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Abstract

Rear seat occupant safety has been identified as an area of concern in fronta] withasmall
stature females experiencing severe injumese frequentlyincluding a higher rate @ghoracic
injuries Seat belts, the primargstraintfor rearseat occupants, have bedantified as contributors
to thoracicinjury, with studiesfinding that belt geometry and belt anchor locations influence
occupant response

A newsmallstature female Anthropometric Testing Device (AT®peusedin vehicle testings the
THOR-5F ATD, designedwvith improvedanthropometryandupdated measurement capabilities
includingfour chest deflection sensors.

In this studya Finite Element (FE) model of titHOR-5F was validated against physical testing of
the THORSF ATD in a Rigid Benchestconfigurationwith a 23 gfrontal crastpulse by comparing
belt interactionjliac forces,pelvis accelerations, chest deflectioasd head acceleratioriEhe
THOR-5F FE model was also assesead simplified version of an existing bench witpigoting

seat (SemRigid Bench) anda 4-Point 2Belt systemandthe resultsvere compared witthose from

a 9 g sled teseportedin theliterature.ln bothbench configurationsheoverall THOR5F FE
response matched theported physicalesponsavell, with an averagdSO 18571 ratingf 0.71,
correspondi ng Physicalséestifigtthe THOBRGATBR als® showedhottoming out of
the lowerright chest deflectioisensorwhichis currentlyunder investigatiomas the THORSF design

is being refined.

Parametric stuig@swere conducted to explore the effectsiudder and lappelt anchor positioning

in the fore/aft (X), lateral (Y), and vertical (2) directioms THOR-5F FEpeak chest deflections and
peakresultant pelvisccelerationsTheshoulder belt anchor X and-positionshad alarge effecon
theoverallpeak chest deflection bothbenchconfiguratiors, with rearward and inboard anchor
locations reducing deflectipand he lowest deflectionapproximatelyl6% lowerthanthe average

The lap belt anchor position had a smaller effect than the shoulder belt anchor on chest deflections
Based orpreliminarychest deflectiomjury risk curvesrearward and inboard shoulder belt anchor

positions resulteth lower corresponding AlS 3+ injury risk&lowever the risksremainedvery high



across all anchor configurations in both bencimelcating a neetb implementrestraint
technologiessuch as load limitergn addition tofavorableanchor positions.

The lap belt anchguositionhad aarger effecion peak pelvis acceleratidian the shoulder belt
anchor positionThe X, Y, and Zpositions of the lap bettnchor influencethe peak resultant pelvis
acceleration in th&igid Bench, with rearward, upward, and inboard locati@agicing pelvis
acceleratioa The Y-position of the lap belt anchors and the YZ interaction had the largestaffect
pelvis acceleratiorindicating acomplexinteractionbetweerthe anchors and ttgemiRigid Bench

components

This studydemonstrated thahé Rigid and SemRigid Bench FE modelsauld replicatephysical
occupant and restraint responses, and that anchor pasiotedthe chest deflection and pelvis
acceleration of the THORF FE.Futureresearctshouldfocus onbelt material propertiesghicle
fleetspecific anchor positiontheimplemenationof load limiters andthe combined interactions

between shoulder and I&elt anchor positions
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Chapter 1

l ntroducti on

1.1 Research Motivation

While vehicle safety has steadily improved over time, frontal impacts still account for a large portion

of vehicle fatalities. Out of all collision types, frontal impacts accounted for 60% of passenger vehicle
deaths in 2023 in the United States, whil€anada, frontal impacts represented the most fatal-multi
vehicle collision modé¢insurance Institute for Highway Safety, n.d.; Transport Canada,.2025)
Historically, the rear seat of vehicles was considered to be the safest position in frontal impact
conditions, compared to the front s@dhyrose & Priya, 2008 However, recent evidence has

suggested that rear seats are becoming relatively less safe compared to the front seat, with restrained
occupants facing a higher risk of fatal{ffjurbin et al., 2015and increased exposure with highear

seat occupancy rates associated with-slgigring transportatiofNemire, 2017)In addition, female
occupants have been identified as having a higher risk of injury in the rear seat environment

(Jermakian et al., 201@pmpared to males.

The lower rear seat occupant safety compared to the front seat has been attributed in part to the focus
on advancing safety technologies in the front seat, due to the higher emphasis on front seat occupant

safety in regulatory testin@urbin et al., 2015)In automotive safety testingccupant surrogates,

including physical anthropomorphic test devices (ATDs) from different manufacturetseaite

assesthe performance aiutomobile safety systeni@randall et al., 2011; H. J. Mertz & Irwin,

2015; Schmitt et al., 2029 addition to physical testingpmputationamodelling of ATDs

provides several advantages, including the ability to evaluate the effects of design parameter changes
and reduce costs associated with physical teatiinito assess new ATDs in a variety of controlled

impact scenariogfyang & Chou, 2015)

The frontal crash tests defined by Canad@mVSS 208)and United States (FMVSS 208) standards
evaluate the small female Hybrid Il percentile ATD (HIIF5F) only in the driver and firsow
passenger seafidational Highway Traffic Safety Administration, 2026&owever, the HIH5F

ATD is being implemented in the rear seat in consumer test programs wor({daitgget al., 2022)
Research using the HI8F in the rear seat indicated that the belt placement, anchor geometry, and

crash pulse severity strongly influenced AkiDematicTylko & Bussieres, 2012while additional



studies have founthatbelt positioning affe@dchest deflections (Edwards et al., 202Z8veral
computational studiessingATD models in rear seat environments, includingse of theHlll

5F, the Hybrid 11l 50" percentile mal€HIll -50M) and theTestDevice for Human Occupant Restraint
50" percentile mal§THOR-50M), have also found that belt anchor location influelmecupant
responséHu, Wu, Klinich, et al., 2013; Meng et al., 2025; Youn et al., 2015)

While the HIIF5F is currently used in regulatory safety testiBgyle et al., 2024)there are
recognized limitations of the surrogate. Reaat studies from Transport Canada identifieddhast
deflection measurement is influenced by shatbelt motion(Tylko & Bussieres, 2012)n addition,
the HIII-5F thorax was stiffer than a human tho(@arroll et al., 2021)and the HIH5F was derived
by scaling down théllll -50M instead of using femalepecific dimensionf.inder & Svensson,
2019; Tang et al., 2022)

The 8" percentile femal@HOR ATD (THOR-5F) is a modern ATlesigned for improved

biofidelity and updated instrumentation compared to the-5Hl{Lee et al., 2020; Wang et al., 2017)
One study conducted physical sled testing with the TH®RNd theHlll -5F in 2 different front seat
belt anchor configurationsepresenting the locations of 3 different vehi¢Eggers et al., 2023)

finding that different shoulder belt routings influenced chest deflection; however, it did not evaluate
rear seat configurations or isolate the effects of seat belt anchor positioning ostatad female
occupant response. Additionally, based on the available published literature, limited work has

examined the effect of belt anchor positioning on the THEBRn a controlled rear seat environment.

Given the simpler nature of the rear seat restraint system with thieefteas the primary restraint
(Mizuno et al., 2018)the rear seat environment could provide a useful platform for evaluating
different human surrogatesuch as the THORF, as well as restraint parameters such as anchor
location. However, fullvehicle crash testing may be costly and complex (Smyth & Smith, 2007) and
may introduce variability associated with vehicle seat prope8led.testingcomprising a seat with
anoccupant surrogate and restraint system on an acceleratiois sledpeatable method for
evaluating vehiclsafety systeméSmyth & Smith, 2007)Rear seasafety sledestingbench
configurations includarigid seat paronfiguration (e.g Luet et al., 2012)which prioritizes
repeatability and reproducibilitand a semrigid seafpan configuratiorfe.g, Uriot et al., 2015)

which aims to better represent the rear seat environ@ensequently, the use of a simplified testing
2



bench may enable a controlled investigation of TH&Roccupant responses while isolating the
effects of specific restraint parameters, such astsdanchor geometry, on rear seat occupant

response.

1.2 Research Objectives

The overall aim of this study was to develop and validate FE models of two rear seat bench sled tests
and to use these models to determine the effects of shoulder and lap belt anchor positioning on the
kinematics of a smafitature female rear seat occupant during a frontal impact. To achieve this aim,
three objectives were defined:

Objective 1: Develop a FE model of the Transport Cafid@ Benchand validate a THORBF FE
model in the controlled environment throughetic and kinematicomparisosto physical sled tests
with matched initial conditions and boundary conditidrtse Rigid BenchFE model was developed
to match the physical bench designed at Transport Canada, and theSFHHEERwas positioned on
the bench to match the prest sled test position. After implementing an epeuarce FE seat belt
model, the crash pulse usiedhe physicaRigid Benchtests at Transport Canada was applied, and

the resulting THORSF resposeswere compared to the physical test time history responses.

Objective 2: Develop a simplified FE model of a previously published phy&éralRigid Bench
(Richard et al., 2022h a rear seat configuration, including @dint 2belt system, and validate the
THOR-5F FE model with published physical test responses. The THOIRE was positioned to

match the test position described in the paper, and onsgaaconfiguration was simulated

including the 4point 2belt system. Theesponsesere compared with the physical test data to
validate the THOFSF FE on thésSemi-Rigid Bench. Then, the bench model was updated to include a
standard $oint seat belt system for comparisormextn theRigid andSemi-Rigid Benches.

Objective 3: Determine the effect of seat belt anchor positioning on the JBF®H kinematics and
injury-related metrics in both thHeigid BenchandSemiRigid Bench, specifically on chest deflection
and pelvis acceleration. & 8esignof-experimers (DOE) matrix of seat belt anchor locations was
defined from a study that examined multiple re@at anchor locations, and from the matuik

physically feasible anchor locations were simulated. From the anchor location simulations, the peak

chest deflectin and peak resultant pelvis acceleration were compared. AdditiathalBffects of
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belt anchor positioning in the X, Y, and Z directions were quantified the potential influence of
seat pan deflection on the effect of belt anchor locations was investigated.

1.3 Thesis Organization

Chapter 2 presents background information ongeat occupant injury sources and characteristics,
current safety standards and seat belt geometries, and an overview of thesFtd@Rropomorphic
test devices and crash test benches.

The next chapter (Chapter 3) details the physical testing undertaken at Transport Canada and the FE
modelling approach corresponding to the physical tests. Chapter 3 also covers the process of creating
a simplified FE model of &emiRigid Benchand integrating the THORF FE model on the bench.

The FE model was assessed by compddnetic andkinematic responses with a published study

that used the physic8emiRigid Benchwith a 4point 2belt system and the physical THEIR

ATD. Additionally, the chater discusses the belt anchor study, in which, for both benches, the belt
anchor position varied in 3 dimensions to determine the effect of anchor locations for each component
(X, Y, Z2). To capture a wide range of rear seat belt anchor locations reptiesenitéthe vehicle

fleet, the anchor locations were defined based on the minimum and maximum values reported in a
survey of vehicle rear seat geometry (Aram & Rockwell, 2012), with the midpoint between these
values included, resulting in 3 levels for eaitmensionThe following chapter (Chapter 4) presents

the results from the methods described in Chapter 3.

