic Material Properties of THUMS Head and Neck Components
Poisson’s
Ratio

Yield Stress
(MPa)

1.000 × 10−9

Young’s
Modulus
(MPa)
100.4

0.22

0.3514

Plasticity with
Damage

2.120 × 10−9

1.49 × 104

0.22

95.88

Damage
(Type 2)

1.000 × 10−9

1090

0.22

4.794

Plasticity with
Damage

2.120 × 10−9

1.49 × 104

0.22

95.88

Isotropic
Elastic Plastic

8.620 × 10−10

-

-

1.00 × 106

Plasticity with
Damage

2.120 × 10−9

1.49 × 104

0.22

95.88

Isotropic
Elastic Plastic

8.620 × 10−10

-

-

1.00 × 106

Part

Material
Type

Density
(tonne/mm3)

Frontal
Bone
(Diploe)
Frontal
Bone
(Cortical)
Parietal
Bone
(Diploe)
Parietal
Bone
(Cortical)
Occipital
Bone
(Diploe)
Occipital
Bone
(Cortical)
Temporal
Bone
(Diploe)

Damage
(Type 2)
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Table B.4 (continued)
Poisson’s
Ratio

Yield Stress
(MPa)

2.120 × 10−9

Young’s
Modulus
(MPa)
1.49 × 104

0.22

95.88

Elastic Fluid

1.000 × 10−9

0

0

-

Elastic

1.133 × 10−9

70

0.45

-

Fabric

1.000 × 10−9

-

-

-

Fabric
Elastic

1.000 × 10−9
1.133 × 10−9

31.5

0.45

-

Damage
(Type 2)

1.000 × 10−9

40

0.45

1.8

Plasticity with
Damage

2.000 × 10−9

1.30 × 104

0.30
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Fu Chang
Foam
Isotropic
Elastic Plastic

1.000 × 10−9

35.7

-

-

1.000 × 10−9

-

-

0.013

Part

Material
Type

Density
(tonne/mm3)

Temporal
Bone
(Cortical)
Cerebral
Spinal
Fluid
Dura
Mater
Arachnoid
Mater
Pia Mater
Falx
Cerebri
Cervical
Vertebra
(Spongy)
Cervical
Vertebra
(Cortical)
Annulus
Fibrosus
Nucleus
Pulposus

Plasticity with
Damage

This model was created by the Toyota Motor Corporation to represent the anatomical
structure of an average size male with a height of 175 cm and weight of 77 kg (Toyota Motor
Corporation 2011) and was validated for a wide array of impact scenarios (Iwamoto et al. 2002;
Oshita et al. 2009; Toyota Motor Corporation 2011). This validation, however, was limited to lowend velocities (Toyota Motor Corporation 2011), and when exposed to higher velocity impacts,
the flesh components, particularly in the torso, deformed in an excessive and unrealistic manner.
This phenomenon is shown in Figure B.4.
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Pre-Impact

Figure B.4

Mid-Impact

Original THUMS Flesh Deformation Under High Velocity

The original THUMS flesh material model led to anatomical and computational errors when
exposed to high-end impact velocities. This figure demonstrates the way in which the flesh
deformed under a 30 mph impact.

