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Lumbar Spine Injury Assessment of Frontal Crash Occupants: Translating HBM Metrics to THOR ATDs
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Gepner

Abstract Lumbar spine injuries have been observed in PMHS sled tests and field data, yet no ATD lumbar
injury criteria currently exist in vehicle regulation. This study quantified lumbar loading in matched THOR-HBM
frontal crash simulations and assessed force and moment relationships for translating human lumbar injury risk
to ATDs, using HBMs as a bridge. The matched simulation matrix varied ten parameters known/hypothesised to
influence lumbar loading, including delta-v, seat, restraints, and posture. From these, 84 non-submarining
matched cases were identified for comparison. Peak compression forces, and some peak flexion moments, were
linearly correlated, with relationships varying for each HBM-THOR comparison. The GHBMC Lfx injury metric
predicted among the highest injury risk at the T12 vertebrae, consistent with PMHS and field data, aligning ATD
predictions with the anatomical location of the loadcell. This alignment enables direct comparison of loads
between PMHS, HBMs, and ATDs, supporting the use of ATD lumbar loadcell data to assess occupant injury risk
in future vehicles. This is the first study to systematically evaluate multiple THOR variants and HBMs regarding
lumbar spine loading under varied frontal impact conditions, establishing foundational relationships for
translating HBM-based lumbar injury metrics derived from human data to ATDs.

Keywords Anthropomorphic test devices, Human body models, Lumbar spine injury, Matched simulations,
Parametric study.

I. INTRODUCTION

Frontal crashes have historically elicited a higher proportion of AIS2+ lumbar spine fractures (e.g., compression,
wedge, burst types) than other crash directions [1-2], and have also been identified in frontal sled tests with
post-mortem human subjects (PMHS) [3—13]. These fracture types have been linked to compression loading with
and without flexion via biological experimentation [14—18]. Further, field crash data [1][19—20] have shown that
occupants in frontal crashes sustain a relatively high rate of lumbar spine fractures resulting from compression
and compression combined with flexion bending. PMHS-derived and human body model (HBM)-derived
(specifically for the 50" percentile male GHBMC) injury risk functions (IRFs) that can be used to predict lumbar
spine fracture in compression or in compression-flexion dynamic loading analogous to that experienced during
potentially injurious frontal crashes have been developed and presented in the biomechanics literature [21—23].

However, there are presently no standards for quantifying acceptable lumbar spine loads and injury risk in
vehicle regulation. Moreover, there have not yet been any studies in open literature pertaining to quantification
and interpretation of spinal loads from anthropomorphic test devices (ATDs) in frontal sled tests, and how they
relate to human injury risk. Injury risk prediction with ATDs is a fundamental and critically important aspect of
vehicle safety evaluation used in both government compliance and consumer-information testing. Since ATDs
have limited instrumentation and varying materials, PMHS-derived injury risk prediction typically needs to be
translated or transformed to provide relevant predictions in ATDs. Moreover, the simplification in design and
intended use of dummies relative to human tissues affect the measured kinematics and kinetics from both
physical ATDs and their computational counterparts across the loading cases in which they are assessed. For
example, spinal loads are measured in one or two load cells placed in anatomically equivalent locations that are
in series with one rubber joint assumed to represent and modulate the deformation of the entire spinal column.
Whereas, humans, and their computational counterparts human body models (HBMs), contain five lumbar spine
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vertebrae between flexible intervertebral discs with seemingly infinite measurement locations in which to place
instrumentation. Additionally, the ATD spine was likely designed to be stiffer than human spines because it must
facilitate torso pitch in the absence of load sharing with soft tissue (i.e., the ATD abdominal foam and jacket
cannot bear as much load as human soft tissues), so direct application of PMHS-derived injury risk prediction is
likely not appropriate. Given the difficulty in measuring spinal loads in PMHS sled tests, HBMs can be explored as
a way to interpret loading in the human and then be linked to virtual ATDs. Computational models present a
unique opportunity to examine the spinal loading relationships between surrogates given variations in crash,
vehicle, and occupant parameters. Further, if the HBM and ATD display similar relationships in spinal loading
behavior, injury risk prediction may be transferred to the ATD. Thus, HBMs may facilitate the development of
dummy injury criteria across a multitude of frontal impact scenarios.

HBM simulation studies have suggested that lumbar spine forces and moments are affected by several
occupant and environmental factors. Lumbar spine injuries have been reported at impact speeds ranging from
around 35—60 km/h [1-2][19][24—27] and have been attributed to higher impact speeds [5][20]. Spine loads have
been shown to increase when the occupant’s torso is initially reclined closer to horizontal [6][9][28—34]. Further,
initial spinal curvature has been suggested to affect lumbar spine loading, in which slouched postures result in
higher lumbar spine loading [28] and more lumbar spine fractures [36]. Additionally, it is hypothesised that
lumbar spine forces and moments are also affected by load sharing between the lumbar spine and surrounding
load paths in the lower thorax and abdomen. If the tissue surrounding the spine had negligible stiffness, then the
compressive load would be borne entirely by the spine. Certain aspects of restraint systems, such as load limiting
and belt take-off angle, may affect lumbar spine loading and may be able to be optimised. Restraining the pelvis
such that minimal pelvis excursion occurs has been suggested to result in higher magnitudes of loading to be
propagated from the seat to the lumbar spine [37], while submarining has been found to off-load the lumbar
spine [30]. Conversely, load limiting of the seat track, seat pan, and lap belt have been shown to reduce lumbar
spine loading [38]. Additionally, the type of seat and its inherent properties (stiffness, cushioning, etc.) has been
shown to affect the magnitude of loading to the lumbar spine [8][35]. Lastly, the use of a knee bolster is
hypothesised to introduce an alternative load path for energy transfer during an impact. Given the frequency of
lumbar spine injuries in the field, the risks predicted for reclined occupants, and the known or hypothesised
effects of other factors identified to vary among occupants and vehicles, the transformation of injury risk
prediction from the human to the dummy via HBMs should be timely and prove robust to these considerations.

Therefore, the goal of this study was to quantify the relationships between HBM and dummy loads in matched
frontal crash boundary conditions across a range of intrinsic and extrinsic parameters. The aim was to compare
lumbar spine loads from several THOR FE models that are designed for both traditional upright seating postures
(THOR-50M) and include modifications for reclined seating (THOR-RS and THOR-AV) to those from HBMs to
provide insight into the plausibility of using a HBM to link human lumbar injury risk to THOR lumbar spine injury
risk.