Chapter 5 discusses the results, compareRitid andSemiRigid Benches, evaluatéke effects of

seat belt anchor locations the THORSF responseand explores the mechanisms driving the
observed responses. This chapter also identifies seat belt anchor locations associated with more
favorable and less favorable occupant responses. Additionally, the chapter describes the current
regulations for theear seat anchor locations and their relation to the $indipngs anddiscusses the
study limitations. Chapter 6 provides a conclusion based on the study's results and discussion and

offers reommendations for effective belt anchor positioning.



Chapter 2

Background

2.1 Rear Seat Occupant Safety in Frontal Impact

Frontal impacts continue to account for a large portion of vehicle fatalities, representing 60% of
passenger vehicle deaths in 2023 in the United States, while in Canada, tbha helidion
represented the most fatal muiehicle collision modéinsurance Institute for Highway Safety, n.d.;
Transport Canada, 2025)

Previous studies have foutitht rearseat occupants historically experienced a lower risk of fatality
relative to front seat occupantm analysis of crash data from the National Highway Traffic Safety
Administration(NHTSA) Fatality Analysis Reporting System (FARS), for passenger vehicle crashes
from 1990 and 2001 reported the risk of death for rear seat occupants was, on average, 21% lower
compared to front seat passeng@&mith & Cummings, 2006 Another study looking at fatal crashes
between 2000 and 2003 found that the chances of surviving for the segondcupants were

29.1% higher than those of the front row occupants, with the rear middle seat having a 25% higher

chance of survival compared all other seatédMayrose & Priya, 2008)

More recent studies have reported a shifting trend, with the rear seat becoming relatively less safe
than the front seaf 2015 study analyzing two automotive crash databases, the National Automotive
Sampling System Crashworthiness Data System (NBBS) and FARS, found that vehicle models
newer than 2007 have a 46% higher risk of fatality for seat occupants than for frerdw
occupantgDurbin et al., 2015; Jermakian et al., 201%)e primary cause of the increase in relative
safety of the front seat compared to the rear is the implementation of safety technologies.

Technologies such as load limiters, pretensioners and airbags were implemented primarily in the front
seat and less consistently in the rear seat; a Consumer Reports rating in 2020 found that less than 40%
of current vehicles had load limiters and pretensis in the rear se@arry, 2020; Edwards et al.,

2022) Additionally, the stiffness of vehicles has increadegrbin et al., 2015; Locey et al., 2012)

resulting in higher crash pulse severity for the rear(&sdahani et al., 2011 addition to the rear

seat being considered relatively less safe, rear seat occupancy rates have been rising, driven by the

emergence of ridesharing, including taxis. In a study looking at the rear seat occupancy rates in San
5



Francisco and Las Vegd&l % of ride share passengers and 91% of taxi passengers use rear seats
compared to the front sedNémire, 2017)

Of the occupants injured in frontal impacts, female occupants were found to be at higher risk of
sustaining serious injury or fatalities. A 2019 study looking at the injuries and fatalities of belted rear
seat occupants found that female occupants wéniglagr risk than male occupants (Figure 2.1)
(Jermakian et al., 20194 study conducted in 2011 found that females were 47% more likely than
males to sustain a serious injury when exposed to a comparable crash, which is potentially due to the
bias in safety system testing towards male occugBotse et al., 2011The commonly observed

injuries for rear seat occupants in frontal impact were to the head, from contact with the vehicle

interior or intrusion into the vehicle, or the chest from seat belt logderghakian et al., 2019)
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Figure 2.1: Comparison of male and female injuries and fatalities in the rear seat. Reproduced
from Jermakian et al. (2019)



2.2 Seat Belts and Occupant Restraint

In the 1930s, physicians advocated seat belts for injury mitigation, and starting in 1950, lap belts were
introduced in American vehicle models. In the 1970s, legislation on seat belt use was emerging
globally (Agarwal et al., 2021; Eastman, 1981; Gantz & Henkle, 2002)nitigate the risk of

abdominal injury from early lap belt designs, Griswold and Haven (1955) introduced an early lap
andshoulder belt configuration, with a buckle in the mid@garwal et al., 2021; Griswold & De,

1955) The moderrday 3point seat belt was invented by Nils Bohlin in 19B8et et al., 2012)

which had the buckle on the side, allowing the occupant to secure the belt with ojadamdl et

al., 2021). The locking retractor, which followed the introduction of thgadt belt, allowed the belt

to loosen and retract for occupant comfort, but constrained it when a sudden load was applied by the
occupant during vehicle decelerati@garwal et al., 2021; Ryan, 1963)

Another safety technology that enhanced occupant safety is the load limiter, valsiciraduced in

the mid1990s when airbags were comm@garwal et al., 2021; Brumbelow et al., 200The first
variations of the load limiter had a stitched fold in the seat belt webbing, which tore and unfolded at
the load limit(Agarwal et al., 2021; Kahane, 2013he modern load limiter, located in the retractor,
limits the force from the belt by allowing payt of belt webbing at a threshold load, deforming a
torsion bar(Haland, 2006)

The pretensioner was also introduced in 1983 enabled the occupant to be comfortable during normal
use while also enabling proper restraint fit during imgeiéand, 2006; Mitzkus & Eyrainer, 1984)

The pretensioners were pyrotechnic; upon electronic sensor detection, a gas was generated to create
higher pressuregsultingin the belt pulling in. Moderday seat belt systems commonly use load

limiters and pyrotechnic pretensioners at the retractor, and for the lap belt, pretensioners can be found
in the bucklgAgarwal et al., 2021)

The seat belt should be as effective as possible and follow the maxims of good restraint defined by
Eppinger(2002)(Table 21). The implementation of pretensioners and load limiters helps the restraint
systems adhere to the maxirRsetensioners, when activated by a sensor, quickly retract the belts
during the onset of a crash to remove slack in the belt and allows the belt to act earlier and over a
larger time, reducing peak belt forcesad limiters increase the distance over which a force is acting
on the occupant, which results in lower energy being absorbed by the oq&gzinger, 2002)Seat
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belt systems in the rear seat do not commonly include load limiters-termienergEdwards et al.,

2022) which may result in higher peak belt forces for et occupants.

Table 2.1: Maxims for good occupantrestraint. Adapted from Eppinger (2002)

Maxim

Reason

Extend the duration of the restraint force o
occupant

Reduces the rate of the restraint force application
resuling in lower peak forces experienced by the
occupant

Increase the distance over which the restra
forces act on the occupant relative to the
ground

Increases the extraction of kinetic energy through wo
resulting in less energy being absorbed by the occup

Apply as much restraint force possibées
early as possible

Maximizes kinetic energy extracted because the body
translates more over the ground during the early pha
the crash; thysvork and energy extraction are the
greatest.

Early in the crash pulse is when the occupant transla
the most; early application of restraint forces increase
energy dissipated through work and reduces the ene
absorbed by the body

Limit body articulation of occupant,
minimize deformation rates and localized
deformation during restraints

Reduces body articulation, high deformation rates an|
local deformations, which are associated with injury
mechanisms

Distribute loading from restraint over as lar]
a contact area as possible

Distributing loads over a larger contact area reduces
localized stress and surface pressures, lowering the |
of deformationbased injury

Distribute restraint loads through the bony
structures while minimizing loading of soft
tissues

Loads skeletal structures such as the pelvis femur,
thorax, shoulder and head, which are more capable ¢
experiencing higher loading with minimal deformatiory
while soft tissues are susceptible to injury under restr
forces

Seat belts, particularly the shoulder belts, were identified as the most common source of injuries in

rear seat occupants in frontal impacts, leading to chest and abdominal (Baakat al., 2016;

Jermakian et al., 2019)ermakian et a(2019)found that serious chest injuries occurred in 22 out of

36 injured occupants and were attributed to shoulder belt loading, and that the specific chest injury
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varied with the age of the occupant, with the younger occupants primarily experiencing lung
contusions while the older occupants were more likely to experience rib fractures and injuries to the

heart and major vessels, indicating the-dgpendence of thacic injury tolerance.

The absence of airbagadseat beltechnologiessuch as pretensioners and load limiters, in the rear
seat has potentially resulted in a stronger influence of belt anchor location on injury, with the shoulder
belt anchor position affecting the upper body kinematics of rear seat occ(iantset al., 2025;

Youn et al., 2015)Previous studies investigating the effects of belt anchor location on occupant

kinematics are detailed in Section 2.7.

2.3 Small Stature Female Human Surrogates

Testing for vehicle occupant safety can involve physical surrogates or numerical models. Physical
surrogates for testing are pasbrtem human subjects (PMHS), human volunteers, animals and
animal cadavers, and the AnthroparphicTesting devices (ATDq)Carpanen et al., 2016; Crandall

et al., 2011)PMHS were crucial in creating injury risk curves and provide the advantage of
anatomical accuracy; however, a significant drawback is the availability of PMHS that meet the
criteria of a tesfCarpanen et al., 2016)he drawbacks for human volunteers are the inability to
expose subjects to injuinducing loading and, for animal testing, differences in anatomy and

physiology(Carpanen et al., 2016)

ATDs represent the human body when evaluating occupant gklfetyMertz & Irwin, 2015and
simulate the kinematics and kinetics of the human body's response in impact. ATDs are also fitted
with instruments to measure forces, deflections, and accelerations experienced in frontal crashes,
allowing for the indication of potential injury usiigjury criteria while also being durable for
repeatable experimeni€arpanen et al., 2018jitially developed for air force ejection testing, the
ATDs were adopted for the frontal impact crash tests. The Hybrid Il, developed in 1972, was a
commonly used ATD to assess belt systems and mimicked the mass and size of the 50th percentile
adult malebut lacked instrumentation and was too stiff. The Hybrid It pércentile male ATD
(H111-50M) was developed to address these deficiencies, with more Hikeaasponse for the head
and neck, with more instrumentation in the head, neck, upper tetsis and spine, and replaced the
Hybrid Il in crash testing for frontal crash, becoming the primary regulatory ATD for crash testing in

1997.The Hybrid Il 3"percentile (HIIt5F) female ATD was developed in 1987, with the size and
9



lengths of the ATD matching those of the 5th percentile female in the US population. However, aside
from size, the HIH5F was identical to the HH50M, lacking anatomical accuradyinder &
Svensson, 2019; Tang et al., 2022)

As a result of the HIIl ATD8&limited ability to accurately represent and measure chest deflections,
the Test Device for Human Occupant Restraint (THOR) pércentile male (THOROM) was
developed starting in the early 1990s, and had more hikeanatomy, with a two segment

thoracic spineamore anatomically accurate rib cage, and passive muscle force simulations for the
neck and anklefH. J. Mertz & Irwin, 2015) The improved thoracic design and implementation of
advanced instrumentation, such as thteensional deformation measurement of the rib cage, have
provided improved capability to assess thoracic injury(fiional Highway Traffic Safety
Administration, 2023)

2.3.1 THOR-5F Physical ATD and Biofidelity

A 5" percentile female version of the THOR ATD (TH@®R) had initially been designed in 2003
(McDonald et al., 2003)ut had not been updated until 2q¥%ang et al., 2017)The THOR5F
(Figure 22) had notable anatomical and instrumentation updates from th&Hllhcluding a
combined skull and facial load cell mounting plateedesigned clavicle designed for shoulder belt
contact and engagement based on the statistical shape model of the femalgclagidintaroiu,
2013; Wang et al., 20L7Jhe THORS5F sternum and breast were integrated to address variances in
testing due to breast location, resulting in a more anatomically accurate representati@palvis
design was based on a femajmcific pelvis bone modéKlein et al., 2016; Wang et al., 2017The
updates to the THORF provided anatomical accuracy that was missing in the3#llIlAdditionally,
the THORSF can record up to 174 channels, which is over 100 channels more than {6 Hll|
instrumentatior{Humanetics Innovative Solutions, n.d.; Shah et al., 200 THORSF features
four InfraRed TelescopinRodsfor the Assessment of Chest CompresgiIBTRACC) sensors,

which allow for more accurate measurement than the potentiometer used in t6€.Hlll

