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ABSTRACT - This research investigated injury risk functions (IRF) for the THOR-AV 50th percentile male dummy in accordance
with ISO TS18506, focusing on areas with design changes. The IRF development utilized a combination of physical tests and finite
element (FE) model simulations. For certain postmortem human subject test cases lacking physical dummy tests, the validated
Humanetics THOR-AV FE model (v0.7.2) was used to quickly generate data, with the understanding that final IRFs based on full
physical test data might offer greater accuracy. Log-logistic, log-normal, and Weibull survival functions were fitted with 95%
confidence intervals. The Akaike Information Criterion, Goodman-Kruskal-Gamma, Area under the Curve of Receiver Operating
Characteristic, and Quantile-Quantile plot were employed to assess the prediction strength and relative quality of the final IRF
selections. Among the three survival distributions, the Weibull distribution provided the best fit. The lumbar Fz was identified as
the best indicator for lumbar spine injury, followed by Lij. The Fz injury risk values at 5%, 25%, and 50% probabilities are 2170N,
3560N, and 4856N for MAIS2+, respectively. The Lij injury risk values at 5%, 25%, and 50% probabilities are 0.44, 0.65, and
0.79 for MAIS2+, respectively. Abdomen pressure from APTS sensors was found to be a weak indicator for abdomen injury
prediction, with injury risk values at 5%, 25%, and 50% probabilities being 128, 209, and 268 kPa for MAIS2+, respectively. The
total ASIS force from the left and right ASIS load cells was a better injury predictor than the maximum ASIS load from the
individual load cells, with injury risk values at 5%, 25%, and 50% probabilities being 542, 1872, and 3522 Newtons for MAIS2+,
respectively.
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INTRODUCTION configured to represent a reclined occupant without
modifications (Prasad 2019). Therefore, an
anthropomorphic test device (ATD) is necessary to
evaluate the effectiveness of restraint systems in both
upright and reclined seating positions.

With advancements in technology over the past
decade, Automated Driving System (ADS) equipped
vehicles have become increasingly popular. As driving
duties are alleviated, vehicle occupants may adopt

various seating postures (Jorlov et al. 201,7’ Kitqggwa To address the need for assessing restraint systems for
et 2_11' 2017). One common posture 1 r'echmng, reclined occupant safety, the THOR-AV, a modified
particularly for resting ~during long journeys. THOR crash test dummy, was developed to extend
However, current occupant safety standards .only THOR's capabilities to reclined seating postures. The
require traditional upright seating postures, with a THOR-AV features a new neck design that is simpler

seatback angle of 25°. Stu('lies have §h0wn that.the than the THOR neck but offers better biofidelity
Commoply use.d.belt system integrated 1nt9 the B—p}llar compared to both the THOR and Hybrid II1 50th neck
poses higher injury risks for occupants in a reclined (Wang et al. 2021). The lumbar spine of the THOR-

seating posture (Mishra et al. 2024). The National
Highway Traffic Safety Administration (NHTSA) has
demonstrated that the Test device for Human
Occupant Restraint (THOR) dummy cannot be

Address correspondence to: Dr. Z.J. Wang, 23300 Haggerty
Rd, Farmington Hills, MI 48335, USA. Electronic mail:
jwang@humaneticsgroup.com

AV was redesigned with a circular cross-section (as
opposed to the rectangular cross-section of the THOR
lumbar) and is longer to more closely match the human
lumbar length. The pelvic bone was redesigned to
align with the latest human pelvis bone geometry
defined by Reed et al. (2013). The THOR-AV
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abdomen is equipped with abdomen pressure twin
sensors (APTS), which replaced the abdomen Infra-
red telescope rod for assessment of chest compression
(IR-TRACC) devices. The THOR-AV was designed
to represent occupants in reclined seating postures up
to 60° (extended from the THOR standard seating
posture with a 25° seatback angle) according to the
volunteer regression model developed by Reed et al.
(2019). The details of the lumbar, pelvic bone, and
pelvis flesh designs were documented in Wang et al.
(2022a and 2022c).

The THOR-AV dummy underwent extensive
evaluation in various sled test conditions to assess its
biofidelity against Postmortem Human Subject
(PMHS) corridors (Wang et al. 2022a, 2022b) using
the NHTSA BioRank method (Rhule et al. 2018 and
Hagedorn et al. 2022), demonstrating good to
excellent biofidelity. Additionally, the THOR-AV was
tested under rearward-facing frontal crash pulse
conditions, showing good biofidelity and durability
(Wang 2022c¢). The dummy was also utilized in an
accident reconstruction test (Ostermaier et al. 2020)
and in zero-gravity-seat (NASA 2013) testing to
evaluate its suitability and durability in reclined
seating postures.

Given the THOR-AV's demonstrated good to
excellent biofidelity (Wang et al. 2022a, 2022b, and
2022c¢) and its proven durability through various tests,
it became necessary to develop injury risk functions
(IRF) to quantitatively assess occupant injury risks
associated with restraint systems. The modifications to
the THOR dummy focused on enhancing the neck,
abdomen, lumbar, and pelvis designs. With the THOR
injury criteria already published by NHTSA, this
research will concentrate on the areas where design
changes were made, specifically the lumbar spine,
abdomen, pelvis, and neck. For other regions, the
authors recommend using the NHTSA injury criteria,
as the THOR-AV shares the same design as the THOR
in those areas, such as the head, chest, and lower
extremities (Craig et al. 2020).

Over the past few decades, various statistical methods
have been employed to develop injury risk curves.
Mertz et al. (1996) used a certainty method, while
Kuppa et al. (2003) utilized logistic regression. Kent
et al. (2004) applied survival analysis with a Weibull
distribution. Nusholtz et al. (1999) and Di Domenico
et al. (2005) used the consistent threshold estimate
(CTE). Petitjean et al. (2009) developed injury risk
curves for the WorldSID 50th male dummy under the
framework of the International Organization for
Standardization / Subcommitteel2 / Technical
Committee 22 / Working Group 6 (ISO/SC12/TC22/

WG6), comparing results from various numerical
methods, including Mertz/Weber, CTE, survival
analysis, and logistic regression. Petitjean et al. (2011)
evaluated these methods for constructing injury risk
curves, forming the basis of the ISO technical
specification documented in ISO TS18506.

The objective of this research is to develop injury risk
functions for the THOR-AV dummy, focusing on the
body segments with design changes made to the
THOR-50M dummy, specifically in the abdomen,
lumbar spine, and pelvic bone. Although the THOR-
AV also features a new neck design, the investigation
of neck injury risk functions is not included in this
study and is planned for future publication.