Il. METHODS

Whole body sled tests were simulated with various combinations of discretised (1) torso angle, (2) pelvis-spine
orientation, (3) flesh stiffness, (4) organ stiffness, (5) impact speed, (6) restraint functionality, (7) lap belt
anchorage position, (8) shoulder belt angle, (9) seat type, and (10) knee bolster use. These factors have been
found to affect lumbar spine loading and injury rates in previous studies with PMHS, computational models, and
crash investigation data, or were hypothesised to affect such loads. Fiftieth-percentile male computational
models were utilised; two of which have been specifically developed to investigate reclined postures. The Total
HUman Model for Safety (THUMS; v7), Global Human Body Models Consortium (GHBMC; v6.0), and four
variations of the Test device for Human Occupant Restraint (THOR; 50M-UVA-NHTSA v2.8; 50M-ATD-MODELS
v1.05; RS v1.05 from ATD-MODELS; AV v0.7.2 from Humanetics) were simulated in matched boundary conditions
for one-to-one comparisons. These models were first simulated in a baseline case using exact PMHS and THOR
positioning data and compared to their in-lab sled test counterparts [6][9][29][39-41], except for THOR-AV since
no physical sled test had been performed. Models were then parameterised from this baseline case, as described
in later sub-sections. The HBMs and THOR 50M-UVA-NHTSA results come from a previously executed study,
whereas THOR 50M-ATD-MODELS, RS, and AV were simulated specifically for the purpose of this study. Any
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differences between the first and second sets of simulations will be pointed out and explained in later sub-
sections.

It should be noted that the designs of THOR-RS and THOR-AV deviate from the traditional THOR-50M. Namely
in the spine, THOR-RS replaced the rigid spine pitch mechanism with a flexible joint (two flexible joints total), and
THOR-AV included a wedge part in the neck and altered lower thoracic pitch adjustment design to aid in
positioning to extreme recline angles [42—43]. The THOR-AV model release included three pre-positioned models,
including 25° (with a 12° superslouch spine pitch), 45° (with a -6° erect spine pitch), and 65° (with a -15° super-
erect spine pitch) torso angles. The 45° and 65° positions include an abdominal wedge part to achieve the torso
and spine orientations. For the purposes of the current study and to exactly match the parameter levels of the
previous study, the 25° (with a 12° superslouch spine pitch and no abdominal wedge part) model was used and
re-positioned to the other target postures, as described in future sections.

In general, stresses and strains were removed from all pre-simulations. Simulations were performed on the
UVA High Performance Computing Cluster using LS-Dyna Massively Parallel Processing (MPP) explicit FE solver
(R9.3.1 for the first set of simulations and R12.2.1 for the second set of simulations, both in single-precision
MPP971—consistency between both versions was ensured by re-simulating select cases), with a run time of
160 ms. Simulations not reaching 95 ms in duration were removed from further analysis, as they were not
inclusive of peak lumbar spine compression forces and flexion moments. Simulations resulting in submarining
were also removed from further analysis since submarining has been shown to off-load the lumbar spine [30].

Factor Sampling and Parameterisation

The ten factors were varied at two to four levels (Table 1). Selected levels of parameters were chosen to study
lumbar spine loading when submarining does not occur. Thus, values of parameter levels were chosen to avoid
the risk of submarining, with some based on findings from a previous study [44].

TABLE |
Factors selected for analysis. Bolded levels indicate Baseline Case conditions that matched previous reclined
occupant sled tests [6][9]. Unbolded levels indicate iteration from the baseline, often in a direction that
aimed to avoid submarining.

Factor Levels
Slower (40 km/h)
Delta-V Faster (51 km/h)

3PT + 3.5kNSBLL (1)
3PT + 2.5kNSBLL (2)
3PT + 3.5kNSBLL + 5+7kNLBLL (3)

2PT + 3.5kNSBLL (4)

On (Included)

Off (Excluded)

Semi-rigid
Vehicle
Nominal (0 mm)

Forward (+52 mm)

Restraint Type

Knee Bolster
Seat Type

Lap Belt Anchor Position

Positive (+12°)

Shoulder Belt Take-Off Angle Negative (-12°)
Pelvis Angle Nominal (0°)
(Lumbar Orientation) Posterior (12°)
Upright (25°)

Recline Angle

Flesh Stiffness

Organ Stiffness

Reclined (50°)
Highly Reclined (60°)
Nominal (1x SF)
Stiffer (5x SF)
Nominal (1x SF)
Stiffer (5x SF)
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Eight of the variables were discretised to two levels, with precise values based on literature and/or current
vehicle regulation standards. In the second set of simulations with THOR 50M-ATD-MODELS, RS, and AV, the flesh
and organ stiffness for the THOR analog were not varied, and only nominal/stock values were utilised. Firstly,
these two parameters were found not to substantially influence lumbar spine loads in the first set of simulations
with the HBMs and THOR 50M-UVA-NHTSA. Additionally, and importantly, the material characteristics of these
dummy parts are encrypted within the commercial models used in this study, restricting direct modification by
the user. Factor levels are discussed in later relevant sub-sections and Appendix A.

A full-factorial simulation study was not feasible, as it would have required 3,072 simulations. Thus, sub-
sampling reduced the number to 192 sled-style frontal impact simulations per surrogate (Eq. Al). A sixteenth
fractional factorial design with a resolution of IV was introduced for the eight variables sampled at two levels,
resulting in 16 runs [45]. The resulting sampling scheme pre-allocated combinations of factor levels such that
each factor was equally sampled, and information of the entire parameter space was gained via Design of
Experiments (see Appendix A). The sixteenth fractional-factorial was applied within each combination of torso
angle (three levels) and restraint type (categorical, four levels).

Environment

The environment model included a publicly available, generic, tunable restraint model [46]. The seat-belt
restraint anchor positions were symmetrically mirrored to obtain a passenger orientation, replicating previous
reclined occupant sled tests and simulations [6][9][29][39—40]. The functionality and anchor positions were tuned
to match reclined sled tests and simulations conducted by UVA and Autoliv [6][9][29][39—40]and were designed
to mitigate potential submarining, including triple pretensioning and shoulder belt load limiting. The shoulder
belt D-ring and B-pillar mimicked a belt-in-seat structure. The lap belt included a buckle with crash-locking tongue,
which allowed for slip through the belt during pretensioning, but none thereafter. See Appendix A for description
of restraint modifications to achieve the desired factor levels. The knee bolster restraint included foam reinforced
with a metal structure, and its position was not changed from the stock restraint model (see Fig. B4 for example).