10



Figure 2.2: THOR -5F ATD seated in atestingbench.Photo taken by Transport Canada

The THORSF ATD has undergone design updates throughout the past few years, from its initial

design described in 2017. Wang et(a018)evaluated the biofidelity of the THOR= ATD body

regions using the third version of the BioRank scoring system (Table 2.2) from Rhul@e18).

and found the overall biofidelity of the ATD to
shoulder biofidelity were excellent, while the neck, thorax, abdomen, pelvis and lower extremity were

i n t he # dAowpdated versiongfahe ATD design, from a package in September 2019
recorded an overall bi of i deratingt wth ooly thelshoblder, corresft
scoring an fex c eHeddeahorax)Knedsghhimagd lowér iextremityt wiere rated

as figoodo. abddmen bote scdred abowt 2.0, which was categoridgdaaginad

(Wang et al., 2020)
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Table 2.2: Biofidelity rankings, associatel scores and statistical interpretation (Wang et al.,
2020)

Biofidelity | BioRank score (B) Statistical interpretation

Excellent B 0O1.0 Within 1 standard deviation ¢fie mean
Good 1.0<B 02.0 Between 12 standard deviations of the meg
Marginal 2.0<B03.0 Between 23 standard deviations of the mea
Poor B>3.0 Outside 3 standard deviations of the mean

The THORSF biofidelity was evaluated through subsequent sled tests in a simplified frontal impact

sled configuration (Agold standardd condition),
and the University of VirginidWang etal.,,2021) Usi ng t he NHTSAG6s updat ed
evaluating biofidelity, the overall Bi oRank scor
Thebiofidelity rangedirom 0.67 1.0for the head, spine, thorax and pelvis, corresponding to

fifexcel |l ent dile the belfloadisedredl23ywhi wh was rated.Ans fAgoodo
additional study investigated the THEER abdominal loading, finding that the THEIR ATD

showedgood biofidelity overall, with a BRS score of 1.84, however, the TFEBRhowed a softer

initial stiffness in all loading conditions compared to the PMHSeaamaghid increase of force when

compressed beyond 30% abdomen déRtimachandra et al., 2023)

A study by Richard et a{2022)investigated the biofidelity of the THOBF ATD in the sled setup
discussed in &tion 2.5.2with threeconfigurations Configurationl representing the standard rear

seat andConfigurations 2 and 3 representing the submarining configuratfoos the submarining
configurations (Configurations 2 and 3), the THGR demonstrated similar submarining behavior to

the PMHS overall, with slightly later submarining times and similar pelvis excursion. In the first
configuration (norsubmarining), the glvis exairsions of the ATD were higher, which was explained

by the difference in flesh thickness between the THEPRATD and the PMHSAdditionally, the lap

belt loads and pelvis kinematics were generally similar to those of the PMHS, with slight delays in
restraint engagement and kinematic response, potentially due to anthropometric differences between
the PMHS and ATD, as outlined byetlauthor.
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Somasundaram et §2023)also investigated the THOBF biofidelity seated in upright and reclined
positions in a sled buck containingemi-rigid seat and ansubmarining pafrom Uriot et al.

(2015) with a seat integrated@oint belt The configuration with the THORBF underwentwo crash
pulsesa 4.5 g an@ 9.5 gcrash pulseThe THORSF biofidelity was evaluated using an updated
version of the BR$Hagedorn et al., 2022In the upright configuration, the THOR recorded average

BRS scores of 0.86 for the low crash pulse and 1.16 for the higher magnitude crash pulse,

corresponding to fAexcell en t(Somasundbaram gtalo2DZBheb i of i del
head, spine, pelvis and seat belts, similar to other HAPRvaluationshad fAexcel |l ent 0 bi
in the | ow crash pul se; however, t he average scc(

biofidelity (1.01 1.39) for the high crash pulse.

The THORSF is still undergoing design updates to improve duralgiNational Highway Traffic
Safety Administration, 2026bpurability concerns with the THOBF have been identified from rear
seat sled testing with a 40 g crash pulse, in which severe rib deformation-8RAEC failures

were observedndicatinga need to improve durability while maintaining biofideljiyutter et al.,
2024) Anotherdesignfocusis the THORSF ankle,which is less stiff than the PMHShkle The
current release of the THOBF, as of October 2025, is the Standard Build LeviL€llbond, n.d.;
Humanetics, 2024)and theTHOR-5F ATDsused in tiis study are Standard Build Level(BBL-B).

2.3.2 ATD Injury Criteria and Injury Risk Metrics

For ATDs to effectively represent human occupant response in crash testing, the relationship between
the ATD measurements and the resultimgry riskis crucial, as ATDs output a parametric response
rather than direct injury informatiaiXu et al., 2018)Injury criteriarelate gohysicalresponse

parametewith the probability ofaninjury through a specific injury mechanisandare based on

experimentaktudiesand empirical datéSchmitt et al., 2025)

The Abbreviated Injury Scale (AIS) is a standard method for classifying injuries by body region and
severity in automotive injury researthit Ab br evi at ed | njlourigsar8@akéde ( Al S)

from 1 to 6, with 1 being a minor injury and 6 beingnaximalinjury (Table 2.3)
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Table 2.3: Abbreviated Injury Scale (AIS) code, associated severity anhoracic injury example

for each code(adapted from the Association for the Advancement of Automotive Medicine;

Cavanaugh & Yoganandan, 201p

AIS code Injury severity Injury

1 Minor 1 rib fracture

2 Moderate 2 rib fracturessternum fracture

3 Serious 3+ rib fracturespnilateral flail chest with B5 flail

ribs

4 Severe Unilateral flail chest with >5 ribs

5 Critical Bilateral flail chest

6 Maximal Aortic laceration with hemorrhage not confined
(Untreatable) | mediastinum

With injury severity defined using AlS, injury risk curves are developed to establish a statistical

relationship between the loads measured by the ATD and the probability of injury at a given severity
level (Xu et al., 2018) The injury curves ardeveloped fronstatisticalrelationships betweenjury

occurrenceand thenjury criterionexperienced by the body whanderexternal loadrom impact

(Petitjean et al., 2015)njury risk curves are developed usiRyIHS responses to a known stimulus,

such as acceleration, foraad the recording of any failure in the test samf®easad, 2015From
the injury risk curvean Injury Assessment Reference Value (IAR¥gs selected such that if the

measured value did not exceed the IARYV, then the risk of the corresponding injury would be

considered

HIll -5F are ATDspecific and are scaled from the HBOM based on size and mdsk Mertz et al.,

1989)

Aunli kel yo, wH I Mértz, BOXFThedlARVS for thel

as

The regulatory standardiar frontal impactsn the United States and Canada (FMVSS/CMVSS 208)

alsodefinerequiredthresholddor vehicle manufacturs, with the defined thresholddsobased on

PMHS and animal testingPrasad, 2015)or theHlIll -5F in frontal impactthe head, necgkhorax and

femurare evaluate@Table2.4) (National Highway Traffic Safety Administration, 2026a)
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Table 2.4: Injury metrics for the HIll -5F ATD in the FMVSS/CMVSS 208 standardor frontal
impact (National Highway Traffic Safety Administration, 2026a).

Metric Threshold
Headinjury criterion HIC3s) 700
Neckinjury criterion (N;) 1
Neckaxial force(Fz) [KN] -2.62(compression)2.52(tension
Thorax acceleratiorg] 60
Thoraxdeflection[mm] 52
Femuraxial force[kN] 6.805

The injuryrisk curvedor the THOR-5F arestill being developedwith a need for matched PMHS
testing(Boyle et al., 2024NHTSA is currentlyconductingTHOR-5F testsn asimplified sled test
configurationthat was used to record PMHS and FiF dataand acomplex configuratiomvith

advanced seditelts and airbagdNational Highway Traffic Safety Administration, 2026b)

2.3.2.1 Thoracic Injuries and Injury Metrics

Thoracic injuries are grouped into skeletal (e.g. rib fractures) and soft tissue injuries (e.g. lung
contusion). Soft tissue thoracic injuries may involve the respiratory system, heart ar{@ctuoriat

et al., 2025)Rib fractures are, in general, the most frequent type of AIS 3+ chest ir{jLejgwrt et

al., 2011)and may also lead to hemothorax or pneumothf€axanaugh & Yoganandan, 201%he

thorax was observed to be more vulnerable to injury under concentrated belt loading, which results in

thoracic compressiofschmitt et al., 2025)

Rear seat occupants have experienced both skeletal and soft tissue injuries, including rib fractures,
lung contusions, hemothorax, pneumothorax, and heart or vessel damage, with 20 of the 22
occupants' chest injuries due to shoulder belt loadi@egnakian et al., 201XVhile children
generallysuffered soft tissue injuries, such as lung contusions, older occupants more frequently

sustained skeletal injuries, such as rib fractures.
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Arbogast et al(2012) examining the Crash Injury Research and Engineering Network (CIREN)
database, found that multiple and bilateral rib fractures were more common among adult (25+ years)
occupants. The injured adults were generally involved in lower severity impacad, sugtained

complex rib fractures, with 7 of the 8 experiencing multiple rib fractures, and 4 of the 8 biBB#dtral.
compression was identified as the primary injury mechanism. Additional injuries that were observed

included diaphragm laceration, sternfracture, and mediastinal hematoma.

Lung contusion is generally considered to be rate dependent, and the occurrence of rib fractures,
along with hemothorax and pneumothorax are considered to be primarily deflection dependent
(Cavanaugh & Yoganandan, 201B) the frontal impact regulation (FMVSS/CMVSS 208), the
thoracic injury criteria for the HHBF include a maximum chest deflection of 52 mm and a maximum
thoracic acceleration of 60 g over a 3 ms cumulative intéNeational Highway Traffic Safety
Administration, 2026a)The limits were derived from injury risk curves from human surrogate testing
(Bandak et al., 1999 he regulatory chest deflection limit was based on the 5% AIS 4+ injury risk
value, instead of the AIS 3+ injury risk value. The reason for using AIS 4 was that AIS 3 was
generally associated with rib fractures, which children rarely experieacddi\IS 4+ covered both

rib fractures and soft tissue injuri@@andak et al., 1999A THOR-5F injury risk criterion is

currently under consideratigilational Highway Traffic Safety Administration, 20266he

maximum deflection across the 4 chest sensors isingbd Euro NCAP frontal test procedures for
the THOR50M (Euro NCAP, 2025)

NHTSA developed preliminary THORF thoracic injury risk functions using matchealr small
stature female PMHS and THGB¥ sled tests. The predictor variables investigated were the
maximum deflection across the four TH@GR chest sensors in the X direction,yXesultant
direction, and XY -Z resultant directiofLee & Craig, 2021)The data from the matcheair tests
were then used to generate AIS 3+ thoracic injury risk functions based on the respective chest

deflection metrics (Figurg.3).
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Figure 2.3: Preliminary AIS 3+injury risk curves for sternum deflection in the X direction, the

X-Y resultant direction and the X-Y-Z resultant direction.