METHODS
THOR-AYV Testing and Simulation with FE model

THOR-AV was tested in many different conditions,
including data published in Wang et al. (2021, 2022a,
2022b, 2022¢). Additionally, the THOR-AYV has been
tested in the University of Michigan Transportation
Research Institute (UMTRI) 50 km/h, Richardson et
al. 2020, and Guettler et al. 2023 test conditions by the
same test labs that conducted the PMHS tests.
Information on these tests will be published at a later
date. For test conditions where the THOR-AV was not
physically tested but selected for injury risk function
investigation, results from finite element simulations
using the THOR-AV FE model (v0.7.2) were utilized.
It is understood that ultimately, physical tests of the
THOR-AV are necessary to update the injury risk
functions for improved accuracy.

In this study, two different abdomen designs were
utilized: one for the upright posture and another for the
reclined seat. The reclined abdomen includes an
extension from the upright design to fill the gap
between the ribcage and the top of the abdomen
created by the reclined dummy configuration, as
illustrated in Figure 1.

The THOR-AV FE model (v0.7.2) was used for
simulations in this study, incorporating all meshes and
material properties from the Humanetics THOR FE
model (v1.8.1) for shared parts. Additional validations
were conducted for the redesigned parts unique to
THOR-AV. These tests included neck tests (flexion,
lateral bending, oblique bending, and torsion, with all
test data in Wang et al. 2021), impact tests of the APTS
pressure sensor at low and high speeds, a sled test of
the lumbar spine at two different speeds (4 and 6.4
m/s) with and without offset mass (twist), pelvis
buttock impact tests, upper and lower thorax impact
tests (4.3 m/s), upper abdomen steering wheel impact
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extension

Figure 1. THOR-AV abdomen, design for upright
posture (left side), design for reclined posture (right
side)

tests, lower abdomen rigid bar tests, and a sled test
according to Richardson et al. (2020a). The details of
the validation were documented in the Humanetics
THOR-AV 50M dummy FE model technical report
and user’s manual (Humanetics 2024). Generally, the
correlation between the results of the THOR-AV FE
model (v0.7.2) and physical tests had a CORA score
(Gehre et al. 2009) higher than 0.80 for the compared
data channels. The peak values of the related data
channels from the validation test data and FE results
are summarized in Appendix 2 for reference.

Survival Function Fits

In this study, the ISO TS18506 technical specification
was followed for IRF development. The technical
specification outlines ten steps:

Collect the relevant data

Assign the censoring status

Check for a single injury mechanism

Estimate the coefficients

Identify overly influential observations (“dfbeta”
was used for this purpose)

Check the distribution assumption

Choose the best distribution

Check the validity of the prediction

Calculate 95% confidence intervals and their
relative size

10. Determine the quality index

Wb

O X

The following sections describe the process for injury
risk function development for each body segment. The
cumulative density functions (CDF) for log-logistic,
log-normal, and Weibull distributions used in this
study are summarized in equations (1), (2), and (3).

Loglogistic CDF:

P(x,a,p) = ———— €y

Lognormal CDF:

P(x) = %[1 + erf (l";‘—\/}“)] @)

Weibull CDF:

@’
P(x,a,pB) = {1—(3_«1 ,x=0 3)
0, x<0

RStudio 2024.09.0 Build 375 (Posit Software, PBC)
with R version 4.4.1 (2024-06-14 ucrt, The R
Foundation for Statistical Computing, Platform:
x86_64 w64 mingw32/x64) was used to develop R
codes to process the data according to the steps
outlined above.

Akaike Information Criterion (AIC), Goodman
Kruskal Gamma (GKG), Area under the Curve of
Receiver Operating Characteristic (AUROC), and
Quality Index at 50% injury risk values were provided
to evaluate the quality of the survival fits.

Data Censoring

The non-injurious cases were categorized as right
censored. For the injurious cases, the maximum values
were used for the survival fit when the time of injury
was not known. If the time of injury was not reported,
the injurious cases were treated as left censored. For
abdomen pressure, when the data was treated as left-
censored, the survival fit did not converge. Therefore,
these cases were treated as exact in the survival
analysis.

Scaling Method

PMHS test data were used to guide ATD designs by
providing target biomechanical responses. However,
PMHS specimens vary widely due to limited
availability for biomechanical research. To address
response  differences due to anthropometry,
normalization was typically employed. Eppinger et al.
(1984) introduced mass-based normalization. Mertz
(1984) developed a procedure to estimate the response
characteristics of a standard subject based on the
measured responses of subjects with different physical
characteristics, a method also used by Viano (1989).
Moorhouse (2013) proposed an improved procedure
using the effective stiffness of the subject derived from
response data, rather than calculating it from
characteristic length, assuming constant modulus and
geometric similitude within the impacted body region.

In this study, most of the PMHS tests selected for
developing injury risk functions are sled tests, which
generally did not provide data to evaluate subject
responses using the enhanced method proposed by
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Moorhouse (2013). Therefore, the mass-based
normalization methods by Eppinger et al. (1984) were
utilized. For each load case, the ATD test data were
scaled to the corresponding PMHS case, and these
scaled values, paired with the corresponding PMHS
AIS scores, were used to develop the injury risk
function (Petitjean et al. 2009).

The THOR-AV 50M was designed to represent a 50th
percentile male, with a mass of 76 kg and a stature of
175 cm. These values are used in the scaling
calculations for Myrp and Lyrp, respectively.

The following formulas were used for scaling in this
study.

Mass scaling ratio

Mpuus
Am = (5)
™ Marp
Stiffness scaling ratio
D
A = —PMHS (6)
DATD

Force scaling ratio

Ap =\ AmAk (7

Moment scaling ratio
MOpyps  Fpmus * Lpmus
Amo = = =/ AmAg * A, )]

MO,rp Farp * Larp
Abdomen pressure scaling ratio:
Fouus
1= Ppmis _ Apppus _ (FPMHS) . ( Aurp )
Parp Farp Farp Apmus
ATD

= VAmi /2, )

Where D represents the depth, L represents the stature,
p represents the pressure, F represents the force, M
represents the mass, MO represents the moment.