Two seat models were included. The semi-rigid seat model, designed to approximate the stiffness of vehicle
seats [36], was tuned to replicate functionality of previous reclined occupant sled tests and
simulations[6][9][29][39—40], with the deformable seat pan angled at 15° and anti-submarining ramp angled at
30° from the horizontal. Additionally, a publicly available 2010-2012 Toyota Auris vehicle seat model was included
(25° seatback, mid-height headrest location, approximately 13° seat pan angle) [47]. Nominal anchorage positions
for the semi-rigid seat were based on physical test boundary conditions [6][9]. H-point design specifications were
used to equate restraint anchor positions between the native semi-rigid seat and vehicle seat with respect to the
rotational axes of both seats, so that the relative position of the belt anchorages to the design H-point was the
same with both seat models (see Appendix A for more). A slow (40 k/hr) or fast (51 k/hr) delta-v was applied (see
Appendix A for more).

Occupant Positioning

Torso angle was discretised to three levels which represented current and potential future postures occupants
may choose in vehicles (upright = 25°, reclined = 50°, and highly reclined = 60°) (Fig. 1). The nominal upright
positions were those matched to the stock HBMs due to lack of any other physical sled test positioning targets.
The HBM nominal reclined position, obtained from previous PMHS tests [6] and HBM simulations [29][39], has
been extensively documented. The virtual THOR nominal recline position matched that of the physical THOR [40—
41] via the Oasys Primer (v21.0) positioning tree and displacement cable pre-simulation method using digitised
targets from a 3D coordinate measurement machine from physical THOR tests, which was originally estimated
from the average PMHS [6]. The spine pitch angle was adjusted to super-slouch (12°) to reflect physical tests (to
match both pelvis and torso angles). Key positioning targets for the nominal recline posture included the fore-aft
(X) and vertical (Z) location of the H-Point, heel, knee, acromion, head CG, sternum and elbow, as well as spine
and pelvis tilt sensor sagittal angles.

The nominal highly reclined position was an exploratory torso angle obtained via the ratio of Nyquist pelvis
angles (angle between the vector connecting the ASIS to pubic symphysis and the horizontal in the sagittal plane)
between the upright to recline postures, which was used to linearly extrapolate to the highly reclined pelvis angle.
The Nyquist angle for upright was approximately 132° for HBMs and 114° for THOR and increased to 162° for
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HBMs and 142° for THOR in the reclined posture. The ratio of a 1.2° and 1.12° increase in Nyquist angle for every
1° increase in torso angle resulted in a target of 174° for HBMs and 153° for THOR in highly reclined.

At each HBM torso angle, the nominal lumbar-pelvis orientation was then altered to consider a second
orientation in which the pelvis was posteriorly rotated. The value of 12° was arbitrarily determined using static
positioning data for volunteers situated in reclined postures [48] (15° standard deviation among pelvis angles) as
well as considering the variation of initial pelvis notch angle of the PMHS tests [6] (10° range). The notch angle
was defined as the angle between the ASIS-AIIS vector and the horizontal. From the nominal position at each
torso angle, the whole HBM was rigidly rotated by 12° rearward about the H-point, and then the same targets
and methods for the head, spine, legs, and arms positions were carried out to slouch the lumbar spine while
constraining the pelvis.

THOR models included a spine pitch adjustment mechanism (except THOR-RS), which is the only degree of
freedom for altering spinal posture. For all THOR models except THOR-RS, the alternative factor level was selected
as the “neutral” pitch adjuster position (0°) and was obtained by anteriorly rotating the pelvis (approximately 5°),
while maintaining the same H-point position and torso angle as nominal posture (i.e., super-slouch 12°). The
neutral pitch adjustment location, with relative anteriorly-rotated pelvis, was matched to the nominal HBM
pelvis-spine position, and the super-slouch pitch adjustment location with relative posteriorly-rotated pelvis was
matched to the posteriorly-rotated HBM pelvis position, both without any pre-flexion of the THOR spine flexible
joints. Due to THOR-RS replacing the spine pitch adjustment mechanism with a flexible joint, two spine pitch
postures were not utilised for THOR-RS. For the one spine posture, pre-flexion was incorporated into both THOR-
RS flexible spine joints in order to match the tilt angles from the physical sled tests and carried the same amount
of pre-flexion to the two other torso angles. The magnitude of pre-flexion totaled 9°s, of which was evenly split
between the two flexible joints. Lastly, positioning targets were not available for THOR-AV, therefore spinal joint
deformation was matched to that of the THOR-50M, and the flexible spinal joint was kept in an undeformed state
across all torso angles. The same relative angles of the arms, legs, and neck were maintained for all torso angles
and pelvis-spine orientations of each surrogate model.

Upright Recline Highly Recline

=m m L BN L mEa m
Fig. 1. Example positions for all torso angles for (a) GHBMC, (b) THUMS, and (c) THOR.

Settling and Belt Routing

After obtaining the six positions (three torso angles x two pelvis/spine orientations), the surrogates were
settled onto both seats (Fig. 2). The models were settled by prescribing motion to achieve matched H-point
positions relative to the physical counterparts. To do so, the skeleton was rigidly constrained to maintain the
achieved postures, and the buttock flesh compressed against the seats. For the semi-rigid seat, the HBMs
naturally sat 20 mm higher than PMHS when gravity-settled, so the HBMs were forced into the seat by
compressing the buttock flesh because it has been shown to improve the pelvis kinematic biofidelity [39]. THOR
fore-aft H-point position was matched to physical THOR recline tests [40—41]. The physical THOR sat
approximately 35 mm forward and 30 mm above the average H-point location of the PMHS (PMHS final position
was approximately 10 mm behind the target H-point position). Further, THOR generally tends to sit higher and
forward in seats due to the stiffness, thickness, and geometry of the buttock flesh. As a result, the National
Highway Transportation Safety Administration’s (NHTSA’s) THOR positioning procedure specifies that the THOR
H-point should be placed 20 mm forward and 20 mm above the OSCCAR positioning tool reference H-point
location [49]. On the other hand, since vertical buttock height of the THOR-RS was modified to better match PMHS
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(i.e., vertical pelvis flesh was removed), the z-component of THOR-RS’s H-point position, when set at the same x-
component as THOR-50M, was closer to that from the PMHS and HBMs. The H-point positions of all six postures
of each surrogate were the same.