2.4 Safety Regulations and Evaluation for Rear Seat Occupants

Despite numerous tests to evaluate front geafpantsafety in frontal impast there is limited
regulation for the injury assessment of rear seat occufhrtaakian et al., 2019Vhile the

regulations do not consider the rear seat occsfrafontal crash testing standards, consutests,
which evaluate and compare vehicles to encourage manufacturers to design beyond the minimum
requirementgSchmitt et al., 2025have started to implement or consider implerimgriear seat

adult occupants in its evaluation.

The National Highway Traffic Safety Administration (NHTSA), the governing body of automobile
safety, began considering improvements to the New Car Assessment Program (NCAP), w&thtrear
occupant safety among them. AdditionaigveraNCAP programsvorldwide have begun to

implement the HIH5F in the rear sedbr frontalimpacttests(Tang et al., 2022)n the European
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version of the NCAP (Euro NCAP), a HIBF is placed in the passenger side of the rear seat for the
Full Width Deformable Barrier (FWDB) test with a 56 km/hr pulse, with metrics from the head, neck,
chest, abdomen, knee, femur, pelvis and lower extreneniasiated (Table.5). The standard also
useshead excursioto modify the score for the head regi@&@uro NCAP, 2025)

Table 2.5: Injury metrics for the HIlIl -5F ATD in the Euro NCAP evaluationfor frontal impact
(Euro NCAP, 2025)

Criterion Value/Range Cap
Headinjury criterion (HIC3s) 500700 700
HeadresultantaccelerationAres3ms)[g] 72180 80
Neck shear forcéFy, shea) [KN] 1.2°2.0 NA
Neck tension forc€Fz, tension) [KN] 1.702.6 NA
Neck extension momei¥ vexiensio) [NmM] 36i 49 NA
Chestcompressiorn{Dchest compressign Mm| 22142 42
Viscouscriterion (Vviscouscriterion) [M/9 0.51.0 1.0
Femurforce(Fremu) [KN] 2.66.2 NA
Kneedisplacement (khee) [Mmm] 6i 15 NA
Tibiaindex (iibia) 1.3 NA
Tibia force(Fibia) [KN] 8.0 NA

The Insurance Institute for Highway Safety (IIHS), a nonprofit scientific organization detlicat
vehicle safety, has initiated the process of integrating semam@ccupant protection for scoring and
awarding vehicles. An additionHllll -5F ATD is placed in the rear seat of the vehicle in a moderate
overlap fronal crashest, in which the vehicle collides with a barrier with 40% overlap at 60 km/hr
(Insurance Institute for Highway Safety, 2025; Lam et al., 200i4¢ testing considers the injury risk
measured by the ATD in the crash, chest injury risk in the rear seat, and intrusion in the occupant
compartment at specific locatiofiasurance Institute for Highway Safety, 202ZBhe testing

considers head acceleration measuremaatk force measuremerfty tension and compression,
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and chest indexyhich accounts for both chest deflection and shoulder belt positi¢haide 2.6)
The shoulder belt tension afemuraxial compression are also measuidglad excursion, head
contact with the seatback, submariniagdthe belt positioning to cause beleck contacare also

evaluated for demerit scores.

Table 2.6: Injury metrics for the HIIl -5F ATD in the IIHS evaluationfor frontal impact
(Insurance Institute for Highway Safety, 2025)

Metric Good | Acceptable| Marginal Poor
Headinjury criterion (HIC;s) (only with contacd) 560 700 840 >840
Headresultantacceleratiorfrom contactg] >70: Downgradescoredor head and neck region
Neckinjury criterion (N;) (only with contacts) 0.80 1 1.20 >1.20
Neckaxial tension[kN] 2.0 2.4 2.8 >2.8
Neck compression fordéN] 2.0 2.5 3.0 >3.0
Chestindex 35 40 45 >45
Shoutler belt tension[kN] <5.9 NA <5.9 NA
Femuraxial compressiofikN] 4.9 6.2 7.4 >7.4

While consumer evaluation has progressed to include the rear seat occupant in testingthe

rear seastandardin the United States and Canada based on static criteria, such as the location of
the seat belt anchor points and the seat belt asserfiblidsin et al., 2015)According to the Federal

Motor Vehicle Safety Standard (FMVSS) 210 in America, and its Canadian equitaée@anadian

Motor Vehicle Safety Standard (CMVSS) 210, the belt anchor locations for the upper mnshios

within a region that is defined by measuring the SAE manakin in th€Tsaasport Canada, n.d.;

U.S. Department of Transportation, n.ékjom the shoulder reference point of the SAE manakin, the
upper anchor (Bing) should be 40 degrees below or 80 degrees above the horizontal at a point 151.8
mm above the shoulder reference point (Figude Eor the lower anchor point, the angle between

the horizontal and the-#doint must be between 75 and 30 degrees.
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151.8 mm

Figure 2.4: Acceptable seat belt anchor locations from FMVSS/CMVSS 210 standards, adapted
to the THOR-5F in Rigid Benchdescribed in Section 3.2The green regions indicate the
acceptable seat belt anchor location@ ransport Canada, n.d.; U.S. Department of
Transportation, n.d.).

2.5 Sled Test Benches Representing the Rear Seat Environment

Sled testings atype ofautomotivesafetytesing used teevaluatevehicle component or restraint
systemperformancédoy applying a controlled acceleration or deceleragiolseto a sled andhe
attached vehicle componerichmitt et al., 20255led tests are repeatalalied bss costly thafull -
scale vehicle crash testinand allow component®f the test rigo be reusedSchmitt et al., 2025;
Smyth & Smith, 2007)
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Several types of sleghountedestsetupshave been reportad theliterature including setups
described abucksor benches. Examples sledmounted setupsiclude bucksith production
vehicle seat(e.g.Dehner et al., 2007a buck with arigid seat é.g.Luet et al., 2012)abench with a
foamseat(Wietholter et al., 2021 anda bench with asemirigid seat, referred to as the SeRigid
Bench(Uriot et al., 2015)Tests conducted in production seats were found to be inconsighemgas
rigid and semtigid seas enable more repeatable and reproducible tegtingt et al., 2012; Uriot et
al., 2015) The rigid seapan haso articulationwhereaghe physical Serdarigid Bench uses a

springloadedseat pan to enable articulation.

2.5.1 Federal Motor Vehicle Safety Standard (FMVSS) 213 Sled and Bench

The FMVSS 213 test bench is an example of a standard rear seat bench used in regulatory safety
testing, specifically for child restraint testif\ietholter et al., 2021)he test bench was initially

based on the 1974 Chevrolet Impala bench seat, then upgraded in 2003 by incorporating child ATDs,
associated injury criteria and making it more representative of rear seats in the fleet at the time
(Wietholter et al., 2021 However, not all of the recommended modifications were implemented.

From regulation updates, the bench was further modified to match rear seat gessnetgsured in

a report by Aram & Rockwe(2012) in which rear seat geometry, including belt anchor locations,

seat pan lengths, and seat back geometries, was measured. The bench has seat cushions, shoulder belt,

and lap belt anchorages and tether anchor@yesholter et al., 2021)

2.5.2 Physical Semi -Rigid Bench

While benches with rigid seat pans provided a stable and consistent testing environment, one concern
was that the kinematic response of an occupant may not represent occupant reaction in a rear seat of a
vehicle(Uriot et al., 2015)The physical SeniRigid Bench (Figure B) was introduced in a study by

Uriot et al.(2015) in which the authors examined the submarining ability of ATDs in a reproducible
setup. The notable difference between rggdtbenches and the physical Sarigid Bench is the

articulation of the bench seat pan.
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Figure 2.5: SemiRigid Benchconfiguration with HIll -50M positioned(Uriot et al., 2015)
Picture usedwith permission from the Stapp Association.

The SemiRigid Bench consisted of a rigid seat pan, with its stiffness controlled by two springs

located underneath the plate, with blocking systems to manage rebounding. The backrest consisted of
a rigid plane fixed to a rigid framendcovered at the higher thoracic level by foam and at the lower
pelvis level by a polypropylene pad. The bench could be configured to emulate a front or rear seat by

adjusting the spring stiffness, articulation position, and the belt anchor positions.

The physical SerrRigid Bench was also used to evaluate the THEPResponse in submarining
compared to PMHS data in a previous study. The study, conducted by Richa(@@22).

conducted 6 testsith the THORSF placedn the testonfigurationdescribed by Trosseille et al
(2018). The data measured by the THGR wasthen compared to the PMHS data from Trosseille et
al. (2018)to qualitatively assess the biofidelity of the THGR. In the study, the bench was set to 3

configurations, with the first configuration being the standardseatr configuration, with the anti
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submarining pan being lowered from and rotated to avoid contact with the ATD, while the second and
third configurations featured modifications to the anchor locations to favor submarining. The
deceleration pulse of the sled was set ¢pf@r the first configuration, while the deceleration for the
second and third configurations was set t@15

2.6 Finite Element Modelling in Occupant Safety Testing

In addition to physical testing, computational models are applied in areas of safety engineering, such
as vehicle crashworthiness design, and can complement existin@daaitt et al., 2025)

Computational modelling, in addition to providing an efficient and cost effective analysis of occupant
safety(Kan et al., 2003)enables the changing of design parameters to find trends and optimize
designgYang & Chou, 2015)Computational models have become a recognized tool in vehicle

safety engineering, as validated models can provide accurate and predictive ass¢Sshiimeburg

et al., 2026)Models have been developed for many purposes in occupant safety, including occupant
kinematics studies and restraint system development, such as airbags aplif&@ng & Chou,

2015)

Computational models require three key inputs: boundary conditions (e.g. force), geometry and
material propertieéSchmitt et al., 2025)There are two common approaches to computational
modelling: the multbody system approach (e.g. MADYMO) based on rigid body dynamics and the
finite element method. While the mulibdy system approach condenses structures such as vehicle
components, redting in an efficient analysis, the finite element method allows for detailed response

analysis, including complex geometry and material nonline€ithimitt et al., 2025)

Finite element methods for vehicle structural modelling emerged in the automotive industry during

the 1980s and expanded significantly through the 1990s and early 2000s as computational power
increased. Asomputational capabilities have increagel models have become widely adopted in
automotive safety applicatiof¥ang & Chou, 2015)Finite element models are formulated by

discretizing the geometry into a mesh consisting of elements and nodes. Boundary value problems are
then solved to determine the nodal displacements from which the element stresses and strains can be
obtainedNoorsumar et al., 2022Jhe FE method igypically implementedusingtwo approaches

the explicit formulation, which solves dynamic response over small time increments, antptiog

formulation an approach grounded on force equilibri(®shmitt et al., 2025 or impact
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simulations, which typically involve short durations and complex contact interactions between

components, explicit formulations are more suitgBlehoneburg et al., 2026)

Computational modslundergo several stages before application, includiadelconceptualization
development, verificatiorgndvalidation(Schmitt et al., 2025 erification assesses that the model
has been implemented correctly and solves the governing equations as intended, while validation
compares the model outputs to an independent dataset to evaluate the accuracy efthke real
representatiofRay et al., 2011; Schmitt et al., 2025)

2.6.1 Sled FE Models

Several studies have used FE sled models to validate ATD models, evaluate or compare ATD
responses, explore restraint and seat parameters, and optimize safetyMbestignki et al(2018)

used a simplified sled model with a rigid seat to validate a TH3H@R FE modeland Teng et al.
(2007)created a frontal sled and evaluated four different-50M FE models, with varying levels of

rigid material definedin a project investigating the methods to assess thoracic injury risk to elderly
occupants, Eggers et §€017)developed a frontal occupant sled test setup and a matching FE model.
The sled model included an airbag, a rigid seat, and aploiaeseat belt, and was validated by
comparing the THORBOM FE model response with paired physical tests. Kang @MI8)defined
restraint system parameters, including belt material properties and a belt buckle friction coefficient,
from controlled testing, and used a HBIOM FE model in a rigid seat sled model to compare restraint

system response with physical tests.