When scaling the THOR-AV abdomen pressure data
to its respective PMHS specimen, if abdomen depth
information was not available, the abdomen
circumference was used. In the cases from Guettler et
al. (2023), where both abdomen depth and
circumference were not reported, a linear regression fit
of the abdomen depth and body mass/stature/BMI
from the available PMHS specimens was investigated
to determine the best method for estimating abdomen
depth. The linear regression fit with BMI had the
highest R? value of 0.3154 and was applied to the
Guettler et al. (2023) abdomen data, although the R?
value does not indicate a strong relationship between
abdomen depth and BMI. The linear regression fits are
shown in Figure 2 through Figure 4.
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Figure 2. Linear regression fit of abdomen depth and
BMI
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Figure 3. Linear regression fit of abdomen depth and
body mass
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Figure 4. Linear regression fit of abdomen depth and
stature
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Lumbar Spine Load Case Selection

Selection of the lumbar spine load cases primarily
focused on full-body tests. From a human anatomy
perspective, the differences between a human lumbar
spine and an ATD lumbar spine result in different
loading mechanisms in crash test environments. The
human lumbar spine has a complex vertebrae joint
structure coupled with ligaments and muscles, which
are absent in any ATD lumbar spine designs. The load
passing through the cross-section of the human lumbar
spine (transverse plane) is carried by both the spine
and muscles, whereas in ATD designs, the load is
mainly carried by the lumbar spine alone. Given these
observations, it may not be appropriate to use isolated
lumbar spine responses to generate an injury risk

function for ATDs in predicting potential injuries in
motor vehicle crash (MVC) events. Therefore, full-
body PMHS test cases were prioritized for data
selection in developing the lumbar injury risk curve.

With these considerations, the following load cases
were selected for match-paired tests: Shaw et al.
(2009), Crandall (2012), Luet et al. (2012), Uriot et al.
(2015), Richardson et al. (2020a), UMTRI test series
(32 km/h and 50 km/h), Baudrit et al. (2022), and
Guettler et al. (2023). Only male specimens were
selected for this analysis. The cases and scaled values
for injury risk function fit are summarized in Table 1,
and the unscaled and scaled THOR-AV data for the
respective PMHS specimens are summarized in Table
Al and A2 in the appendix.

Table 1. List of the load cases for THOR-AYV lumbar injury risk function development

PMHS Test References Load Case Summary Test/FE
32km/h, 25° seatback, 3.5kN LL, semi-rigid seat Test
UMTRI 32km/h, 45°, seatback, 3.5kN LL, semi-rigid seat Test
50km/h, 25° seatback, 3.0 kN LL, semi-rigid seat Test
50km/h, 45° seatback, 3.0 kN LL, semi-rigid seat Test
Richardson et al. 2020a 50 km/h, 45°, dual PT, LL, semi-rigid seat Test
Uriot et al. 2015 50 km/h, 23°, front seat config, semi-rigid seat Test
50 km/h, 23°, rear seat config, semi-rigid seat Test
configl, 40 km/h, rigid seat, seat pan 0° FE
Luet et al. 2012 config2, 50 km/h, rigid seat, seat pan 0° FE
config3, 50 km/h, rigid seat, sea pan 5° FE
Shaw et al. 2009 40 km/h, 25° seatback, rigid seat, no LL FE
Crandall 2012 30 km/h, 25° seatback, rigid seat, 3 kN LL FE
Baudrit et al. 2022 50 km/h, 60° seatback, semi-rigid, PT, 3.5 kN LL Test
V13, sports utility, rear seat, NCAP85 pulse Test
Guettler et al. 2023 V14, sports utility, rear seat, PT, LL, NCAP85 pulse Test
V15, midsize sedan, rear seat, NCAP8S5 pulse Test
V19, midsize sedan, rear seat, PT, LL, NCAP85 pulse Test

Note: LL — load limiter, PT — pretensioner
Abdomen Load Case Selection

Abdominal injury is typically caused by lap belt
loading, especially when occupants submarine.
Rouhana et al. (1987 and 1989) demonstrated that the
product of force and compression is a good predictor
of abdominal injuries using porcine cadavers. They
also developed a frangible abdomen for the Hybrid IIT
dummy capable of predicting abdomen injuries during
submarining. Miller (1989) found that abdomen injury
correlates with the maximum compression and force
of belt load in the abdomen of supine, rigidly
supported, and anesthetized swine. Hardy et al. (2001)

conducted rigid-bar, seatbelt, and close-proximity
airbag tests on the abdomen to establish abdominal
load-penetration corridors for belt loading at various
speeds. Steffan et al. (2002) investigated abdomen
response to dynamic lap belt loading at 6 m/s to
understand the abdomen injury threshold under belt
load. Trosseille et al. (2022) conducted high-speed
loading of the abdomen with a seatbelt from 11 m/s to
23 m/s and calculated the stiffness and damping
effects on the abdomen. Foster et al. (2006)
characterized the response of human cadaver abdomen
to high-speed seatbelt loading using pyrotechnic
pretensioners and recorded peak penetration and speed
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of penetration. Liver injuries were observed in three
out of the eight specimens. Lamielle et al. (2008)
tested eight male PMHS in an upright seating posture
with an instrumented rigid seat. However, these
specimens were used for secondary non-injurious
pelvis lateral impact and out-of-position tests with
frontal airbags before autopsy, making it unclear
whether the abdomen injuries were caused by the belt
test or subsequent out-of-position airbag test. Howes
et al. (2015) conducted six male PMHS tests, four in
an inverted position and two in an upright position,
achieving a target peak lap belt speed of 3 m/s,
resulting in jejunum damage in five of the six tests.
Due to lack of belt anchor position and dummy
position information, these data were not included in
the analysis. Ramachandra et al. (2016) conducted belt
tests without back support at a nominal peak

penetration speed of 4.0 m/s, observing jejunum tear,
colon hemorrhage, omentum tear, splenic fracture, and
transverse process fracture during post-test autopsy
inspection. Most recently, Guettler et al. (2023)
conducted twelve PMHS tests in rear seats to
understand submarining behavior using four rear-seat
vehicle-bucks, observing abdomen injuries and
submarining in these tests. Porcine data from Kent et
al. 2006 and 2008, which is close to 6-year-old child
response, were used in the past to develop injury risk
curves for dummies (Suntay et al. 2021, Beillas et al.
2023). The analysis of Wang et al. 2024 showed large
discrepancy between the IRFs created from PMHS and
porcine data. Since enough PMHS load cases were
identified, the investigation in this study focused on
PMHS load cases only.