For the vehicle seat, the H-point fore-aft x-position was based on the seat design specifications included with
the open-source model while taking positioning requirements into account for THOR, as described above. The
vertical position was determined by gravity settling since HBM/THOR and PMHS/THOR flesh differences on the
seat cushion could not be similarly identified to those identified on the semi-rigid seat. A contact was not defined
between the models and the seatback in order to maintain the six achieved postures. Initial stresses and strains
from the settling procedures were not carried through to the final simulations. Static and dynamic coefficients of
friction of 0.35 were defined between the surrogate and seatpan entities, which are typical values for automotive
impact simulations and have been used in similar studies with the Semi-Rigid seat and advanced restraint [29][39].
The seat belts were semi-automatically routed (Oasys Primer v21.0). Belt routing for vehicle seat cases was
allowed to intersect with the seatpan and seatback, as the intended restraint parameter values were to be
maintained and only seatpan stiffness and structure were to be varied. A contact was not defined between
restraint and seat entities, so this did not affect the functionality of the restraint. Additionally, a contact with
static and dynamic coefficients of friction of 0.30 was defined between the surrogates and belts, which are typical
values for automotive impact simulations and have been used in similar studies with the Semi-Rigid seat and
advanced restraint systems [29][39].

@ GHBMC & THUMS

@ THOR-50M
© THOR-RS
@ THOR-AV

Fig. 2. H-point target positions for all surrogates sitt’ing on the semi-rigid seat (left) and vehicle seat (right).

Submarining Detection

Submarining has been suggested to reduce lumbar spine loading [30], and parameter levels were biased away
from submarining, but submarining was still predicted to occur. Variables not yet assessed in the context of
submarining, such as seat type and a highly reclined posture, were included and were hypothesised to result in
some submarining. Submarining detection was performed using a previously developed method [44]. At each
time step, the Euclidean distance between the nodes on the lower edge of the lap belt and the left, right, and
middle ASIS nodes were calculated. Concurrently, the lap belt node closest in distance to each of the three ASIS
nodes at each time step was quantified. If any of those three lap belt nodes translated above and rearward
relative to the ASIS in the global coordinate frame, the simulation was flagged for submarining and removed from
further evaluation. Simulations were categorised as submarining regardless of when submarining occurred and if
submarining was unilateral or bilateral. Cases resulting in submarining were removed from further analysis.

Lumbar Spine Loads

Peak lumbar spine loads (axial compression forces and flexion bending moments) were recorded at each level
from T12 to L5 (HBMs) or the thoracic spine load cell (THOR) (Fig. 3). Further, HBM loads were also analysed using
the lumbar level in which the overall peak load occurred, which hypothetically indicated the most injurious level.
The thoracolumbar junction, particularly at T12, has reported relatively high prevalence of fractures in the field
[1] and PMHS sled tests [3—4][6][8—9][12] and is the representative anatomical location for the inferior-most
THOR load cell. Thus, a cross-section at T12 was included, although T12 is not technically considered part of the
lumbar spine, it is for this study. Loads were locally recorded at each cross-section (HBMs, THOR-AV) or beam
element (both THOR-50M and THOR-RS) with respect to level-specific coordinate systems with SAE reference
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frame axes (x: forward, y: right, z: down). THOR loads were filtered according to SAE J211 standard to reduce
high-frequency noise.
a) b) c) d)

/

loracic spine Load Ce

Fig. 3. Definitions of lumbar spine instrumentation, including cross-sections at each T12-L5 vertebral level in the
(a) THUMS and (b) GHBMC, and the beam element representing the spine load cell in (c) THOR-50M, (d) THOR-
RS, and (e) THOR-AV.

Endplate nodes of interest were tracked in the 3D global coordinate frame for HBMs (Fig. 4). The mid-point of
all four endplate nodes was iteratively calculated over time to represent the location of the geometrical centre
of the vertebral body. The flexion moment measured at the cross-section centroid was transformed to the
vertebral body centre using the Euclidean distance between each vertebral body centre and cross-section
centroid (i.e., moment arm) and local axial compression [2]1[50]. This corrected flexion moment will be referred
to as the “flexion moment” for this study.

a) Nodes Tracked | Centroid of Cross-Section ‘ b)
@ N o YEL foY
o @< , My
Myyg
e Fzcq

‘ Center of Vertebra Body ‘

Myyp =My cs — FzcsR
Fig. 4. HBM flexion moment definition, which utilised (a) tracked nodes to calculate the moment arm between
the geometrical centre of the vertebral body and the vertebrae cross-section centroid. The moment arm and
compression force through the centroid was then used to (b) calculate flexion moment at the vertebral body
centre.

Probability of Injury (GHBMC Only)

The highest loads do not always correlate to the highest stresses and highest risk for injury, as cross-sectional
area increases superior-to-inferior in the HBMs, and generally in humans. Additionally, peak compression forces
and peak flexion moments occurred out-of-phase from each other, and it is possible that one or the other, or
sometime in between, is the most injurious point during the crash event. Thus, the GHBMC-specific injury risk
function developed by [23] that stemmed from PMHS experimentation [21-22] was utilised to calculate injury
risk for GHBMC simulations in this study. The input metric, Lfx, was a function of the linear combination of
compression force and flexion moment at each time point, both normalised by vertebral body area to represent
a pseudo stress within the lumbar column. Similar injury risk prediction has not been developed for THUMS, so
this was only performed on GHBMC simulations.

Statistical Analysis

All statistical analysis was performed using MATLAB (R2018b) with data from non-submarining simulations
reaching 95 ms in duration or later. A significance level of 0.05 was utilised. Peak axial compression forces and
flexion bending moments were related among surrogates, in total and stratified by levels of each parameter, for
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the matched cases. Linear fit lines and R? were included, and the confidence of the slope coefficient was tested
via regression for the range of available data (i.e., not forced to cross through the origin). In the regressions, HBM
compression force, HBM flexion moment, or GHBMC probability of injury was the independent variable and THOR
compression force or bending moment was the response variable. Test results with p<0.05 confirmed slope
coefficients significantly greater or less than zero, representing confidence of either positive or negative
relationships between HBM loads and THOR loads. Coefficients close to zero with p>0.05 represented large
variation in HBM and/or THOR data, or insensitivity of HBM loads relative to THOR loads.

lll. RESULTS

Of the 192 matched cases that were simulated per surrogate, 84 remained for comparisons after removing
those that terminated prior to the critical time of lumbar loading (95 ms) and those that submarined in one or
more surrogates. Peak axial compression forces occurred at approximately 60 ms, whereas peak flexion bending
moments occurred at approximately 90 ms (see Appendix B for general loading time-duration curves).