FE rear seat sled models also include models of production seats and simplified rear seat
environments. NHTSA currently has a publicly available Honda Odyssey production rear seat model,
which underwent testing in multiple configurations with a THRI® FEmodel, including a frontal
test(Bridges et al., 2022Meng et al(2022)created FE models based on geometric data from 3D

scans of rear seats and assessed the seat models based on the occupant injury criteria recorded by
THOR-50M and HIIF50M FE models, with the simulation results then used to select seats for

physical testig. Meng et al(2025)alsodeveloped a simplified FE model of a 2018 sedan rear seat,
validated the model against physical sled test data, and used the model to examine parameters such as
seatback angle and anchor locations, identifying optimal rear seat parameters for-Bt#vHihd

THOR-50M ATD models.
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Sled models representing the fleet rear seats or corresponding to physical rear seat sleds have also
been explored. Youn et §2015)created a reageat frontalmpact sled model based on the UN R44
sled, modelled polyurethane foam for the FE seat model, and included a front seat. The model was
then used to evaluate the response of the3Hland HIIF50M with different vehiclespecific anchor
configurations. Th&MVSS 213 sled bench has also been modelled and used to evaluate child
restraint performance. One study used an FE model of the FMVSS 213 sled for the parametric
evaluation of booster seats for child(@filler et al., 2021) Another study used an FMVSS 213 sled
bench FE model to evaluate the model performance of a child ATD model in different booster seats
(Challa et al., 2025)

2.6.1.1 Open-Source Semi-Rigid Bench FE Model (ENOP Bench)

The physical SerrARrigid Bench seat pan was also modelled in the gpeince Enable New Occupant
Seating positions (ENOP) seat FE model (Figudg (2.ebarbé et al., 2023)ndustry partners and
academia created the ENOP project to understand the effects-cbmeentional seating positions,
such as reclined seating, on occupant kinematics and potential new injury f&stling et al.,

2022) The ENOP sled includealsemirigid seat pana sled floor, aeat backfoot andknee

suppors, and a seat belt system. The seat pan model within the ENOP project sled model thatche
seat pan developed by Uriot et @015) consistingof articulatedseat parandantisubmarining pan

assemblywhich included thentisubmarining pan rackndstoppers.
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Figure 2.6: (A) Isometric view and (B) side view of the ENOP sled model with belt system

(Lebarbé et al., 2023)Note: Knee support not shown

2.6.2 Seat Belt FE Models

The FE models of seat belts were initially modelled as 1D elements. Then the hybrid model (Figure
2.7) was introduced, with 2D elements for the belt fabric and 1D elements to use the slipring function
in LS-DYNA, which allows the belts to interact with a usksfined slipring(Dahlgren et al., 2020)

The 1D seat belt elements connect2beseat belt elements to the slipring and seat belt anchors.
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Figure 2.7: FE model of 3point belt with 1D elements for connection to belt anchors and

sliprings and 2D elements for occupant contact

The slip rings allow continuous siid) of the belt through a change in angle. The user defines the belt
elements that meet at the slip ring node, and the belt elements must have a common node with the slip
ring node. The elements pass through the defined slipring node. The amount of sémisngel by

the ratio of the forces on the elements on each side of the slipring node. The angle between the
elements and the defined coefficient of friction determines the ratio of fiiieesmore Software
Technology, 2021)

The introduction of 2D belts was intended to improve interaction between the FE occupant model and
the seat belt model routing arounetribgs. Initially, the 2D belt elements were shell elements, but the
recent introduction of a new material model *MAT_AEBELT_2D) allowed for a more accurate

belt bendilg representatiofDahlgren et al., 2020)

Across literature, several seat belt models have been developed and made available, including a
model from an LSTC belting tutorial, the Baudrit belt (Baudrit et al., 1999), and arsopere
Autoliv belt model(Gepner et al., 202ZYable 27). One of the most recently developed seat belt
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models, the belt model for the ENGRd(Section 2.4.2.1), used 2D seat belt elements with

simplified webbing material, which was the average of the commonly used webbings in Autoliv.

Table 2.7: Geometry and material cards of three different belt system models

Belt Belt dement Belt Elements Belt
width across | thickness LS-DYNA material card
model type .
[mm] width [mm]
LSTC Tria shells 50 4 1 *MAT_FABRIC
Baudrit| Quadshells 46 4 1.2 *MAT_SIMPLIFIED _JOHNSON_COOK
Autoliv | 2D seatbelt 47 8 1.2 *MAT_SEATBELT

2.6.3 FE Modelling of ATDs

Early ATD FE models were simplified aonsisted o& single component due to computational
constraints. However, current ATD models include detailed geometry with identical composition to
their physical counterpar{¥ang & Chou, 2015)The general process for developing an ATD FE

model starts by creating the geometry of each part in CAD or from physical data, treating these parts
as an assembly or component, and finally assembling the entire ATD model. The components and
subsystem modeare then validated through calibration of ATD parts, such as pendulum testing, and
the full model is validated using sled or crash testing @&ag & Chou, 2015)Current FE models

of adultATDs include the HIH5F , HIII-50M, HIII -95M and the THORS0M (Humanetics, n.d.)

The THORSF FE model igurrently beingleveloped by companies such as Humanetics and ATD
models GmBHATD Models GmbH, n.d.; Humanetics, 2024)

2.6.4 FE Model Validation
FE models of ATDs are validated by comparisons to physical(dstst al., 2018)The assessment
or validation of an FE model must be quantitative, and the initial validation should be with simple
boundary conditions or impact scenar{8shmitt et al., 2025Recentmodel validation approaches

include a modelesponse comparisawith experimentatorridors, alongvith crosscorrelation
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between the model and experimental resp@8sbmitt et al., 2025)Crosscorrelation compares two
responses and provides rating on similarity based on the size, ahdghase shift of the response

The ISO 18571 standardase of theapproachessed toquantify the validation of a modéchmitt

et al., 2025) The standard igsed to assess the correlation of two signals and to provide a quantified
metric for the validation of computer models compared to physical testing through comparison of
time history signal¢lnternational Organization for Standardization, 2024 overall rating consists

of four component ratings (Figure 2.8&)e slope (E), magnitude (k), phase shift (§, and corridor

ratings (2)

The phase score is used to evaluate the pliiseencesetween time historiesvhile theslope score
evaluates the difference in topology between the signals and is calculated freshifte histories
(International Organization for Standardization, 2024)e magnitude score measures the difference

in amplitude between the twiitne historiesvhenadjusted for any phase differenc€he corridor

score measures the deviation through two sets of corridors, an inner corridor and an outer corridor. If
the curve is within the inner corridor of the reference curve, then the score will be 1, and if the curve

is outside the inner corridor,alscore between 0 and 1 is given, with lower scores as the curve

deviates towards the outer corridor bounds. If the curve is outside the outer bounds, the given score is
0.
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Figure 2.8: Component ratings considered for the overall ISO 18571 score, consisting of a slope
rating, magnitude rating, phase rating and corridor rating. The red curve is the model while the
black curve is the experiment. The green range defines the inner corridor, while the yellow area

defines theouter corridor.

Each of the individualatingsranges from 0 to 1, with O indicating no correlation between the two
tested curves and 1 indicating perfect correlation between the two ¢umeesational Organization
for Standardization, 2024 he ratings are then weighted and summed according to the following
equation(Equation 2.1)where w is the weight for each component, and R is the overall rating. All

weights must add to 1.
=| out o FFF @R o4r (Equation 2.1)

Higher values of R indicate a stronger match between the simulated and experimental resfonse

different rating grades for each ratirange (Table 3).
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Table 2.8: ISO ratings and corresponding gradeginternational Organization for
Standardization, 2024)

Rating (R) Grade
0.94<R01.00 Excellent
0.80<R 00.94 Good
0.58< R00.80 Fair

00OR00.58 Poor

2.7 Previous Rear Seat Anchor Location Studies

2.7.1 Anchor Location Surveys

As part of a study to upgrade the FMVSS 213 sled to represent the current vehicle fleet, Aram and
Rockwell(2012)measured the rear seat geometry of 24 20a&0el yeawehicles. The measurements
included the shoulder belt and lap belt andistancegrom a point on the seat geometry measuring
fixture (SGMF), which consisted of two wooden blocks, each measuring 600 mm x 88 mm x 38 mm,
and a76.2 mm 8 inch) hinge. When measuring the anchor locations, the distance from the

intersection of the two wooded blocks at the hinge, with the SGMF positioned at the centerline of the
seat, was taken. The measurements included thafiglateral and vertical positiomd the shoulder

belt anchorages, as well as the spacing in the lap belt anchor points. The study found wide variation in
the upper anchor location, with the shoulder belt anchor located on the package shelf or side point. In
contrast, for the center reseat, the shoulder belt anchor locations were also found on the seat, roof
and rear wall. Reed and Hamilt@2013)also investigated seat belt anchor locations, examining 83
passenger cars and light trucks using the SAE J829 (manakioinHprocedure and coordinating
measurement methods, finding that the shoulder belt and lap belt anchor locations varied widely
within the accepted regulatory range. Youn et al. (2015) also reported that anchorage positions in the

rear seat of a vehicle varied widely, even outside the regulatory acceptable ranges.
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2.7.2 Effects of Shoulder Belt Anchor/D  -ring Positioning on Occupant Response

Numerous studies have investigated the effects of shoulder belt anchor positioning on occupant
kinematics using physical ATDs or FE moddsstudy examining the effects bélt routing orHllI -

5F and THORSF chest deflections contemporary vehicles found that belt routing closer to the neck
reduced chest deflection. In contrast, for the THEFRreduced chest deflection was observed at the
maximum regionbut increased chest deflection in another reditggers et al., 2023Anotherstudy
conducted in 2022 utilized physidabntal impact sledests to assess th@luence ofthe shoulder

belt anchor (Bring) vertical position on thsternum deflection in the HIll"Spercentile(HIll -5F)
AnthropomorphicTesting Device (ATD, findingthathigher vertical positiosiresulted in lower

sternum deflectios(Edwards et al., 2022)

Additionally, several studies have investigated the effectstimdplocations on reaseat kinematics
using variougomputationamodels of ATDsHu, Wu, Klinichet al.(2013)used theMADYMO

models of &HIll-M50 a 12yearold ATD, and a reafacing infant in a CRS in sled tests to determine
the effect of Bring position on the head and knee excursions, along with torso rotations, finding that
moving the Dring forward (+X) and outboardY) resulted in higher heagkcursion and torso angle

for both the éyear old and the M50, however a lowef)(D-ring was found to reduce head excursion
for children while a higher Bing was found to reduce head excursion for adults. For the adult ATDs,
the optimal Dring position was higher and rearwakdieng et al(2025)also conducted a study with

the HIII-M50 and the THORM50 FE modelsvhere a simplified rear seat model was created with
seat foam and looked at the effects of modifying various seat paraieteding lap belt and

shoulder belt anchor locations, finding th@t the location of the ing in Y and Z had the largest
effect on chest injury of the HIll while the direction had the largest effect for the THOR mo#&et.