Table 2. Load case list and peak values of the THOR-AV abdomen pressure output for abdomen injury risk function

development
PMHS Test References Load Cases Test
Ramachandra et al. 2016 Belt pull, free back, load at T11/T12 level, 4.2 m/s FE
A, belt pull, dual PT, fixed back, load at mid umbilicus FE
Foster et al. 2006 B, belt pull, single PT, fixed back, load at mid umbilicus FE
C, belt pull, single PT, fixed back, load at mid umbilicus FE
GI3, free back rigid bar, load at mid-abdomen, 6.3 m/s FE
Glo, free back rigid bar, load at mid-abdomen, 6.1 m/s FE
Gl7, free back rigid bar, load at mid-abdomen, 9.1 m/s FE
Hardy et al. 2001 GI8, free back rigid bar, load at mid-abdomen, 9.0 m/s FE
GI10, free back rigid bar, load at upper abdomen, 8.9 m/s FE
GI11, free back rigid bar, load at upper abdomen, 6.2 m/s FE
CB1/CB3/CBS, seat belt loading, free back, FE
CB4/CB6, seat belt loading, free back, FE
test 5, ECE R16 seat, belt load, 6 m/s FE
test 6 & 9, ECE R16 seat, lap belt load, 6 m/s FE
test 11, ECE R16 seat, lap belt load, 6 m/s FE
Steffan et al. 2002 test 12, ECE R16 seat, lap belt load, 6 m/s FE
test 14, ECE R16 seat, lap belt load, 6 m/s FE
test 15, ECE R16 seat, lap belt load, 6 m/s FE
test 17, ECE R16 seat, lap belt load, 6 m/s FE
Trosseille et al. 2002 PRT034/035/036, belt pull, fixed back, FE
V13, sports utility, rear seat, NCAP8&S5 pulse Test
Guettler et al. 2023 V14, sports utility, rear seat, PT, LL, NCAP85 pulse Test
V15, midsize sedan, rear seat, NCAP85 pulse Test
V19, midsize sedan, rear seat, PT, LL, NCAPS85 pulse Test

In summary, Hardy et al. (2001), Steffan et al. (2002),
Trosseille et al. (2022), Foster et al. (2006),
Ramachandra et al. (2016), and Guettler et al. (2023)

were selected as the load cases for developing the
abdomen injury risk curve function. Table 2
summarizes the load cases and peak values of the
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APTS sensors. The unscaled and scaled THOR-AV
data for the respective PMHS specimens are
summarized in Table A3 and A4 in appendix 1.

Pelvis Load Case Selection

Pelvic bone fractures are a significant cause of death
and residual disability in motor vehicle collisions
(MVCQ). Stein et al. (2006) analyzed data from CIREN
centers between 1996 and 2005, finding that among
1,851 patients, 511 (27.6%) had a pelvic fracture, with
an overall mortality rate of 17%. Luet et al. (2012)
investigated the submarining phenomenon in front
crashes with a rigid seat, where the lap belt slides over
the anterior superior iliac spine (ASIS). They studied
nine PMHS specimens to understand lap belt tensions,
pelvic rotation, and lap belt angles. Uriot et al. (2015)
modified the rigid seat used by Luet et al., adding

springs underneath the seat pan and an anti-
submarining plate to simulate the deformation of front
and rear sedan production seats. PMHS did not
submarine in the frontal seat configuration and
experienced no pelvic fractures, but submarining and
pelvic fractures were observed in the rear seat
configuration. Richardson et al. (2020a) investigated
submarining responses using a dual pre-tensioner
provided by Autoliv with five PMHS specimens. One
specimen submarined, and four suffered pelvic
fractures. Baudrit et al. (2022) conducted PMHS tests
ata 60° seat back angle, with no submarining observed
but pelvic bone fractures observed in all three PMHS
specimens. In the University of Michigan
Transportation Research Institute (UMTRI) tests at
25° and 45° seat back angles with a moderate speed of
32 km/h, no submarining or pelvic fractures were
observed.

Table 3. List of load cases and A.S.1.S. load cell peak values for pelvic injury risk function development

References Load Case Test/FE
configl, 40 km/h, rigid seat, seat pan 0° FE
Luet et al. 2012 config2, 50 km/h, rigid seat, seat pan 0° FE
config3, 50 km/h, rigid seat, sea pan 5° FE
Uriot et al. 2015 50 km/h, 23°, front seat config, semi-rigid seat Test
50 km/h, 23°, rear seat config, semi-rigid seat Test
Richardson et al. 2020a 50 km/h, 50°, dual PT, 3.5 kN LL, Test
32 km/h, 25° seatback, 3.5kN LL, semi-rigid seat Test
UMTRI 32 km/h, 45° seatback, 3.5kN LL, semi-rigid seat Test
50 km/h, 25° seatback, 3.0 kN LL, semi-rigid seat Test
50 km/h, 45° seatback, 3.0 kN LL, semi-rigid seat Test
Baudrit et al. 2022 50 km/h, 60° seatback, semi-rigid, PT, 3.5 kN LL Test
V13, sports utility, rear seat, NCAP85 pulse Test
Guettler et al. 2023 V14, sports utility, rear seat, PT, LL, NCAP85 pulse Test
V15, midsize sedan, rear seat, NCAP8S5 pulse Test
V19, midsize sedan, rear seat, PT, LL, NCAP85 pulse Test

However, in the second UMTRI test series at 50 km/h,
pelvic fractures with AIS3 and AIS4 were observed in
each test. In production rear seat buck tests conducted
by Guettler et al. (2023), submarining and pelvic
fractures were observed in some tests.

In summary, sled test conditions that recorded pelvic
bone injuries were chosen for injury risk prediction.
These tests include Luet et al. (2012), Uriot et al.
(2015), Richardson et al. (2020a), UMTRI test series
(32 and 50 km/h), Baudrit et al. (2022), and Guettler
et al. (2023). The load cases and the peak values are
summarized in Table 3, and the unscaled and scaled

data are summarized in Table A5 and A6 in appendix
1.

RESULTS

THOR-AV match-paired tests were conducted to
develop the injury risk function. In cases where these
tests had not yet been performed, the THOR-AYV finite
element model (v0.7.2) was utilized as a substitute for
the physical tests, with plans for future updates.

Lumbar spine injury risk curves
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In developing the lumbar injury risk curve, the T12/L1
load cell in the THOR-AV dummy (Humanetics
model 10415) measures Fx, Fy, Fz, Mx, and My. In
frontal crash accidents, lumbar injuries are primarily
caused by forward and downward motions, resulting
in bending moments (Mx and My) and compression
(Fz) (Packhock et al. 2021, Richardson et al. 2020b).