THOR 50M-UVA-NHTSA and THOR 50M-ATD-MODELS peak compression forces ranged from approximately 2
to 8 kN; THOR-AV peak compression forces ranged from roughly 2 to 13 kN; THOR-RS peak compression forces
ranged from approximately 2 to 6 kN; HBM peak compression forces ranged from approximately 2.2 to 4.7 kN
(Fig. 5). THOR 50M-UVA-NHTSA and THOR 50M-ATD-MODELS peak flexion moments ranged from approximately
100 to 500 Nm; THOR-AV peak flexion moments ranged from approximately 200 to 700 Nm; THOR-RS peak flexion
moments ranged from approximately 100 to 300; HBM peak flexion moments ranged from approximately 20 to
100 Nm. Many of the data comparing 1) THOR 50M-UVA-NHTSA and THOR 50M-ATD-MODELS and 2) GHBMC to
THUMS indicated nearly one-to-one relationships between surrogate compression forces and flexion moments.

The six human surrogates displayed similar directionality in overall peak compression forces, with higher HBM
compression forces significantly correlating to higher THOR compression forces (Fig. 5, Table B1). All THOR models
generally recorded higher peak compression forces compared to both HBMs, except THOR-RS. When comparing
HBM flexion moments to THOR flexion moments, the linear fits were nearly flat and not significant for THUMS,
except for THOR-RS, indicating insensitivity of THUMS and THOR across the wide range of parameters and wide
range in recorded THOR flexion moments (Fig. 5, Table B1). GHBMC flexion moments were significantly negatively
associated with THOR flexion moments, except THOR-RS, which was significantly positively related to THOR
flexion moments but had a slope close to one. All THOR flexion moments were above the y=x line and higher than
the HBM flexion moments recorded in the matched case.
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Fig. 5. Peak compression force and flexion moments of each HBM related to each THOR (absolute magnitudes).
HBM peak loads from lumbar level with overall peak value, compression force and flexion moment considered
separately. Most slope coefficients were significant (see Table B1).

Additionally, analyses in this study have extracted peak compression forces and flexion moments among all
lumbar levels (T12-L5), with the assumption that the overall peaks represent the most injurious level. However,
the overall peaks from most HBMs occurred at T12, L4 or L5. Thus, some of the peak loads extracted from the
simulations were not from the range of anatomically equivalent lumbar levels (T12-L2) (Fig. B3). Supplementary
analysis illustrated that the relationship between HBM and THOR peak loads was HBM measurement location
dependent, primarily for flexion moments (Fig. 6 and 7). Peak compression forces at all HBM lumbar levels
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displayed positive relationships with THOR load cell compression forces, with the relationships consistently
significant across lumbar levels for GHBMC, except at L5, and largely THOR-model-dependent and level-
dependent for THUMS (Fig. 6; Table B1). The relationship of HBM and THOR flexion moments switched
directionality at the mid-lumbar column, with positive trends at the thoracolumbar junction, negative trends near
the pelvis, and mixed slope coefficient significance throughout (Fig. 7; Table B1).
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Most slope coefficients were significant (see Table B3).
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Some slope coefficients were significant (see Table B3).

Peak probability of injury for GHBMC ranged from near 0% up to nearly 80% risk of injury (Fig. 8), with fairly
dispersed data within the range. In general, the relationship between peak probability of lumbar spine injury as
predicted by the GHBMC and each THOR model peak compression force and flexion moment were largely
significantly positively related (Fig. 8.; Table B2). The highest risk for injury was generally measured in T12, and
the risk decreased until L4 and L5 (Fig. 9 and 10). Further, the peak overall probability of injury from each
simulation was measured in either T12 or L5 (Fig. B3). THOR peak compression forces were significantly related
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to GHBMC peak injury risk in all levels, except L5 (Fig. 9, Table B4). THOR peak flexion moments displayed varied
relationships to GHBMC peak injury risk by level, with significantly positive relationships and relatively less
variation (higher R?) at the levels of the thoracolumbar junction, except for THOR-RS (Fig. 10, Table B4).
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IV. DISCUSSION

The cases analysed after accounting for premature termination and submarining were equally sampled at all
factor levels, with the exception of fewer cases at larger torso angles and in vehicle seats. Thus, one limitation is
that the final matched simulation cohort was compiled of a majority of upright and semi-rigid seat cases, which
reflects the models’ stabilities and tendencies to submarine. One of the primary outcomes of this study was the
relationship between the peak lumbar spine compression force and flexion moment between each HBM and
THOR across the matched non-submarining cases. In order to be able to create THOR injury criteria using a HBM,
HBM loads should be positively correlated to THOR loads for the same changes in factors. In other words, it is
expected that the primary lumbar spine loads of HBM and THOR in frontal crashes are equivalently sensitive to
changes in relevant occupant and environment factors and respond in the same direction. When evaluating
overall peak compression forces, all human surrogates displayed similar directionality, with higher HBM
compression forces correlating to higher THOR compression forces. Many of the data were close to the y=x line
with slope coefficients hovering around one, indicating a one-to-one relationship between HBM and THOR
compression force on average. However, substantial variation in surrogate compression forces was observed, as
evidenced by low R? values. The flexion moment relationship between each HBM and THOR displayed larger
variation than compression forces, with mixed trends in peak flexion moments across the ten-parameter space
and lumbar levels. The large variability within THOR flexion moments indicated highly sensitive behavior for each
combination of factors. Overall, THOR-AV displayed the highest lumbar spine loads, and THOR-RS displayed the
lowest lumbar spine loads, compared to both THOR-50M. Although no contact was established between the
vehicle seatback and occupant in order to maintain initial postures, this was not believed to meaningfully affect
lumbar spine loads since the occupants were exposed to solely frontal impact with limited simulated rebound.
Therefore, the occupants would have experienced limited to no interaction with the seatback if a contact had
been defined. Additionally, peak lumbar loads were the variables of interest, and those occurred around the time
of peak pelvis and head forward excursion when the occupant’s torso was the farthest distance from the seatback.

Additionally, lap belt and pelvis differences were identified between THOR and HBMs. THOR’s pelvis flesh is
stiffer and thicker than HBMs [40], which caused both physical THOR and virtual THOR to be seated higher and
forward compared to HBMs and PMHS (aside from THOR-RS, for reasons described later in the paragraph) (Fig.
2). Further, the routed lap belt was positioned at a flatter sagittal angle for THOR and steeper sagittal angle for
HBMs (Fig. B4). Additionally, the buttock and pelvis flesh of THOR is stiffer than that of the HBMs, which could
have affected the interaction of the surrogate with the restraints and attenuation of loads transmitted up the
spine. The THOR-RS was designed with less vertical buttock flesh to address the differences in vertical H-point
locations between human surrogates and dummies [41-43]. Additionally, THOR-RS pelvis flesh has wider
openings around the thigh "bones". This likely affects how the dummy interacts with the lap belt. However, the
THOR-RS was largely insensitive to changes in the parameter space when directly related to the HBMs, and THOR-
RS flexion moments saturated at approximately 200 Nm, compared to the other THOR models which measured
peak flexion moments up to 700 Nm. This phenomenon was potentially due to the abdominal parts creating
alternative load paths to offload the spine. Other changes in design between THOR-50M and other THOR variants
exist, such as differences in the abdomen and pelvis geometry and material, and may influence the comparisons
of resulting spine loads between THOR models. These models are commercially licensed, so UVA was generally
not privy to specific differences in geometry and material.