Due to concerns over the computational issues and biological inaccuracy that this
presented, the flesh components in the head, neck, and torso of the THUMS were replaced with a
more realistic viscoelastic model for flesh, as shown in B.3 (Roberts, O’Connor, and Ward 2005).
This material model was previously implemented into the thoracic components of the THUMS
model and validated for these regions (Rater 2013). To further confirm the validity of this newly
implemented flesh material model, Test case 37 from Nahum et al. (Nahum, Smith, and Ward
1977) was recreated using the modified THUMS. This test assured that the model changes did not
significantly affect the mechanical response within the brain under impacts to the head. This test
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was chosen as it was the same validation case used by Toyota Motor Corporation when creating
THUMS (Toyota Motor Corporation 2011). Nahum et al.’s test consisted of a 5.59 kg cylindrical,
rigid impactor with a cushioning material striking the frontal bone of the skull on a 45o offset of
the Frankfort anatomical plane at 9.94 m/s (Nahum, Smith, and Ward 1977). When verifying this
test case for THUMS, the Toyota Motor Corporation reduced the impact velocity from 9.94 m/s
to 6.3 m/s (Toyota Motor Corporation 2011). To most closely replicate the original validation
conditions, this study also used this reduced impact velocity, as many other FE validation studies
have before (Belingardi, Chiandussi, and Gaviglio 2005; Caroline and Rémy 2009; Song et al.
2015). The material properties for the FE impactor model are given in Error! Reference source
not found.B.5. Pressure (MPa) vs time (s) profiles were obtained from the coup and countrecoup
regions of the brain of the THUMS model and compared between the original flesh model, the
new flesh model, and the data from case 37 (Nahum, Smith, and Ward 1977), as shown in Error!
Reference source not found.B.5. This test confirmed that the new flesh model did not
significantly affect the pressures within the brain of the model.
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Figure B.5

Validation of New Flesh Material

Simulation setup and results for the validation of the new flesh material model using Nahum et al.
(Nahum, Smith, and Ward 1977) case 37 showing (a) the simulation set-up, (b) pressures measured
from the coup region (marked in (a) by the black dot), and (c) pressures measured from the
countrecoup region (marked in (a) by the black star).

Table B.5
Part

Material Properties of Nahum Impactor Components
Material Model

Impactor1
RIGID
Padding
ELASTIC
1
(Steels, General Properties 2018)

Mass Density
(tonne/mm3)
9.51 × 10−8
3.53 × 10−10
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Young’s
Modulus (MPa)
2.0 × 105
5.1

Poisson’s Ratio
0.25
0.16

Contacts and Simulation Setup

Each vehicular impact simulation employed a variety of contact properties to accurately
replicate the interactions between the various FE models described above. The contact between
the MDB and the Dodge Neon, as well as the THUMS to the interior vehicle components, was
controlled by Automatic Nodes to Surface contacts with a 0.5 coefficient of friction. The
interactions between the THUMS and the newly implemented seat belt was guided by pinball
segment-based Automatic Surface to Surface contacts with a 0.5 coefficient of friction. Finally,
the various internal vehicle components were allowed to contact using an Automatic Single
Surface contact with soft constraint formulation.

90

APPENDIX C
RESPONSE SURFACES FOR NECK INJURY METRIC COMPONENTS
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Figures C.1 – C.48 present the full response surfaces for each neck injury metric
component under a variety of vehicular impact scenarios. Specifically, Figures C.1 – C.12 illustrate
the effects of the input variables on the Nij component responses for the front impacts, with Figures
C.1 – C.4 showing focusing on impact velocity, Figures C.5 – C.8 focusing on impact location,
and Figures C.9 – C.12 focusing on angle of impact.

(a)

10 mph

(c)

45 mph

Figure C.1

(b)

27.5 mph

Effects of Impact Velocity on the Ntf Response of the Front Impacts

Full response surfaces for the Ntf (tension-flexion) component of Nij for front impacts at impact
velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

Figure C.2

(b)

27.5 mph

Effects of Impact Velocity on the Nte Response of the Front Impacts

Full response surfaces for the Nte (tension-extension) component of Nij for front impacts at impact
velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

Figure C.3

(b)

27.5 mph

Effects of Impact Velocity on the Ncf Response of the Front Impacts

Full response surfaces for the Ncf (compression-flexion) component of Nij for front impacts at
impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

Figure C.4

(b)

27.5 mph

Effects of Impact Velocity on the Nce Response of the Front Impacts

Full response surfaces for the Nce (compression-extension) component of Nij for front impacts at
impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

Driver-most

(c)

Passenger-most

Figure C.5

(b)

Center

Effects of Impact Location on the Ntf Response of the Front Impacts

Full response surfaces for the Ntf (tension-flexion) component of Nij for front impacts at impact
locations at the (a) driver-most, (b) center, and (c) passenger-most positions along the front
vehicular surface.
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(a)

Driver-most

(c)

Passenger-most

Figure C.6

(b)