The moment MXx is relatively small compared to My in
the PMHS load cases used in this study. Due to the
lack of oblique loading cases, the results may not be
accurate for oblique loading conditions. To the
authors’ knowledge, vertebrae column dislocations
caused by pure shear (Fx and Fy) in automotive
crashes have not been reported in any literature and
were therefore not considered in the analysis.

le
MYA_/.,_.y Mx

Mxy

L\
| 1Fz

Figure 5. Moment and compression load to the lumbar
spine

To account for the bending moment and compression
force of the lumbar spine, Lij was calculated by
summing the individual time-histories of Fz
normalized by F, .. =~ and Mxy normalized by

xyeriticqr O€TOTE calculating the peak value (see

formula 10).

Lij = max ( EW® + My () ) (10)

Zcritical XYcritical

Where

Mxy(®) = VMx(©? + My(D?  (11)

Peak values of Fz and Mxy were used to fit the
survival function. The critical values for Fz and Mxy
were determined from the injury risk curve functions
for Fz and Mxy. These critical values are defined as
twice the injury risk values at a 50% probability of
injury, aiming to achieve a value of 1.0 for Lij at its
50% injury risk probability. Log-logistic, lognormal,
and Weibull survival functions were fitted with the
matched-pair data. The distributions for Maximum
Abbreviated Injury Score (MAIS) MAIS2+ and

MAIS3+ (AIS 2015) are shown in Figure 6 through
Figure 9. The Mxy (for both MAIS2+ and MAIS3+)
and Lij (MAIS3+) did not converge in the model
fitting, and no plots were generated.

The survival functions for compression force (Fz),
Mxy (bending moment), and Lij (combined load
index), along with their corresponding injury risk
values, are listed in Table 4, 5 and 6. Mxy had a poor
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fit for MAIS2+ cases (shown in Figure 7), and did not
converge for MAIS3+ cases. No Lij fit was performed
for MAIS3+ cases since the Mxy did not converge.

For the quality index, Fz with MAIS2+ are all less than
0.5, indicating good fit. The Fz with MAIS3+ are
greater than 0.5, indicating a fit between good and fair.
Mxy has quality index values between 1.0 and 1.5,
indicating marginal fit. The quality index for Lij is
lower than 0.5, indicating a good fit.

As you may have noticed in Table 4 and other tables,
different GKG and AUROC values were yielded from
different survival fits rather than the same. This is
because the GKG and AUROC were calculated after
highly influential points were removed using dfbeta.
The dfbeta may not remove the same points for
different survival fits.

Table 4. Lumbar compression force (Fz) survival functions and injury risk values at 5%, 25% and 50% injury

probabilities.
AIS Fit Shape Scale AIC GKG AURoc Qual-  ImuryRisk Values (N)
Index 5%  25%  50%
Weibull 34798 50952745 462 074  0.836 037 2170 3562 4586
MAIS2+ Loglogistic ~ 4.0336  4390.7144 514 070 0784 039 2116 3344 4391
Lognormal ~ 2.0129  4460.8910  57.7 0.64 0784 044 1970 3191 4461
Weibull 1.6509  10046.9899 537  0.53  0.77 1.06 1662 4724 8047
MAIS3+ Loglogistic ~ 2.0134  7851.9993 534 053  0.77 1.19 1819 4550 7852
Lognormal  1.1951 78463245 531 0.3  0.77 121 1981 4462 7846

Table 5. Lumbar moment Mxy survival functions and injury risk values at 5%, 25% and 50% injury probability.

AIS Fit Shape  Scale  AIC GKG AURoc ~Qual  InjuryRisk Values (Nm)
Index 5% 25% 50%
Weibull  1.0167 8449372 769 025  0.627 140 46 248 589
MAIS2+ Loglogistic 13187 581.1463 768 025  0.627 143 62 253 581
Lognormal 08335 5754939 767 025 0627 139 80 256 575

Table 6. Lumbar Lij survival functions and injury risk values at 5%, 25% and 50% risk probabilities for MAIS2+

cases.
AIS Fit Shape  Scale AIC GKG AURoc Qual  Injury Risk Values
Index 5%  25%  50%
Weibull  3.76565 0.86306 50.1 0.65 083 028 039 062 0.8
MAIS2+ Loglogistic 3.41687 0.77032 612 056 078 041 033 056  0.77
Lognormal 2.09312 0.76526 60.8 0.56 078 040 035 055 077
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The critical values for Fz and Mxy were selected as
twice the injury risk values at 50% injury probability.
The critical values for Fz and Mxy for MAIS2+ are
9172 N (4586 N x 2) and 1178 Nm (589 Nm x 2),
respectively, for the Weibull fit.

The quantile-quantile (QQ) plots were investigated for
Fz, Mxy and Lij Weibull distributions for MAIS2+
and shown in Figure 10, 11 and 12, respectively.
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Figure 11. QQ plot of Mxy Weibull distribution for
MAIS2+

An investigation was also conducted by removing the
data generated from FE analysis, i.e., the load cases
from Shaw et al. (2009), Crandall et al. (2012), and
Luet et al. (2012), which happened to be cases with no
injuries reported. The injury risk curves for
compression force Fz are shown in Figure 13 and 14
for MAIS2+ and MAIS3+ only. The moment Mxy and
Lij did not converge, and no plots were generated.
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Figure 12. QQ Plot of Lij Weibull distribution for
MAIS2+
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Abdomen Injury Risk Curves

In the THOR-AV abdomen, APTS pressure sensors
were instrumented to measure loading from the lap
belt. The maximum pressure recorded by the APTS
was used in this analysis. Weibull, log-logistic, and
lognormal functions were fitted using matched-pair

Wang et al. / Stapp Car Crash Journal 69

PMHS data. The distributions for maximum AIS
scores, MAIS2+ and MAIS3+, based on PMHS data,
are shown in Figure 15 and 16. The scale and shape
factors of the abdomen pressure injury risk function,
along with the injury risk values at 5%, 25%, and 50%

probabilities, are summarized in Table 8.

Table 7. Injury risk values for lumbar compression force Fz with THOR-AV test data only.