both the HIll and THORS0M, the optimal locations for thB-ring were narrow, high and rearward

Youn et al.(2015)conducteccomputationaksimulations with the HIHSF and HIIF50M multibody
modelswith seat belanchor locations for 28 vehicles, finding that theimy strongly affects the
upper baly motion, and for head injurgnd chest deflectigrthe foreaft (X) location of the upper

anchor location was the most dominant factor for both ATDs.
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2.7.3 Effects of Lap Belt Anchor Positioning on Occupant Response

In addition to investigatintheresponseo shoulder belt anchor positioningeveral studies have
examinedhe effect of lap belt anchorages on occupant respBesearb at UMTRI found that for
older childrenyearward and higher lower anchorages reduced lower body excexsigpt during
submariningHu et al., 2012; Hu, Wu, Reed, et al., 2013; Klinich et al., 2011; Reed &Ebert
Hamilton, 2013)

Uriot et al (2006)used a hydraulisetupto dynamically rotate lap belt anchorageslerconstant lap
belt tension andonsistenpelvis positioning for #MHS, THOR-NT, andHIII -50M. The study
found that submarining occurred at a higher lap belt angle for théseland THORNT thanfor
the PMHS(Uriot et al., 2006)

Hu, Wu, Klinich et al.(2013)found that for the HIHM50, the optimal lap belt position for reducing
head and knee excursiammsrearward and at a moderate height, whereas for the child ATD, the
optimal position was a highgorward lap belt. Meng et a2025)found that wider and highseat
beltanchoragdocationsresulted inower owverall occupant injury riskor the HIl -50M and the
THOR-50M.
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3.1 Overview of Methods

Chapter 3
Met hods

The overall aim of this study was to use computatistesl, occupantind restraint systemodels to

guantify the effect of shoulder and lap belt anchor position on the kinematics of stsiuaé female

ATD in a frontal impact environme(igure 3.1) The frontal impact environments investigated
includedthe Rgid Bench developed by Transport Canada and PMG Technologies (TC/PMgand
SemiRigid Benchreported in the literatur@Richard et al. 2022 omputational models of each

bench were developednd a smalstature female ATD finite element model (THGR FE Standard

Build Level B, Humanetics, Farmington Hills, MI, US®Rs positioned on each bench and

restrained with a seat belt. The ATD FE model response was compared to physical,testdhén

the model wasised ina parametrictudy with varying restraint anchor points to quantify the efféct

changinganchormposition

1a. Validate THOR-5F FE Model in Rigid Bench

Physical testing FE simulation of Response comparison
physical test with physical test
f / \!\‘ y \J ‘\jf"
e

2a. Investigate Effects of Seatbelt Anchor Positioning on Rigid Bench Model

Kinematics
FE simulation of anchor Metric comparison and effect calculations
locations |
[

- B

1bh. Assess THOR-5F FE Model in Semi-Rigid Bench

Study with physical FE simulation of Response comparison
tests study with study
: A S N al
J \HJ J Y,
T~

= S R

2h. Investigate Effects of Seatbelt Anchor Positioning on Semi-Rigid Bench
Model Kinematics

FE simulation of anchor

locations . Metric comparison and effects calculations

S = |
® AT
< S l
) ® . |

Figure 3.1: Overview of methods for (a)Rigid Bench and(b) SemiRigid Bench configurations

with THOR -5F ATD FE model
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3.2 Rigid Bench and Sled Testing at Transport Canada

3.2.1 Rigid Bench Geometry and Sled Specifications

TheRigid Bench desigrphysical ATD positioningandtestingdescribedn this sectiorwere
conductedby TC/PMG TheRigid Benchwas designed as a representative but simplified rear seat
environment to enable the comparisompbysical and numericdduman surrogates 3D scan of the
Rigid Bench (Figure 3.2) wazovidedby TC/PMG using a MetraSCAN 3D scanner (Creaform,
Lévis, QC, CA with a mesh resolution of 0.1 mm and a measurement resolution of 0.0Z6hem.
3D scan and CAD drawings of tiegid Bench weralsoprovided by TC/PMG.

TheRigid Benchcompriseda seat pan, a seat baaketractor, anghoulder and lap belt anchor
assembliesThe shoulder belt anchor asseyntbnsisted of the Bing, which rotated abouhe
shoulder belt anchom.heleft (fixed) sideand right(buckle) siddap beltanchorassembliegach
includeda seat belt webbing guidsnnectedo the benclusingwelded chairinks to provide
freedom of motionTheRigid Benchalso included aaised platforn{Figure 3.2B)}o verticallyoffset
the THORSF from the lap belt anchqras wouldoccurin a typicalvehicle reaseat configuration

The structural components of tRégid Benchwere constructed from steel.
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Shoulder Belt Anchor Assembly

—Shoulder Belt Anchor

— D-ring
'<—Retractor
Raised Platform
Lap Belt Anchor Assembly X
S i i
Z |
: Lap Belt Anchor

Lap Belt Webbing Guide

Figure 3.2: 3D scan of Rigid Benchused inphysical tests (A) Isometric view of physical Rigid
Bench with shoulder and lap belt anchorassembliesdentified, where thered circle represents
the origin (0,0,0)and the green circle represents the seat belt anchdB) Side view of Rigid

Benchwith retractor .

The SAE coordinate system (+X defined as forward, +Y defined as toward the right sidRigiidhe
Bench, +Z defined as downward) was ugejure 3.2) with the origin located at the miglidth of

the raised platform surface rear edgal(circle inFigure 3.2A).The seat pan, seatback lengtnsl
anglesof theRigid Bench(Figure 3.3)were based othe FMVSS 213 bench, which was designed to
represent an average rear seat configurdfoam & Rockwell, 2012)The shoulderand lap belt
anchor locationsf theRigid Bench(Table 3.1) werdased on thEMVSS 213benchintended to
represent an averagear seatonfiguration(Aram & Rockwell, 2012)The seat belt anchor locations

remained consistent across the experimental tests.
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Figure 3.3: Dimensions ofRigid Benchused in physical tests with THOR5F ATD: (A) Front

view and (B) side-view. All linear dimensionsare in millimeters.

Table 3.1: Rigid Bench seatbelt anchor locationsreported with respect toorigin (red circle in
Figure 3.2A).

Anchor X[mm] | Y[mm] | Z[mm]
Shoulder belt anchor | -316.9 -262.0 -699.0
Right lap belt anchor 45.2 286.6 62.0
Left belt anchor 45.2 -286.6 62.0

Theseatbeltretractor used in thRigid Bench(Figure 34) was acustombuilt retracting @vicewith
a base thatoused rotatingshaft towind the belt webbing and a locking pifhiang et al., 2019)
When the shaftotate, it releasedhe beltwebbing and the locking pimovedhorizontallyto a
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position where theetractorlocked Once locked, a small amount of pullout could oeowter seat
belttensiongenerated duringTD loading.

Locking Pin

Rotating Shaft

Base

Figure 3.4: Seat beltretractor (Tang et al, 2019)used in theRigid Benchteg setup. Image
provided by TC/PMG.

Theretractorpulloutas a function of timgasmeasuredrom avideo recording o& previoussled
testconducted by TC/PM®n an earlier bench version. The seat belt webbing was markRBdiat
mm (1 in) intervals to allow pullout to be measured from the vidée correspondingetractorforce
time historywas measuredsing aload cellon the shoulder belThe retractor pullout and force were
then timesynchronizedo generate the forgaullout curves for the retract{fFigure 35), which were
used to define the retractor response in the FE nuddké Rigid Bench
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Figure 3.5: Retractor force-pullout curve extracted from video data ofsled tests in a different
study.

TheRigid Benchwasmounted on an acceleration sled at the TC/PMG fadiliBlainville, Quebec,
with the base of the bencigidly attached to the sled b¢Eigure 3.6A. The acceleration sled was
programmed t@a 23g peak acceleration crash pulségre 3.8), taken from measurements at the
center of gravitfCG) of a vehiclg(2015 Chevrolet Equinoxin a40%frontal offset vehiclevehicle
crash tesfTang et al., 2021)
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Figure 3.6: (A) Physical Rigid Benchtest setup with THOR-5F on the accelerationsled and(B)

sled acceleration pulse used in physical tests.

3.2.2 Physical THOR-5F ATD Testing

Physical testing wasonducted withthe Rigid Benchat the TC/PM&acility (Motor Vehicle Test
Center, Blainville, QQG)in support of this projecandTC/PMG provided thdestresults Three sled
testswere conductedith the THORSF (Standard Build Level B, Humanetics, Farmington Hills, Ml,
USA) positionedon theRigid Bench(Figure 36A). For each test, the ATD was positioned and
measuredising a FAROArn8D metrology systemwith measurements recordeith a resolution of

1 mm.After the THOR5F was positionedh theRigid Benchthe seabelts weraouted and the

ATD with theseatbelts was scanned usinge MetraSCAN 3D scanner described in Section 3.2.1.

From the physical testTC/PMG providedall available data from the THOR- ATD components
loaded during the sled tests, consisting dthannels dfkinematic and kinetic timseries data from
thehead, neck, thorax, and pelvis instrumentafic®PMG provided8 channel®f sled acceleration
time historiesand2 channels from the sebelt, corresponding to the lap and shoulder bmites All

signals were sampled at 20 kHz and filtered according to the SAE J211 standard.
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3.3 Integration of THOR-5F FE Model with the Rigid Bench and Validation with

Experimental Tests

3.3.1 Rigid Bench FE Model

A model of theRigid Benchwas createfrom theCAD drawing and 3D scalfFigure 3.3 provided
by TGPMG andusinga rigid material withsteeldefinedmaterial propertig(Table 32) for contact
purposesThe FE modeincluded aseat pan, seatbadletractor shoulderandlap belt ancha; and
theraised platform to offset the seated THBR from the lap belt ancho(Bigure3.7). The Rigid

Bench seat pamseat back and sled base all used quadrilateral shell eement

Table 3.2: Material properties of seatback, seat pan, sled floomand seatbelt anchors of the
Rigid Bench FE model.

Material type Steel
Density [kg/m?] 7850
Youngd s odutus[GP4] 210
Poi s saln 6s 0.3
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Shoulder Belt Anchor Assembly

Seatback

Retractor

Right Lap Belt Anchor Assembly it [, o, 2]
rigin (X=0, Y=0, Z=

Raised Platform

Left Lap Belt Anchor Assembly
Seat Pan

Y
A
X

Figure 3.7: FE model of theRigid Benchused in sled testing with the THORS5F. The setup

consisted ofshoulder and lap beltanchor assembliesa raised platform, seat pan, retractor,and

seatback.

In the FE modeleachlap beltanchorassembly consisted tife lap belt anchor attachment, a

spherical joint and a seat belt webbing guigigure 3.8A) Thelap beltanchorwasdefinedasnodes

on the lap belt anchor attachmgm@tboutwhich a spherical joint beamvas createdThe spherical

joint connected the lap belt anchor to Heatbelt webbing guideThe lap belt anchaattachmentvas

fully constrained t@reventtranslaion or rotaton, while the spherical joint beaatlowed rotatiorin
the 3 degrees of freedom (DQFenablingthe seat belivebbing guided rotate about thiap belt
anchor consistent witlthe physicaRigid Bench.Theright lap beltwebbingguidealso ircluded a

slipring toconnect the lap belt to the shoulder belt.