Center

Effects of Impact Location on the Nte Response of the Front Impacts

Full response surfaces for the Nte (tension-extension) component of Nij for front impacts at impact
locations at the (a) driver-most, (b) center, and (c) passenger-most positions along the front
vehicular surface.
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(a)

Driver-most

(c)

Passenger-most

Figure C.7

(b)

Center

Effects of Impact Location on the Ncf Response of the Front Impacts

Full response surfaces for the Ncf (compression-flexion) component of Nij for front impacts at
impact locations at the (a) driver-most, (b) center, and (c) passenger-most positions along the front
vehicular surface.
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(a)

Driver-most

(c)

Passenger-most

Figure C.8

(b)

Center

Effects of Impact Location on the Nce Response of the Front Impacts

Full response surfaces for the Nce (compression-extension) component of Nij for front impacts at
impact locations at the (a) driver-most, (b) center, and (c) passenger-most positions along the front
vehicular surface.
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(a)

-20°

(c)

20°

Figure C.9

(b)

0°

Effects of Angle of Impact on the Ntf Response of the Front Impacts

Full response surfaces for the Ntf (tension-flexion) component of Nij for front impacts at angles
of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.10 Effects of Angle of Impact on the Nte Response of the Front Impacts
Full response surfaces for the Nte (tension-extension) component of Nij for front impacts at angles
of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.11 Effects of Angle of Impact on the Ncf Response of the Front Impacts
Full response surfaces for the Ncf (compression-flexion) component of Nij for front impacts at
angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.12 Effects of Angle of Impact on the Nce Response of the Front Impacts
Full response surfaces for the Nce (compression-extension) component of Nij for front impacts at
angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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Similarly, Figures C.13 – C.24 represent the changes in the range of injurious scenarios for
each Nkm component for the rear impact cases. The influences of impact velocity on the
component responses are given by Figures C.13 – C.16, impact location is given by Figures C.17
– C.20, and angle of impact is given by Figures C.21 – C.24.

(a)

(c)

10 mph

(b)

27.5 mph

45 mph

Figure C.13 Effects of Impact Velocity on the Nfa Response of the Rear Impacts
Full response surfaces for the Nfa (flexion-anterior shear) component of Nkm for rear impacts at
impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.14 Effects of Impact Velocity on the Nfp Response of the Rear Impacts
Full response surfaces for the Nfp (flexion-posterior shear) component of Nkm for rear impacts at
impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.15 Effects of Impact Velocity on the Nea Response of the Rear Impacts
Full response surfaces for the Nea (extension-anterior shear) component of Nkm for rear impacts
at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.16 Effects of Impact Velocity on the Nep Response of the Rear Impacts
Full response surfaces for the Nep (extension-posterior shear) component of Nkm for rear impacts
at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

Driver-most

(c)

Passenger-most

(b)

Center

Figure C.17 Effects of Impact Location on the Nfa Response of the Rear Impacts
Full response surfaces for the Nfa (flexion-anterior shear) component of Nkm for rear impacts at
impact locations at the (a) driver-most, (b) center, and (c) passenger-most positions along the rear
vehicular surface.
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(a)

Driver-most

(c)

Passenger-most

(b)

Center

Figure C.18 Effects of Impact Location on the Nfp Response of the Rear Impacts
Full response surfaces for the Nfp (flexion-posterior shear) component of Nkm for rear impacts at
impact locations at the (a) driver-most, (b) center, and (c) passenger-most positions along the rear
vehicular surface.
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(a)

Driver-most

(c)

Passenger-most

(b)

Center

Figure C.19 Effects of Impact Location on the Nea Response of the Rear Impacts
Full response surfaces for the Nea (extension-anterior shear) component of Nkm for rear impacts
at impact locations at the (a) driver-most, (b) center, and (c) passenger-most positions along the
rear vehicular surface.
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(a)

Driver-most

(c)

Passenger-most

(b)