AIS Fit Shape Scale AIC  GKG Auroc Quali.  InjuryRisk Values (N)
Index 5%  25%  50%

Weibull  3.0194 39638711 373 0671 0836 038 1482 2624 3511

MAIS2+ Loglogistic  3.1632  3669.6679 437 0567 0784 048 1447 2593 3670
Lognormal 19462  3660.7417 434 0567 0784 047 1572 2589 3661

Weibull  3.3296 54140873 329 0602 0801 049 2219 3724 4850

MAIS3+ Loglogistic 43134 47300112 333  0.642 0821 049 2390 3666 4730
Lognormal ~ 2.5769 47087989  33.0  0.642 0821 049 2487 3624 4709

Table 8. Abdomen pressure injury risk function scale and shape parameters and injury risk values

. Qual.  Injury Risk Values (kPa)
AIS Fit Shape Scale AIC  GKG AUROC
Index 5% 25% 50%
Weibull 3.5054 298.5578  312.8  0.19 0.597 023 128 209 269
MAIS2+ Loglogistic ~ 3.9430 2752554  322.6  0.11 0.557 030 130 208 275
Lognormal  1.7177 260.3630  344.1  0.07 0.536 0.40 100 176 260
Weibull 3.8799 316.2339 2556  0.16 0.579 023 147 229 288
MAIS3+ Loglogistic  4.4597 293.2402 2613  0.10 0.550 028 152 229 293
Lognormal  1.7547 290.5577  285.0  0.05 0.524 043 114 198 291
1009 CO®@ @ @ZIIZDGD@,@}— 1.004 (e]e] @ c«ma)@/,—
L 0751 0754
§ 0501 T § 050 ’
g ’ //l( e e Z; : ,‘UI/ e
AR
dash line - 95% CI solid line - IRF
3 4> dash line - 95% CI
0.00+ OO@O @ A
0.004 ~ @O DO
100 200 300 400 500

Abdomen Pressure (kPa)

Figure 15. Abdomen MAIS2+ injury risk curves
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The QQ plots of abdomen pressure form MAIS2+ and
MAIS3+ are shown in Figure 17 and 18 respectively.
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Figure 17. QQ plot of abdomen pressure for MAIS2+
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Figure 18. QQ plot of abdomen pressure for MAIS3+
Iliac crest injury risk curves

Iliac crest fractures are typically caused by the lap belt
load applied to the anterior superior iliac spine (ASIS)
(Garret et al. 1962, Kulowski et al. 1980, Durbin et al.
2001). Another potential cause is acetabulum fracture
due to load from the femur, often from the knee bolster
(Viano et al. 1988, Parenteau et al. 2003). This study
focuses specifically on the lap belt load to the pelvic
bone through the ASIS. Two different ASIS force
metrics were evaluated: 1) the peak from the time
history of the sum of the left and right ASIS X-axis
forces, and 2) the peak ASIS X-axis force, which could
occur in either the left or right ASIS.

The pelvis MAIS2+ injury risk curves for the total
ASIS forces are shown in Figure 19. The maximum of
the peak ASIS forces is shown in Figure 20. Please

note that the lognormal and loglogistic distributions
are nearly overlap each other in Figure 19 and Figure
20. For MAIS3+ analysis, all the injurious case were
removed when the data passed through “DFBETA”

(detecting influential points in regression) threshold of
\/% , where n is the number of samples. No MAIS3+
injury risk function is provided for the iliac crest

fracture.
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Figure 19. ASIS MAIS2+ fracture injury risk curves
for peak of the total ASIS forces

1.004 O O0O@EOBA® OO0 O
"/', //

0.751
2
3
@© =
I I
8 =
o
2 950
iz
o
> /
2 i , Red - Weibull
£ 0.25- 7. K Green - Loglogistic

) ty // Blue - Lognormal
) Solid line - IRF
15 Dash line - 95% ClI
bpr
0.00{ @eoO  CO@

0 2500 5000 7500
Max ASIS Fx(N)
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The shape and scale factors of the survival functions,
along with the injury risk values at the risks of 5%,
25% and 50% probability risks for total ASIS force
and maximum ASIS force, are shown in Table 9 and
10, respectively.
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Table 9. Injury risk function shape and scale factors and injury risk values for total ASIS force in x-direction.

AlIS Fit Shape Scale

AIC

GKG AUROC Qual.  Injury Risk Values (N)

Index 5%  25%  50%
Weibull 1.3918 4582.4151 443  0.63 0.82 0.76 542 1872 3522
MAIS2+ Loglogistic ~ 0.8125 3023.1714  58.6  0.40 0.70 1.56 81 782 3023
Lognormal  0.4992 2996.6044  58.6  0.40 0.70 1.56 111 776 2997
Table 10. Injury Risk function shape and scale factors and injury risk values for maximum ASIS force in x-
direction.
Injury Risk Val
AIS Fit Shape Scale  AIC GKG AURoc Qual  InjuryRisk Values (N)
Index 5%  25% 50%
Weibull 1.0008 35514901 52.0 0.46 0.73 0.95 183 1023 2462
MAIS2+ Loglogistic ~ 0.7945 1937.1319 594 0.36 0.68 1.59 48 486 1937
Lognormal  0.4891 1925.3407 594 0.36 0.68 1.58 67 485 1925
The QQ plot of the total and maximum ASIS forces DISCUSSION

for MAIS2+ and MAIS3+ are shown in Figure 21, 22,
23 and 24, respectively.

3000 5000 7000

Sample Quantiles

1000

0 2000 6000 10000

Theoretical Quantiles

Figure 21. QQ plot of total ASIS force for MAIS2+
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Figure 22. QQ plot of maximum ASIS force for
MAIS2+

The lumbar spine injury risk function has not been
developed for any dummies in the past. With reclined
seating, occupants have a higher risk of submarining
(Lin et al., 2018; Boyle et al., 2019). The higher
compression load in a reclined seat, combined with a
forward bending moment, raises concerns about
increased lumbar injury risk. An injury risk function
would provide quantified information for restraint
system development.

A comparison of isolated lumbar spines between
Hybrid III and PMHS was conducted under quasi-
static and dynamic test conditions by Demetropolos et
al. in 1998 and 1999, respectively. The quasi-static
tests showed that Hybrid III 50th percentile lumbar
responses differ significantly from PMHS lumbar
responses: approximately 7 times stiffer in tension, 20
times stiffer in flexion, half as stiff in extension, 5
times stiffer in posterior shear, and 3 times stiffer in
lateral shear. In dynamic tests of Hybrid III and PMHS
lumbar spines, it was shown that the Hybrid IIT lumbar
spine has much lower stiffness in the initial loading
stage, is approximately 2.5 times stiffer in the later
loading stage in flexion, and a similar trend was found
in extension tests. In THOR and THOR-AV, the
lumbar designs are simplified in a concept similar to
the Hybrid 111, with a uniform cross-section and a steel
cable in the center. This design cannot provide distinct
responses in flexion, extension, tension, and
compression to accurately mimic a human lumbar
spine. In this study, the T12 load cell, positioned
adjacent to L1, was used for lumbar injury risk
assessment. There was interest from a few THOR
users in the past to include an L5 load cell to measure
lumbar spine loads, as it would capture much higher
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load values compared to the L1 position and
potentially offer improved injury risk prediction. Jones
et al. (2016) investigated lumbar vertebrae fracture
injury risk using the Total Human Model for Safety
(THUMS), reconstructing four real-world motor
vehicle crashes from the Crash Injury Research and
Engineering Network (CIREN) and the National
Automotive Sampling System - Crashworthiness Data
System (NASS-CDS) database. The study clearly
distinguished peak compression and bending loads
between injury and non-injury cases for loads at L1
through L5. However, the differences in loading
magnitudes between injuries and non-injuries at L5
were much smaller compared to L1 through L4. This
suggests that the T12/L1 location is adequate for
injury prediction measurements, and adding an L5
load cell would not necessarily provide a better
indication for lumbar spine injury prediction.