The relationships between HBM and THOR peak loads were HBM measurement location dependent, primarily
for flexion moments. Peak compression forces at all HBM lumbar levels displayed positive relationships with THOR
load cell compression forces, except for few comparisons. The relationship of HBM and THOR flexion moments
switched directionality at the mid-lumbar column, with positive trends at the thoracolumbar junction and
negative trends near the pelvis. Further research is necessary to tease out the cause of the change in
directionality, which could be influenced by occupant posture, seat characteristics, restraint engagement, and
abdominal material properties, all of which were varied in this study. The anatomically equivalent HBM lumbar
level for the THOR thoracic spine load cell is T12. T12 predicted among the highest GHBMC injury risks (Fig. B3),
and the field data widely describes the thoracolumbar junction as the most frequently injured region [1-2], as
well as PMHS in frontal impact sled environments sustained fractures at the thoracolumbar junction [3][4][6][8—
9][12]. For future work, it is suggested that the loads at the anatomically equivalent location of T12 be solely
considered when developing criteria for THOR since GHBMC injury risk and THOR force/moment comparisons
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were positively, monotonically related with less variation (higher R?) than other comparisons. Additionally, THOR
loads increased at a higher rate than HBMs, with slope coefficients greater than one. A limitation within the
industry that infiltrated this study is that ATD lower spine responses (T12; thoracic spine load cell) are not
controlled or critiqued against qualification tests. The resulting computational models are based on specific
hardware, but it has not been verified if such hardware represents the dummy population, as there is no
qualification requirement or standard. The introduction of any future dummy injury risk prediction tools, such as
injury risk functions or injury assessment reference values, utilising thoracic spine load-cell data shall be preceded
or accompanied by the introduction of controlled in dummy qualification for that load cell. If the load-cell data is
not regularly compared to qualification requirements, then there is no guarantee that the hardware responses
are stable.

Ultimately, vehicle regulation may involve both physical testing and virtual testing to optimise safety
countermeasures and certify vehicles within allowable lumbar spine loading. While variable biofidelity of HBMs
relative to humans can be accounted for when developing HBM-specific injury risk prediction [23][51], an inherent
assumption, and potential limitation, is that virtual dummies adequately represent the physical dummy. Design
of safety countermeasures using HBM as a link between humans and dummies also requires that the
measurements from physical dummies are repeatable across dummies from the same and different
manufacturers. These premises are critical when applying virtual ATD-specific injury risk prediction to its physical
counterpart and must be checked. If virtual and physical dummy equivalence cannot be achieved or variation
among physical dummies is deemed too large, then one or more possible courses of action are necessary: (1)
improve virtual ATD biofidelity relative to its physical counterpart, (2) perform additional steps to correct for
differences in virtual and physical ATD biofidelity and subsequent injury risk prediction tools, or (3) directly relate
HBMs to physical ATDs to create ATD-specific injury risk prediction tools. Thus, further research is necessary
before attempting to translate compression and flexion-based injury risk from GHBMC to THOR, such as
determining factor-specific sensitivities within the 10-parameter simulation space. Advancements in
countermeasure design have been beneficial in generally reducing injuries and fatalities. However, there is a
delicate balance of optimising design when considering submarining, torso pitch, and alternative load paths
across various occupant postures and vehicle environments.

V. CONCLUSION

This is the first study to systematically evaluate multiple THOR variants and HBMs regarding lumbar spine
response under parameterised frontal impact conditions, establishing foundational relationships for translating
HBM-based lumbar injury metrics derived from human data to ATDs and enabling the use of ATD lumbar load-
cell data to assess occupant injury risk in future vehicles. Lumbar spine loads varied across surrogates due to
differences in anatomy, construction, and instrumentation location. The Lfx injury metric in the GHBMC predicted
the highest injury risk at the T12 vertebrae, consistent with PMHS and field data, aligning PMHS and ATD
predictions with the anatomical location of the load cell. This alignment enables direct comparison of forces and
moments between PMHS, HBMs, and ATDs. The study also enables future ATD injury assessment using PMHS-
derived injury risk functions based on force and moment linked to an HBM, though moment evaluation requires
further investigation due to its variability.
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[1] APPENDIX A: Further Description of Methods

Sampling and Parameterisation

A full-factorial simulation study was not feasible, as it would have required 3,072 simulations. Thus, sub-
sampling reduced the number to 192 sled-style frontal impact simulations per surrogate (Eq. Al). A sixteenth
fractional factorial design with a resolution of IV was introduced for the eight variables sampled at two levels,
resulting in 16 runs [45]. The resulting sampling scheme pre-allocated combinations of factor levels such that
each factor was equally sampled and information of the entire parameter space was gained via Design of
Experiments (Table Al). The sixteenth fractional-factorial was applied within each combination of torso angle
(three levels) and restraint type (categorical, four levels).

# Simulations = (287*Runs) = (3 Torso Angles) * (4 Restraint Types) (Eq. A1)

TABLE Al
Combinations of factors for the sixteenth fractional factorial design for this study’s eight variables with two
levels. The order of factors (#s 1-8) was determined randomly.

Run # 1. Shoulder Belt 2. Organ 3.Flesh 4. Delta 5. Seat 6. Pelvis- 7.Knee 8. Lap Belt

Takeoff Angle Stiffness  Stiffness Vv Type Spine Bolster Anchor
Orientation Position

1 Negative Nominal Nominal 40 Semi-Rigid Nominal Off Nominal

2 Positive Nominal Nominal 40 Semi-Rigid Posterior On Forward

3 Negative 5x Nominal 40 Vehicle Nominal On Forward

4 Positive 5x Nominal 40 Vehicle Posterior Off Nominal

5 Negative Nominal 5x 40 Vehicle Posterior On Nominal

6 Positive Nominal 5x 40 Vehicle Nominal Off Forward

7 Negative 5x 5x 40 Semi-Rigid Posterior Off Forward

8 Positive 5x 5x 40 Semi-Rigid Nominal On Nominal

9 Negative Nominal Nominal 51 Vehicle Posterior Off Forward
10 Positive Nominal Nominal 51 Vehicle Nominal On Nominal
11 Negative 5x Nominal 51 Semi-Rigid Posterior On Nominal
12 Positive 5x Nominal 51 Semi-Rigid Nominal Off Forward
13 Negative Nominal 5x 51 Semi-Rigid Nominal On Forward
14 Positive Nominal 5x 51 Semi-Rigid Posterior Off Nominal
15 Negative 5x 5x 51 Vehicle Nominal Off Nominal
16 Positive 5x 5x 51 Vehicle Posterior On Forward

Delta-V

Delta-v was varied at 40 km/h and 51 km/h, with the latter level used extensively in the literature to study
reclined occupants [6][9][36], and the former level being scaled from 51 km/h (Fig. A1).
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Fig. A1 Impact pulses utilised in the simulation study, depicted in delta-velocity (left) and acceleration (right).