Center

Figure C.20 Effects of Impact Location on the Nep Response of the Rear Impacts
Full response surfaces for the Nep (extension-posterior shear) component of Nkm for rear impacts
at impact locations at the (a) driver-most, (b) center, and (c) passenger-most positions along the
rear vehicular surface.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.21 Effects of Angle of Impact on the Nfa Response of the Rear Impacts
Full response surfaces for the Nfa (flexion-anterior shear) component of Nkm for rear impacts at
angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.22 Effects of Angle of Impact on the Nfp Response of the Rear Impacts
Full response surfaces for the Nfp (flexion-posterior shear) component of Nkm for rear impacts at
angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.23 Effects of Angle of Impact on the Nea Response of the Rear Impacts
Full response surfaces for the Nea (extension-anterior shear) component of Nkm for rear impacts
at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.24 Effects of Angle of Impact on the Nep Response of the Rear Impacts
Full response surfaces for the Nep (extension-posterior shear) component of Nkm for rear impacts
at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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Next, Figures C.25 – C.36 show the influence of the input variables on the Lateral Nij
component response surfaces for the driver’s side impact cases. These trends are shown for impact
velocity in Figures C.25 – C.28, impact location in Figures C.29 – C.32, and angle of impact in
Figures C.33 – C.36.

(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.25 Effects of Impact Velocity on the Ntl Response of the Driver’s Side Impacts
Full response surfaces for the Ntl (tension-left lateral) component of Lateral Nij for Driver’s Side
impacts at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.26 Effects of Impact Velocity on the Ntr Response of the Driver’s Side Impacts
Full response surfaces for the Ntr (tension-right lateral) component of Lateral Nij for Driver’s Side
impacts at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.27 Effects of Impact Velocity on the Ncl Response of the Driver’s Side Impacts
Full response surfaces for the Ncl (compression-left lateral) component of Lateral Nij for Driver’s
Side impacts at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.28 Effects of Impact Velocity on the Ncr Response of the Driver’s Side Impacts
Full response surfaces for the Ncr (compression-right lateral) component of Lateral Nij for
Driver’s Side impacts at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

Front-most

(c)

Rear-most

(b)

Center

Figure C.29 Effects of Impact Location on the Ntl Response of the Driver’s Side Impacts
Full response surfaces for the Ntl (tension-left lateral) component of Lateral Nij for driver’s side
impacts at impact locations at the (a) front-most, (b) center, and (c) rear-most positions along the
driver’s side vehicular surface.
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(a)

Front-most

(c)

Rear-most

(b)

Center

Figure C.30 Effects of Impact Location on the Ntr Response of the Driver’s Side Impacts
Full response surfaces for the Ntr (tension-right lateral) component of Lateral Nij for driver’s side
impacts at impact locations at the (a) front-most, (b) center, and (c) rear-most positions along the
driver’s side vehicular surface.
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(a)

Front-most

(c)

Rear-most

(b)

Center

Figure C.31 Effects of Impact Location on the Ncl Response of the Driver’s Side Impacts
Full response surfaces for the Ncl (compression-left lateral) component of Lateral Nij for driver’s
side impacts at impact locations at the (a) front-most, (b) center, and (c) rear-most positions along
the driver’s side vehicular surface.
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(a)

Front-most

(c)

Rear-most

(b)

Center

Figure C.32 Effects of Impact Location on the Ncr Response of the Driver’s Side Impacts
Full response surfaces for the Ncr (compression-right lateral) component of Lateral Nij for driver’s
side impacts at impact locations at the (a) front-most, (b) center, and (c) rear-most positions along
the driver’s side vehicular surface.

123

(a)

-20°

(c)

20°

(b)

0°

Figure C.33 Effects of Angle of Impact on the Ntl Response of the Driver’s Side Impacts
Full response surfaces for the Ntl (tension-left lateral) component of Lateral Nij for driver’s side
impacts at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.34 Effects of Angle of Impact on the Ntr Response of the Driver’s Side Impacts
Full response surfaces for the Ntr (tension-right lateral) component of Lateral Nij for driver’s side
impacts at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.35 Effects of Angle of Impact on the Ncl Response of the Driver’s Side Impacts
Full response surfaces for the Ncl (compression-left lateral) component of Lateral Nij for driver’s
side impacts at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.36 Effects of Angle of Impact on the Ncr Response of the Driver’s Side Impacts
Full response surfaces for the Ncr (compression-right lateral) component of Lateral Nij for driver’s
side impacts at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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Finally, Figures C.37 – C.48 show the effects of each of the input variables on the Lateral
Nij component responses for the passenger’s side impacts. These patterns are presented for impact
velocity in Figures C.37 – C.40, impact location in Figures C.41 – C.44, and angle of impact in
Figures C.45 – C.48.