Like the neck Nij development (Mertz et al., 1971,
Prasad, et al., 1984, Mertz et al., 2016), the critical
values for Fz and Mxy in Lij calculation could be
determined and estimated from volunteer tests and
adjusted based on in-position test and out-of-position
tests. However, the isolated neck has functioning
musculature intact for testing while this is impractical
for lumbar spine. The lumbar spine is coupled with the
torso by the related musculatures and it’s difficult to
incorporate these muscles as part of the isolated
lumbar spine PMHS testing. Therefore, two possible
methods were considered to determine the critical
values of lumbar compression force and bending
moment from the whole body PMHS tests. The first
method is to average the matched-pair lumbar loads.
The second method is to use the value at 50% injury
risk multiplied by two, which would bring the Lij
value close to 1.0 for 50% injury risk probability. This
is subjective numerical manipulation and does not
improve the accuracy of injury prediction.
Considering the limited PMHS specimens, the second
method would provide a better statistical estimation
and was selected in this study.

From Table 4, it shows that Fz Weibull distribution for
MAIS2+ is the best indicator to predict injury, with a
GKG in 0.74 and an AUROC in 0.863. The Fz has a
GKG of 0.568 for MAIS3+, indicating that the
relationship is slightly better than a random
distribution, which has a GKG of 0.50. It appears that
Fz is a strong indicator for AIS2+ injury prediction.
From Table 5, it shows that Mxy has a poor fit for
MAIS2+ cases, with a GKG of 0.254 and an AUROC
0f 0.568. It did not converge for MAIS3+ cases. From
the results of lumbar spine Lij in Table 6, it shows that
the Weibull distribution has the highest GKG and
AUROC values at 0.646 and 0.823, respectively. This

raises the question of whether Lij for MAIS2+ is a
choice suitable for injury prediction, given that it was
calculated from Fz and Mxy, and Mxy is a weak injury
predictor statistically. A couple of well-known and
accepted examples of injury prediction development
in the past include the use of accelerations for head
injury criterion (HIC) and angular velocities for BrIC
calculation for injury predictions. There is no evidence
showing that an injury predictor derived from
measured input parameters requires each input
parameter to be a strong injury predictor. Lij is a new
indicator derived from Fz and Mxy and could be
evaluated based on its strength for injury prediction
statistically.

Given results of AIC, GKG, AUROC, and quality
index, Fz is the best injury predictor, followed by Lij
for MAIS2+ cases. The injury risk functions for Fz and
Lij for MAIS2+ are presented below.

Fz 3.4798

P(Fz,MAIS2 4+) =1 - e_(5095-2745) (12)
Lij 4.3528
P(Lij, MAIS2 +) = 1 — ¢ (vs672) (13)
Where
F, M
Lij = ——+—2 (14)
Zeritical XYcritical
and
Mxy = /Mx2 + My? (15)
Zeritical 9,172 N, Mxy_critical =1,178 Nm

An investigation was carried out for the lumbar injury
risk function without FE cases, which are Shaw et al.,
2009; Crandall et al., 2012; and Luet et al., 2012.
These three cases were non-injury cases. Only Fz with
MAIS2+ and MAIS3+ converged, and the results for
Weibull distributions are shown in Table 11 for
comparison. It is noted that there is a large difference
between the results in injury risk values. For example,
Fz of MAIS2+ at 25% injury risk has a value of 3562
N with all data, and 2624 N for test data alone. One
reason could be that the smaller data set provided
different results than the larger data set, considering
the load cases are already relatively small for typical
statistical analysis. The accuracy of the FE analysis
results could play a role, but it should account for a
smaller portion compared to the reduced data set due
to the validation work, knowing that we could not
quantify it until we have both test data and FE results
for this exercise.
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Table 11 Comparison of Weibull distribution with and without FE data

AlS Data Shape Scale

AIC

i Injury Risk Values (N
GKG AUROC Quali. jury ues (N)

Index 5%  25%  50%
MAlsy, TSUPFE 34798 50052745 462 074 0836 037 2170 3562 4586
TestOnly  3.0194 39638711 373 0.671 0836 038 1482 2624 3511
Mgy, TeSUFE 30512 65350685 393 056 0801 086 2469 4344 5795
TestOnly  3.3296 5414.0873 329 0.602 0801 049 2219 3724 4850
Table 12 Comparison of lumbar Fz Weibull distribution using either test data or FE data from Richardson et al. 2020
load case.
AIS  Data  Shape Scale AIC GKG AUROC Qual.  Injury Risk Values (N)
Index 505 25%  50%
Test  3.47983 509527446 462  0.74  0.87 037 2170 3562 4586
MAIS2+  pg 359738 512965120 42.1  0.78  0.89 035 2247 3628 4633
Diff. 35%  1.9% 1.0%
Test  1.65095 10046.98990 53.7 053  0.77 1.06 1662 4724 8047
MAIS3+  FE 179667 976541660  52.0  0.56  0.78 090 1870 4881 7963
Diff. 12.5% 33% -1.0%

Since we have both test data and FE results for
Richardson et al. 2020 load case. A verification study
was carried out to quantify the difference in injury risk
function parameters and predicted risk levels when
using either the test data or the FE model data as input.
The results of lumbar spine Fz risk functions are
summarized in Table 12. It is observed the Injury Risk
Value differences for 25% and 50% are relatively
small, for example 1.9% and 1.0% for MAIS2+,
respectively.