Restraint Modifications and Integration with Seats

Restraint type was a categorical variable with stepwise changes in one aspect of the restraint (load limiters or
pretensioner) from the baseline model. The baseline model (Restraint 1) included triple pretensioning (buckle at
3 ms, outboard anchor at 10 ms, and shoulder belt retractor at 10 ms) and shoulder belt load limiting of 3.5 kN
[6][9]1[29][39—40]. Subsequent levels included reducing the shoulder belt load limiter to 2.5 kN (Restraint 2),
replacing the lap belt functionality to include lap belt load limiters of 5 kN (outboard anchor) and 7 kN (buckle)
(Restraint 3), as they have been suggested to reduce lumbar spine loads [39][40], and replacement of the
outboard anchor pretensioner to a static anchor (Restraint 4), resulting in a dual pretensioner system similar to
more traditional belt systems in modern vehicles.

The changes were implemented via restraint parameters (see Table A2). The second level reflected a reduction
in shoulder belt load limiting to 2.5 kN and was achieved by changing the parameters for the initial force in the
shoulder belt load limiter from 2.7 to 1.7 kN, as well as the second value in the load limiting curve from 2.5 to 1.5
kN (Table A2). The third restraint type level included lap belt load limiters on both the buckle and outboard
anchor, which required both model parameters to be switched from 50 kN to 7 and 5 kN, respectively (Table A2).
The fourth restraint type turned off the outboard anchor pretensioner to represent a dual-pretensioner system
(Table A2). This was achieved by changing the slipring function to be “locked” from the start of the simulation.

TABLE A2
Modifications of the generic restraint model necessary to achieve each restraint type.
Restraint Type Parameter Needing to Be Changed Baseline Value New Restraint Value
Restraint 1: Baseline None
Restraint 2 RiLL1fo 2.7 1.7
Load Curve #500603 Ordinate Pt. 2 2.5 1.5
Restraint 3 BulLL1fo 50.0 7.0
EBLL1fo 50.0 5.0
Restraint 4 EBlock 10000.0 0.01
Slipring Element #40000005 LTIME 0.0 “EBlock”

These changes were verified in re-runs of the validation case for all restraint modifications to confirm
appropriate functionality of the restraints (Fig. A2 and A3). Specifically, Restraint 2 displayed shoulder belt load
limiting initiating at 1.7 kN and increasing to approximately 2.5 kN (Fig. A2), with a corresponding increase in
shoulder belt displacement (Fig. A3). Restraint 3 displayed the appropriate loading limiting in both the outboard
lap belt and buckle (Fig. A2), which was reflected in both displacement measurements (Fig. A3). Restraint 4
displayed no outboard lap belt payout (10 mm readout due to belt stretch or method of measurement) (Fig. A3),
which ultimately affected initial lap belt forces but not peak lap belt forces (Fig. A2).
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Fig. A2. Belt forces for the (a) shoulder belt, (b) outboard lap belt, and (c) inboard buckle with all restraint types.
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Fig. A3. Belt displacements for the (a) shoulder belt, (b) outboard lap belt, and (c) inboard buckle with all restraint
types.

Additionally, the nominal lap belt anchorage positions matched those of previous sled tests and simulations
with this environment at approximately 63° from the H-point to the anchorage [6][9][29][39—40], and the forward
position was located 52 mm forward which dictated the upper limit of the FMVSS lap belt corridor of 75°(Fig. A).
The forward position was obtained by a +52 mm rigid body translation of the inboard and outboard lap belt
anchors. The lap belt anchors were not moved vertically or laterally from the nominal position to remain
consistent. As a result, the anchor structures penetrated the structure of the Vehicle seat pan. Since no contact
was defined, this did not affect the functionality of the restraint from as it was intended.

a) b)
FMVSS No. 210
Lap Belt Corridor
Lap Belt / /\
Anchors k # 7 »
Z-Point ) p
— T
v |

& 75 degrees

| f-f e
Fig. A (a) FMVSS No. 210 lap belt corridor measurements and (b) corresponding measurements for the current
study’s anchorages and seats.

Shoulder belt take-off angle was varied to be positive or negative, with specific values selected as +12°
[6][9]1[291[39—40] and the y-axis mirrored value of -12°, achieved by rigidly translating the D-ring and B-pillar
vertically. The D-ring positions to obtain +/- 12°shoulder belt take-off angles were specific to each posture and
seat variation of each surrogate. The appropriate vertical translations were determined as the necessary
translations from the stock position to achieve +/-12°angles between the shoulder and D-ring. Subsequently, the
D-ring and B-pillar structure was rigidly translated vertically to the appropriate position but not adjusted for-aft
or laterally.

Two seat models were included. The semi-rigid seat model, designed to mimic the stiffness of vehicle seats
[36], was tuned to replicate functionality of previous reclined occupant sled tests and simulations [6][9][29][39-
40] with the deformable seat pan angled at 15° and anti-submarining ramp angled at 30° from the horizontal.
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Additionally, a publicly available 2010-2012 Toyota Auris vehicle seat model was included (25° seatback, mid-
height headrest location, approximately 13° seat pan angle) [47]. Nominal anchorage positions for the semi-rigid
seat were based on physical test boundary conditions [6][9]. H-point design specifications of both seats were used
to equate restraint anchor positions between the native semi-rigid seat and vehicle seat with respect to the
rotational axes of both seats, so that the relative position of the belt anchorages to the design H-point was the
same with both seat models (Fig. A).

\

\

:
C/

Vehicle

AN
\

\\
A\

.

Qutboard Anchor

Fig. A. Definitions of the design H-point (HP) location to the rotational (R) seat axis for the semi-rigid and the
vehicle seats that were used to place the nominal anchorage position.