(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.37 Effects of Impact Velocity on the Ntl Response of the Passenger’s Side Impacts
Full response surfaces for the Ntl (tension-left lateral) component of Lateral Nij for Passenger’s
Side impacts at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.

128

(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.38 Effects of Impact Velocity on the Ntr Response of the Passenger’s Side Impacts
Full response surfaces for the Ntr (tension-right lateral) component of Lateral Nij for Passenger’s
Side impacts at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.39 Effects of Impact Velocity on the Ncl Response of the Passenger’s Side Impacts
Full response surfaces for the Ncl (compression-left lateral) component of Lateral Nij for
Passenger’s Side impacts at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

10 mph

(c)

45 mph

(b)

27.5 mph

Figure C.40 Effects of Impact Velocity on the Ncr Response of the Passenger’s Side Impacts
Full response surfaces for the Ncr (compression-right lateral) component of Lateral Nij for
Passenger’s Side impacts at impact velocities of (a) 10 mph, (b) 27.5 mph, and (c) 45 mph.
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(a)

Front-most

(c)

Rear-most

(b)

Center

Figure C.41 Effects of Impact Location on the Ntl Response of the Passenger’s Side Impacts
Full response surfaces for the Ntl (tension-left lateral) component of Lateral Nij for passenger’s
side impacts at impact locations at the (a) front-most, (b) center, and (c) rear-most positions along
the passenger’s side vehicular surface.

132

(a)

Front-most

(c)

Rear-most

(b)

Center

Figure C.42 Effects of Impact Location on the Ntr Response of the Passenger’s Side Impacts
Full response surfaces for the Ntr (tension-right lateral) component of Lateral Nij for passenger’s
side impacts at impact locations at the (a) front-most, (b) center, and (c) rear-most positions along
the passenger’s side vehicular surface.
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(a)

Front-most

(c)

Rear-most

(b)

Center

Figure C.43 Effects of Impact Location on the Ncl Response of the Passenger’s Side Impacts
Full response surfaces for the Ncl (compression-left lateral) component of Lateral Nij for
passenger’s side impacts at impact locations at the (a) front-most, (b) center, and (c) rear-most
positions along the passenger’s side vehicular surface.
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(a)

Front-most

(c)

Rear-most

(b)

Center

Figure C.44 Effects of Impact Location on the Ncr Response of the Passenger’s Side Impacts
Full response surfaces for the Ncr (compression-right lateral) component of Lateral Nij for
passenger’s side impacts at impact locations at the (a) front-most, (b) center, and (c) rear-most
positions along the passenger’s side vehicular surface.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.45 Effects of Angle of Impact on the Ntl Response of the Passenger’s Side Impacts
Full response surfaces for the Ntl (tension-left lateral) component of Lateral Nij for passenger’s
side impacts at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.46 Effects of Angle of Impact on the Ntr Response of the Passenger’s Side Impacts
Full response surfaces for the Ntr (tension-right lateral) component of Lateral Nij for passenger’s
side impacts at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.47 Effects of Angle of Impact on the Ncl Response of the Passenger’s Side Impacts
Full response surfaces for the Ncl (compression-left lateral) component of Lateral Nij for
passenger’s side impacts at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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(a)

-20°

(c)

20°

(b)

0°

Figure C.48 Effects of Angle of Impact on the Ncr Response of the Passenger’s Side Impacts
Full response surfaces for the Ncr (compression-right lateral) component of Lateral Nij for
passenger’s side impacts at angles of impact of (a) -20°, (b) 0°, and (c) 20°.
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