42



The shoulder belt anchor assembly consisted of a shoulder belt attelscbment, a revolute joint
and a seat belt webbing guide-(ing). The shoulder belt anchor was defined as@eon the anchor
attachmentabout whicha revolute joint was create@iherevolute jointconnected the shoulder belt
anchorto the Bring. The shoulder belt anchasas fully constrainedo the sled bas® prevent
translaton or rotaton, and the revolute joirallowed 1DOF rotation about the -éxis enablingthe
D-ring to rotate about th&houlder belt anchpconsistent with thehysicalRigid Bench A slip ring

was defined at the {iing to allow the belt to movéarough the Bring to the retractor.

Theshoulder and lap belt anchor assembliesemodelledusingquadrilateral shell elemenand

were positionedo match the anchor locationfthe physicaRigid Bench(Table 3.1).

A B

Seat belt Webbing Guide
Shoulder Belt Anchor Attachment

Shoulder Belt Anchor
Spherical Joint Beams

Spherical Joint Beams
Lap Belt Anchor

Seat belt Webbing Guide (D-Ring)

Lap Belt Anchor Attachment

Figure 3.8: (A) Lap belt anchor assemblyused in theRigid Benchmodel, with spherical joint,
seat belt webbingguide and anchor attachment (B) Shoulder belt anchor assemblyised inthe
Rigid Benchmodel, with D-ring, revolute joint and anchor attachment Anchor location
indicated by red circle.
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3.3.2 Positioning of THOR -5F FE Model on the FE Rigid Bench

The THOR-5F FE model (ATD ModalGmbH) positioning was completed throughpee-simulation
recommendedy the developefATD Models GmBH)whicha pp |l i ed a (Asadia& i onett e o
Karlsson, 2023jpositioning approachn which 86 4 kN-tensioned cables pulled the model to the

defined targepositioncorresponding to the physical test positfpigure 39). The target position

wasthe desired position of the THGSF FE at the end of the simulation, defined by nodal

coordinates corresponding to the physical test position.

Figure 3.9: Overview of the positioning presimulation, wheretensionedcables moved the

THOR-5F FE model from a (A) start position to a (B) target position.
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The marionette method requiragredefinedarget position corresponding to the physical test
position. Thefollowing procalurewas used to define the target position.

1. A wireframewas createfom theFAROArm measurements of I8edefinedandmarks
from the averagephysical test positio(Figure 310A).

2. The THORS5F FE was overlaid on the wireframe using a commercial preprodeSsor
PrePost v4.10andtranslated and rotated using the preproce&3ar positioning moduléo
alignthe model with the wireframe at identifiabédmarks generating an initial target
position(Figure 310B). Thetarget positiorwas further refined tmatchthe physical tesby
overlaying the8D scans of the physical test positions and adjustingit@R-5F FE model
joint angles tamprovealignmentbetweerthe FE modelandthe I scan(Figure 3.10C).

3. After aligning with the 3D scan, the raldoordinates of the THORF FE were used to
define the target positioThe nodes from the target positierethen useastheend of the

cable elementfor the marionett@ositioning simulationKigure 3.10D,E).

After the marionette positioning simulation, the position of the THBBPRFE was compared with the
physical test wireframe &entifiable landmarkshead target, Hboint, ankle bolt, shoulder bolt,
elbow bolt, wrist bolt.
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Figure 3.10: Overview of positioning process(A) Wireframe from FAROArm measurementsof
averagephysical THOR-5F ATD position, used for positioningTHOR -5F FE model (B)
Overlay of THOR-5F FE model (gray)on wireframe. (C) Overlay of the THOR-5F FE model
(gray) on 3D scan of physical THORSF ATD (red). (D) Marionette method with THOR-5F
starting configuration, with grey nodes representingarget position coordinates. (E)Final
THOR-5F FE position after marionette method.
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3.3.3 Implementation of Seat Belts in FE Rigid Bench Model

After the ATD positioningsimulation theseatbelt model was integrated and routed around the
THOR-5F FE usinga commercial preprocessrS-PrePost 4.10 Seat belt routing was performed

by seledihg two nodesat the belt anchor poin{sednodesin Figure 3.1A) andan intermediat node

on the THORSF FE jacketclose to the lateral mide of the torsqorange nodes in Figure 38,C).
Theselectedntermediate nodesaslocatedat the center of the upper chest the shoulder belt

(Figure 3.1B), and thdateralcenterof theupperpelvisfor the lap bel{Figure 3.1C). The @A Bel t
Fit o c o musednodgeneratesa belt patween the anchor nodibst passed through the
intermediate guide node along the jacket surface

The seatbelt geometrywassubsequentlghortenedisingt h & rfiet c h o comemavedd, whi ch
excesseatbelt length andmprovedconformity to the jacket surfacAfter each routingpoperation,

the seabelts were manually inspected famy warped elements or interference with the THEPR

jacket.If interference or warped elements were obsevednode selection was modifi@tirough

either moving théntermediatenode or adding additional nodes the jackét andthe belt fitting

process was repeatadtil a smooth nortinterfering seabelt configuration was achieved
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Figure 3.11: Seat beltrouting process using THORSF FE jacket model in LSPrePostV4.10.

(A) Nodes corresponding to the anchor locationgred circles), were createdfor the lap and
shoulder belt ends Orange intermediate hodeswere selected along the jackesurface to define

the belt path. The nodeswere then used to create (Bshoulder belts and (C) lap belts.

The belt system integrated into tR@id Benchmodel (Figure 32) usedthe material properties
from theENOP project seat batiodel(Lebarbé et al., 20233s itwas a contemporary Féeat belt
model with currenbelt propertiesWhile the ENOPRseatbelt modelconsisted of 2D element$iet
modelused in this studysed botHL.D seat belelementsand1.2 mmthick 2D seat belelementgo
simplify contact(Table 3.3) The belt width was modified to mat@it/PMG measurement&0 mm),
and the retractor pullout force was updated timearcurvefrom 0 to the intersection of theo
measured retractaurves(Figure 313). The seatbelt FE model forcestrain curve wasnplemented
from the ENOP belt modéFigure3.13B). The 2Dseat belelements were connected to the anchors
and sliprings using 1Beat belelementsDuring a seabelt slack removal pross, apre-crashforce
was applied at the retractimr remove slack anehatchtheinitial belt tensionsneasured prior to
physical testing
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2D Shoulder Belt
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_— 1D Belt
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I _— Retractor
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Figure 3.12: Belt model implemented in theRigid Bench model. The right lap belt anchor
contains a slipring to connect the shoulder and lap belts.

Table 3.3: Geometry and materialcard of Rigid Bench FE model seat belt.

Belt elementtype 2D seatbelt, 1D seatbelt
Belt width [mm] 50
Elementsacrosswidth 8
Belt thickness[mm] 1.2
LS-DYNA material card *MAT SEATBELT
A B
6 14
5 12
10
4 —_—
z R
FE 8
5 G
2 4
1 2
0 0
0 10 20 30 10 0 0.02 0.04 0.06 0.08 0.1
pullout [mm] Strain [mm/mm)]
—TC57-999 5 TC57-999 7 ——Rigid Bench FE Model

Figure 3.13: (A) Retractor force-pullout test data from TC/PMG (orange and blue) and

0.12

retractor -pullout curve implemented inRigid Bench FE model. (B) Force-strain curve of belts

used in THOR-5F FE model
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3.3.4 Validation of THOR -5F in FE Rigid Bench

Following positioning the THORSF on the Rigid Benchmodeland implementing theeatbelt

mode| the crashacceleratiorpulsewas appliedo themodel The simulation includd 100 ms o$eat
belt slack removal prior to the onset of tirash pulseThe contacfriction between the THORBF FE
and theRigid Benchwas defined with aoefficient of 0.28, and the contddttion betweerthe
THOR-5F FE and the belt was set t@ Quith both valuedeing takerfrom the ENOP model
(Lebarbé et al., 2023Threesledacceleration pulsefigure 3.4), measured frorthe Rigid Bench
sled testswere provided by T®MG. The average of the three crash pulses was calculated using
ARCGen(Hartlen & Cronin, 2022)For the simulatiog the first 125 ms of therash acceleration
pulsewasappliedfollowing the 100 ms slack removal, resulting in a total simulation tim@®ies.
The simulation was terminated at 225 mshesduration captured th@imary THORSF FE
interactionwith the restraintincluding seat belt loading and forward occupant mo&yond 225
ms, the crash pulse magnitude was close to,zard theoccupant responseasprimarily in the
reboundphaseLimiting the simulation duration t825 ms capturethe occupant response of interest

while also reducingomputationatime.
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TC-99-913-2

Figure 3.14: Three sled acceleration pulsefom physical tests with the average pulse shown in

red.
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The THOR-5F in theRigid BenchFE modelwas solved using commercial explicit finite element
solver LS-DYNA R12.2.1, MPP, singl@recision) on a parallel computing platform @@res Intel
6972P process@t2.4 GHz, 348\B cach¢. The following channels were used to compare the FE
model with the physical test: head resultant acceleration, 1D chest sensor deflections, pelvis resultant
acceleration, iliac loads, and belt loads (Figure 3% se channels were selectesed on the
availability across the physical tesas well as theirelevance to rear seat occupant injcggions
(e.g.chest deflection)occupankinetics and kinemati¢and beloccupaninteraction.The selected
channels alsoverlapped with those reportadRichard et al(2022) which were used for theemi
Rigid Benchassessment described in SecBoh4 The simulation results were filtered using SAE
J211 recommended filter$dble 34) and then compared with physical test results by calculating
scoresaccording tdSO 18571.

0;‘ Shoulder Belt Force

Chest Deflections

Lap Belt Force

Pelvis Resultant Acceleration

Figure 3.15: Validation metric locations of the THOR-5F in the Rigid Bench. (A) Seat Lelt

measurement locations(B) THOR-5F measurements used in validation
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Table 3.4: Metrics used for THOR-5F FE modelvalidation and correspondingSAE filters.

Metric Filter

Headresultantacceleration SAE 1000
Chest left lower deflection SAE 600
Chest left upper deflection SAE 600
Chest right lower deflection SAE 600
Chest right upper deflection SAE 600

Left iliac force SAE 600
Right iliac force SAE 600
Pelvisresultantacceleration SAE 180

Shoulder belt load SAE 1000
Lap belt load SAE 1000

3.4 Integration of THOR-5F FE Model with the Semi-Rigid Bench and

Assessment Using Reported Experimental Test Data

The THOR-5F FE was simulated in th8emiRigid Benchmodelto investigate the potential effects
of seat deformationn ATD responseThe first step was tdevelop éSemiRigid BenchFE model
includingseatbelt anchor positios) seat pan anglendantisubmarining pan positiomatching the
physical sled described theliterature Althougha publicly available modebf the SemiRigid
Benchexistied (Lebarbé et al., 2023t was not used due to its highevel of complexity, which
would have resulted imcreasednodel setup time and computational ceghout providing
additional benefit for this studirhe next step was t@lidate theTHOR-5F FE in theSemiRigid
Bench TheTHOR-5F FE was simulated to match the fi(ebn-submarining)onfigurationin the
study, aghis configuration providednchor locations and seat stiffnéisat most accurately

represented the rear seat configura{Rithard et al., 2022)
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3.4.1 Semi-Rigid Bench FE Model

The SemiRigid Benchmodelwascreated aa simplified version of the ENOBenchdescribed in
Section 2.4.2The simplifiedmodelwasused becauserequiredesscomputational tim@andmodel
setup while still capturing keyeatures such dslt anchor geometrgeatpan deflectionand footrest
interaction The reduced model complexiénabled simple and efficieahchorocationadjustment
andseat belt routingor the ATD model The SemiRigid BenchFE modelincluded themain
components athe physicaBemiRigid Benchdesigned by Uriot adl. (2015)andusedby Richard et
al. (2022) includinga seapan, antisubmarining ramgseatbaclandfootrest(Figure 3.5).