Abdominal Cross-Sections and Scaling of Soft Tissue Material Properties

These cross-sections were defined to evaluate the effects of flesh and organ stiffness factors by comparing the
forces borne by the soft tissues and bone for nominal and scaled soft tissues. Three separate abdominal cross-
sections were defined at the L3 planar level: the first including skin, muscle, and adipose entities (name simplified
to “flesh”), the second including bone and ligaments (name simplified to “bone”), and the last including
abdominal organs and enclosing peritoneal lining (name simplified to “organs”). The identification of entities to
include in the three abdominal cross-sections was performed as follows. First, a plane was defined across the
abdomen and was aligned with the sagittal mid-plane of the L3 vertebra, perpendicular to the endplates (Fig. A3).
All nodes and elements intersecting that plane were identified and automatically separated into three sets
associated with the three abdominal cross-sections.

a)

Fig. A3. Abdominal cross-section definition from (a) the planar L3 level for (b) GHBMC and (c) THUMS for the
entities representing flesh, bone, and organs.

A similar approach was performed for THOR 50M-UVA-NHTSA, but abdominal cross-sections of anatomical
equivalents were defined as: the jacket (“flesh”), spine load cell (“bone”), and abdominal foam (“organs”). A plane
was defined across the abdomen and was aligned near the L3 anatomical equivalent [40] through the model’s
spine load cell beam element, perpendicular to the geometrical load cell (Fig. A4). Again, all nodes and elements
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intersecting that plane were identified and automatically separated into three sets associated with the three
abdominal cross-sections.

a)

Fig. A4. THOR 50M-UVA-NHTSA abdominal cross-section definition from (a) the planar L3 level for (b) the entities
representing flesh, bone, and organs.

The soft tissues identified for the abdominal cross-sections were scaled to represent an overall increase in
abdominal stiffness compared to the nominal values of the surrogates. The overall effect of scaling abdominal
stiffness was measured by comparing responses of abdominal impact tests (GHBMC: Hardy, 2001; THUMS:
Cavanaugh et al., 1986; THOR: Abdomen Qualification Test). Each surrogate’s abdominal impact environment was
included as part of the surrogate download and was not created by the authors. The HBMs environments
including the relevant surrogate represented PMHS tests with either a 48 kg (Hardy et al.,, 2001) or 32 kg
(Cavanaugh et al., 1986) cylindrical bar impacting L3 at approximately 6 m/s. The THOR environment represented
the 32 kg piston impacting the abdomen at 3.3 m/s. Each soft tissue stiffness was scaled by five times to ensure
large enough difference in response (Fig. A5). Specifically, the scale factor was applied to either the load curve
ordinates, elastic modulus, bulk modulus, or shear modulus depending on the material being scaled.

2500 N - b) 6000 R . - C) 3500 - N . o,
- Nominal A Nominal al Nominal |
100 - \ VARRY 38 |
) w| 5 Flesh+Organ yan e / /]
0 / / / | 2500 | / A

2000 / i f /J f

1800 /

| ”; =7/
| dw)(\/ |

Displaceme rr!
St roke (mr\) Dﬂt o nt (mm

Fig. A5. Force- dlsplacement response of (a) THUMS, (b) GHBMC and (c) THOR 50M-UVA-NHTSA from the rigid
bar abdominal impact before and after scaling the soft tissues.

Relatedly, the THOR 50M-UVA-NHTSA has been shown (internally in UVA-CAB) to exhibit contacting between
two adjacent abdominal plates in the baseline recline case, typically resulting in early termination of the
simulation. To prolong simulation duration, a pseudo contact with 5 mm thickness was defined between these
two plates and utilised in all simulations with THOR 50M-UVA-NHTSA. The contact force between these plates
was monitored to identify the range of this issue across the parameter space. In the second set of simulations
with THOR 50M-ATDMODELS, RS, and AV, the flesh and organ stiffness for the THOR analog were not varied, and
only nominal/stock values were utilised. Firstly, these two parameters were found not to substantially influence
lumbar spine loads in the first set of simulations with the HBMs and THOR 50M-UVA-NHTSA. Additionally, and
importantly, the material characteristics of these dummy parts were not able to be modified in the commercial
models being used in this study.
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VIIl. APPENDIX B: ADDITIONAL RESULTS AND DISCUSSION
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Fig. B1. Axial force of the lumbar level which experienced the highest peak compression force (one curve per
surrogate simulation). Average (black line) and one standard deviation (grey shading) calculated at each time
step.
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Fig. B2. Forward bending moment of the lumbar level which experienced the highest peak forward bending
moment (one curve per surrogate simulation). Average (black line) and one standard deviation (grey shading)
calculated at each time step.
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TABLE B1
Statistical outcomes for each HBM-THOR peak load relationship.
GHBMCvs. Y THUMS vs. Y
50M- 50M- 50M- 50M-
UVA- ATDMO AV RS UVA- ATDMO AV RS
NHTSA DEL NHTSA DEL
Intercept 350.209 311.768 493.538 102.266 224.809 237.243 373.931 128.192
. Slope -2.460 -1.411 -2.967 1.038 -0.332 -0.144 -0.960 0.617
Flexion
Moment S'\‘/’;Eep' 0.004 0046 0004 0003 0613 0789 0226  0.020
Adjusted R? 0.036 0.036 0.085 0.092 -0.009 -0.011 0.006 0.053
Intercept 0.834 0.536 1.367 1.597 1.150 1.544 -0.723 2.105
. Slope 0.808 0.984 1.031 0.436 0.837 0.625 1.714 0.299
Compression
Force S'\f’a":jep' <<0.001 <<0.001 0012 0031 <<0.001 0001 <<0.001  0.086
Adjusted R? 0.134 0.144 0.064 0.044 0.141 0.106 0.273 0.024
TABLE B2
Statistical outcomes for each GHBMC injury risk and THOR peak load relationship.
GHBMC Pinj(Lfx) vs. Y
50M-UVA- NHTSA 50M-ATDMODEL AV RS
Intercept 130.825 160.274 220.158 156.391
Flexion Slope 307.140 280.923 406.326 27.219
Moment Slope p-value <<0.001 <<0.001 <<0.001 0.205
Adjusted R? 0.412 0.516 0.491 0.008
Intercept 2.708 2.523 3.340 2.177
Compression Slope 4.808 4.339 6.280 3.692
Force Slope p-value <<0.001 <<0.001 <<0.001 <<0.001
Adjusted R? 0.408 0.462 0.306 0.443
i AV S
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Fig. B3. Peak GHBMC probability of injury related to THOR compression forces and flexion moments (absolute
magnitudes), with marker type indicating lumbar level with the highest value. Most slope coefficients were
significant for compression force and flexion moment (see Table B2). GHBMC peak probability of injury from
lumbar level with overall peak value.
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Fig. B4. Example case depicting the initial position of a matched GHBMC (left) and THOR-50M (right).
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