Abdomen injury predictions have been extensively
explored by many investigators, as reviewed in the
introduction section. Albert et al. (2024) investigated
abdomen injury risk predictions from belt loading. The
evaluated predictors were lap belt force, abdomen
compression (Cmax), rate of compression (Vmax),
and pressure in the abdominal vasculature. It was
found that the best predictors for AIS2+ injuries were
pressure and lap belt force, while the best predictor for
AIS3+ injuries was V*C. Pressure was a good
predictor for both injury risk predictions.
Unfortunately, there are no compression measurement
sensors in the THOR-AV abdomen design, only twin
pressure sensors, and therefore only pressure was
assessed in this study. The GKG values are very poor
for all the survival fits, and the highest AUROC value
from the Weibull fit is 0.579, slightly better than a
random distribution. The investigation indicates that
pressure from the abdomen pressure sensors is not a
strong indicator for abdomen injury prediction. The

injury risk functions of the APTS pressure are listed
below for reference only.

)3.5054

P(p, MAIS2 +) = 1 — e~ (2585575 (15)

p 3.8799
P(p, MAIS3 +) = 1 — ¢ (316.23%9) (16)
Beillas et al. (2023) utilized porcine abdomen
compression (relative to abdomen depth) and soft
compression (relative to compressible abdomen depth
only) to develop injury risk curves for a THOR
dummy retrofitted with an abdomen designed by the
Abdomen Injury and Submarining Prediction
(ABISUP) consortium. No GKG and AUROC values
were provided in Beillas et al. (2023) to demonstrate
the strength of abdomen pressure as an injury
indicator. The log-logistic distribution fit from Beillas
et al. (2023) for MAIS3+ showed pressures of 108
kPa, 197 kPa, and 367 kPa for the 25%, 50%, and 75%
injury risk curves, respectively. In comparison, the
log-logistic fit for MAIS3+ in this study (Table 8)
resulted in pressures of 229 kPa, and 288 kPa for 25%
and 50% injury risks. These differences likely stem
from variations in the designs of the ABISUP
abdomen and the THOR-AV abdomen. The ABISUP
abdomen was retrofitted to the THOR dummy without
any changes to the pelvis. There is a rigid plate behind
the abdomen that houses the abdomen pressure sensors
(Beillas et al. 2023), which provides immediate
support to the abdomen pressure sensors and results in
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a quick pressure increase. The THOR-AV design
updated the pelvic bone geometry, including the ASIS
shape, with the latest geometry (Reed et al. 2013).
There is no rigid plate behind the abdomen, but the
dummy spine in the THOR-AV design (Wang et al.
2022a); as such, the forces measured by the abdomen
pressure sensors are expected to be lower than in the
ABISUP abdomen because it takes a much longer
travel distance for the pressure sensors to be pushed
against the next object, i.e., the lumbar spine.

This study analyzes the risk of pelvic bone fractures
caused by the lap belt load. The load on the ASIS was
measured using ASIS load cells on both the left and
right sides. Pelvic bone fractures can result from
complex loading scenarios, and it is uncertain whether
the load from one side alone (e.g., the maximum of the
left or right side) causes injuries. In this study, the total
load and the maximum load from the left and right
ASIS load cells of the THOR-AV dummy were
investigated for injury risk function development.
Once again, the Weibull distribution, which showed
the lowest AIC value and the highest GKG and
AUROC values, is recommended (Table 9 and 10).
The maximum ASIS force showed a low GKG value,
indicating a weaker relationship with injuries than the
total ASIS force. No injury risk function was provided
for MAIS3+ because there were not enough MAIS3+
injury cases, and the data did not converge for survival
function fitting. The injury risk function for pelvic
bone fractures for MAIS2+ is recommended for ASIS
fracture prediction and is presented below.

FASIStotal

1.3918
P(FASIStotaz'MAISZ +) =1- e_<m> (17)

LIMITATIONS

There are a few limitations in this research. The
THOR-AV models may not represent the test data in
all cases, though they have been validated under other
test conditions. The validation process is an internal
procedure at Humanetics for commercial product
development. The influence of any discrepancies was
not quantified in this study. For the lumbar injury risk
function, the critical values were not determined in the
traditional way through volunteer tests and
adjustments for a specific dummy. Instead, statistical
assumptions were made, which could not be validated
in this study. Secondly, the GKG and AUROC for the
lumbar moment (Mxy) are poor, raising the question
of whether Lij is appropriate as a potential injury
indicator. For the abdomen injury risk function, all
data, except for Guettler et al. (2023), were derived
from FE analysis. The time at which the injuries
occurred was not reported in most of the literature

selected for ATD match-pair tests or simulations, so
peak values were used in these cases. It is likely that
the injuries occurred before the peak values, which
implies the injury risk may have been underestimated.
The injury risk functions discussed in this paper were
not validated through accident reconstruction tests or
correlated with field data. These functions are for
reference only, until further correlation is investigated
for proper recommendations. The configuration of the
physical THOR-AV may have changed throughout the
testing due to reinforcement of the pelvis and abdomen
skins though the reinforcement most likely would not
affect the dummy response from our engineering
judgement, however no verifications were carried out
to verify the observation.

CONCLUSIONS

THOR-AV, a modified dummy derived from the
THOR dummy, was developed to evaluate automobile
occupant restraint systems in both upright and reclined
postures. In this study, injury risk functions were
proposed for the modified body segments of THOR,
specifically the lumbar spine, abdomen, and iliac crest
of the pelvic bone. Log-logistic, log-normal, and
Weibull survival functions were analyzed with 95%
confidence intervals. The Akaike Information
Criterion (AIC), Goodman-Kruskal Gamma (GKG),
and Area Under the Receiver Operating Characteristic
Curve (AUROC) were used to assess prediction
strength and select the final injury risk functions.

The analysis showed that lumbar Fz is the best
indicator for lumbar spine injury, followed by Lij. The
Fz injury risk values at 5%, 25%, and 50%
probabilities are 2170 N, 3560 N, and 4856 N for
MAIS2+, respectively. The Lij injury risk values at
5%, 25%, and 50% probabilities are 0.44, 0.65, and
0.79 for MAIS2+, respectively. The abdomen APTS
sensors were not found to be a strong indicator for
abdomen injury prediction. The APTS injury risk
values at 5%, 25%, and 50% probabilities are 128,
209, and 268 kPa for MAIS2+, respectively. The total
ASIS force from the left and right ASIS load cells is a
better injury predictor than the maximum ASIS force.
The total ASIS force injury risk values at 5%, 25%,
and 50% probabilities are 542 N, 1872 N, and 3522 N
for MAIS2+, respectively. The injury risk values
provided in this study should be used with caution
until additional FE model validation is conducted and
documented and/or additional physical tests are
conducted to supplement FE model data used in the
risk function development.
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