











Figure C.21
Figure C.22
Figure C.23
Figure C.24

Figure C.25

Figure C.26

Figure C.27

Figure C.28

Figure C.29

Figure C.30

Figure C.31

Figure C.32

Figure C.33

Figure C.34

Figure C.35

Figure C.36

Figure C.37

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



Figure C.38

Figure C.39

Figure C.40

Figure C.41

Figure C.42

Figure C.43

Figure C.44

Figure C.45

Figure C.46

Figure C.47

Figure C.48

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

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

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

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

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

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

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

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

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

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

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

Xi



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; Pelenyte-
Vys$niauskieny 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°.



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.
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Figure 2.1  Coupled FE-Mathematical Surrogate Modeling Methodology



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 50" percentile THUMS (lwamoto 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.



Injury Metric Analysis

HIC1s 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 50" 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 = {(t ) el (t)dt]z's} 1)
B (72%36) 2 o a

where a was the resultant linear acceleration (g) measured from the CG of the occupant’s head and
(t, — ty) was the injurious time duration (ms) with limits between 15 ms (HIC1s) and 36 ms
(HICs6) (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 HICy5 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

)

Injury Risk (AIS3+) = @ (ln(HIClS)_7'45231)

0.73998

where g represented a cumulative normal distribution.



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 50" percentile test subjects (Eppinger et al. 1999).

Equation 3 (Eppinger et al. 1999) was used to calculate Nij in each front impact scenario

Nij = -~ 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 111 50" percentile model (Eppinger et al. 1999), as previous THUMS-
based studies have done before (Mattos et al. 2015; Untaroiu and Putnam 2016).

Nij represents four loading cases within the cervical spine: tension-flexion (Ntf), tension-
extension (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)
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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.



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

Nkm = 2% ¢

int Mine

My

(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), flexion-
posterior 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)

IVIY MY
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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 x-
axis 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)

Lateral Nij = fz 4 Mx

int  Mint ©)
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 Nj; 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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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.
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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.
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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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