Similar to the physicabemiRigid Bench the model also includeseparate shoulder and lap seat
belts,retractorsonthe shoulder andeft and right lap belt anch@ssemblieto remove slack, an
additional rightsideanchorassemblyand no slipring. The anchor assemblies were identical to the
ones modelled in Section 3.3.1

For the shoulder beltheretractorwas applied at the location corresponding to the reported shoulder
belt anchor position from the physical tastlimplementedht the upper shoulder belt webbing guide
(D-ring). The seat bélD-ring interaction point was positioned at the reported shoulder belt anchor
location and the Bring was fixed in all DOFThe Dring was used as the retractor, as it originally
revolved about the Yxisonly. In contrast, the lap belt webbing guides were modelled with 3 DOF
rotation, which allowed them to gh with the occupant during the crash pulBke retractor was at
theseat belt webbing guid&helap belt anchor locations were therefore kept apthesical lap belt

anchor locations.

The SemiRigid Benchmodel consisted of 1 mm shell elements for the anchors, seatback, seat pan
and footrestBeamelements werased for the revolute joints of the anchansd discrete elements
wereused for the springs of the astibmarining pan and the seat pane foam used in the seatback

of the physical sled was not included in the simplified model due to the lack of material property data

in the literature and to reduce the poterfoalnumerical instability in simulations.
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Shoulder Belt Retractor
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Seatback

— Retractor
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S /— Seat Pan

Anti-Submarining Ramp

Footrest

Figure 3.16: SemiRigid Bench FE model used inTHOR -5F FE assessmensimulations.

The geometry of th8emiRigid BenchFE model waslefined using representative rsaat
dimensiongFigure 3.17) The ®atback heighvas based orheupgradedepresentative bench

assembly detailed inr@portby Wietholteret al.(Wietholter et al., 2021 andthebench widthwas

the average laterdistancebetween lap belt anchoit®m the same repo¢Figure 3.17A).To match

the study by Richard et 4R022) the kinematically relevant features, such as the seatback angle, seat
pan angle angosition antisubmarining rep geometry, andootrestrampposition,were seto the
reported geometry. The seat pan length was extended rearward to intersect with the seatback to
simplify the geometry andliminategaps between the componeritke seatbackeightin the FE

modé was74 mm shorter than the physi@?miRigid Bench described by Richard et @022)
Themodelled seatbackpvided adequate posterior support during the seat belt slack removal prior to
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the crash pulseherefore, extending the seatback beyond the region cedtactheTHOR-5F FE
would not affect kinematic responses.

A 400.0 B
611.0
X (From Origin) | Z (From Origin)
/ ° 85.7 11.5
L \ o 349.7 21.5
Y P —
" -
C
*14.0 ] *48.0 | *204.4 . s
*60.0 *123.5
X “63.0 *168.0 *340 o *479 " X
Lz \ 17-
93’ Qy
*68.0

Figure 3.17: SemiRigid Benchmodel dimensions (A) Front view rotated 20° aboutthe Y-axis
to show the bench(B) Side view of the benchwith dimensions (C) Dimensions of the anti
submarining pan. All measurements are in mmThe red circle represents the origin (00, 0),
the green dot represents the seat pan spring and revolute jairand the blue dot represents the
anti-submarining pan spring and revolute joint. *Dimensions adjusted to match Richard et al.
(2022)

The SemtRigid Benchanchors were positioned to match tieersubmariningconfiguration in the
studyby Richard et al. (Table 5. Thebenchhad the same material properties asRiggd Bench
(Table 3.1), with springs that enabled the-antbmarining ramp and the seat pan to defdtigufe
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3.18). The SemiRigid Benchseatback did not include foam properties, as they were not available in

the literature, and excluding foam reduced the risk of numerical instability when running the model.

Table 3.5: SemiRigid Benchbelt anchor locations from origin.

Anchor X[mm] | Y[mm] | Z[mm]

Shoulderbelt retractor -169.3 -2480 -716.5

Shoulder belt anchor -51.3 230.0 -35.5

Right lap belt anchor 3.7 269.0 16.5
Left lap belt anchor 3.7 -269.0 16.5
1400
1200
__ 1000
E
E
=Z 800
=
E 600
£
Q
= 400
200
0 <
0 5 10 15 20 25 30 35 40
Rotation [Degrees]
Seat Pan Anti-Submarining Pan

Figure 3.18: Spring stiffnesses of seat pan and ariubmarining pan in the SemiRigid Bench
(Richard et al., 2022)
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3.4.2 Positioning of THOR-5F FE in Semi-Rigid Bench FE Model

The THORSF FE was positioned to matthe nonsubmarining configuratiofConfiguration 1)

from the studyconductedy Richard et al(2022) using theavailable measurements from the study
(Figure 3.D3). The positioned model was used to generate target node positions, which were achieved
in a presimulation described in Section 3.1RBgure 320).

Head Tilt Sensor

Lower Neck Tilt Sensor

Upper Lap Belt Edge Lower Thorax Tilt Sensor

Lower Lap Belt Edge

H-Point Pelvis Tilt Sensor

Figure 3.19: Tilt sensors and points used to position the THOBF FE to match with Richard et
al. (2022)Configuration 1 position. The upper and lower lap belt edges were used to position
the lap belt to match theConfiguration 1 position.
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Figure 3.20: Positioning pre-simulation process for the THORSF in the SemiRigid Bench,
where cables moved thdHOR-5F FE model from a (A) start position to a (B) target position.
The SemiRigid Benchseatpan and anti-submarining pan were constrained from deforming to
simplify the positioning process

After the THORSF FE was positioneaind prior to the apigation of the crash pulséheSemiRigid
Benchseatback was translated forward in the X direction tows@HOR-5F FE to achieve
minimal spacing between the seatback andth®R-5F FE jacket without node interferen@agure
3.21). This translation was applied to replicate the posterior support from the pt8emeRigid
Bench foam seatback following occupant settling

58



Figure 3.21: Positioning of seatback from (A) standard position of rigid plane in Richard et al.

benchtest to (B) behind the THOR-5F jacket with minimal spacing and without node

interference.

3.4.3 Implementation of Seat Belts in the Semi-Rigid Bench FE Model

Theseatbelts used in th8emiRigid Benchmodel had the same propertiesflasse inthe Rigid
Benchmodel,butwith a width of 45 mmas inRichard et al(2022) Theslopeof theseatbelt force-
strain curveat higher strain levelwasreducedo match the physicaleatbelt force-straincurve
reportedn theliterature(Figure 322). Additionally, theseat belFE modelwas modified talign
with the literature, with separate lap and shoulder Helts,anchoipointswith anchor assemblies
described in SectioB.1.1,no load limiter, and a pretension@&he updatedeat belinodelused in
the SemiRigid Benchwasreferred to as the-goint 2belt model.

A retractor was implemented in the shoulder belt to match the test and in the lap belt to remove slack

from the belt while ensuring 99 tension at each side, as confirmed by the study authors.
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Figure 3.22: Seat lelt force-strain curvesfor the original belt model used in theRigid Bench
model and the modified belt in the SemiRigid Benchmodel. The slope of the modified belt in
the higher strain region (>0.06) was reducetb match the physical seat belt forcestrain

response reported byRichard et al. (2022)

In the model, theetractorwas set tdock immediately after the crash pulse was initiated, preventing
any pullout, which matchithe description of the physical test sefiipe retractor pullout to match
the belt forces to the timing of the physical sled thamdetermined through an incremental retractor
pullout study, in which the validation simulation was run with increasgtrgctorpullout by 5mm.
Theretractorpullout with the closest lap belt, shoulder belt peak and pelvis acceleration to the
physical tests was then chosen for the femdessmersimulation.
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3.4.4 Assessment of THOR-5F FE Model in the Semi-Rigid Bench

After positioning the 4-point 2-belt seat belt modetasintegrated into th&emiRigid Benchmodel|
and the crash pulse from literatifRichard et al., 2022)as applied (Figure 23).

180

Acceleration [g]

-12

Time [ms]

Figure 3.23: Acceleration pulse used irConfiguration 1 (non-submarining) sled testsrom
Richard et al. (2022)

Theresponsdracesfrom the physical testsere digitizedusingWebPlotDigitizer v5.ZRohatgi,
n.d.) a free wekbasedlot digitizing tool,andused to compare the simulation to gig/sical test
data.For consistency with thRigid Benchvalidation process and the availability of data frib@
study, the followingsimulationmeasurementsererecorded and filteredsingthe SAE J211 filter
values Table 34): head resultardcceleration, 1D chest sensor deflections, pedsaltant
accelerationiliac forces andbelt loads As only two response curves were availdioleeach
measurementhelSO 1857 1crosscorrelationscores were calculatédr eachtestcurve and

averagedcross both curves.

3.4.5 Implementation of 3-Point Seat Belt in Semi-Rigid Bench FE Model

After assessinthe SemiRigid Benchmodel using thd-point, 2-belt configurationthe next step was
to implement the pointseatbelt system in th&igid Bench mode(Figure 3.2). The 3point belt

wasused for the current study in placetioé 4-point 2belt setup t@reateconsistencyetween the
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Rigid BenchandSemiRigid Benchmodels and to represent belt configurations found in modern
vehicles The lap belt anchor locations remained the same, while the lower anchor for the shoulder
belt was removed, and the shoulder belt was routed froshtindder belt anchdo theright-sidelap

belt anchor.

Figure 3.24: Process of changing belt configuration from the (A%-point 2-belt configuration to

the (B) 3-point belt configuration.

3.5 Parametric Study of Belt Anchor Locations and THOR-5F FE Kinematic
Responses

A Design of Experiment (DOE) approa@¥iontgomery, 2017)vas usedo test thanfluenceof
shoulder and lap belt anchor locati@msATD kinematics A 3-factor, 3level () full factorial
experiment was designed using minimum, midpoint, and maximum vatmesagtudythat
measured the X, Y, Z distancgSAE J211 coordinatefom theshoulderand lap belt anchors to a
fixed reference point for 24 vehicles, including mipltirpose vehicles, passenger cars, and trucks
(Aram & Rockwell, 2012)The midpoint value was used rather thanrtean value tensuresven

spacing of factor levelssthe midpointcorrespondetb the geometric center of the rangdese
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anchor value combinations were simulated to examinesponse at the location combination,

which werethen used tadentify the main and interactiveffects(Montgomery, 2017)Main effects

refer to how shifting a factor (e.g., moving geatbeltanchorin X) influences the overall response

In contrastjnteraction effects consider how changing another factor impacts the effect of a variable

on the response (e.g., the influence of X on chest deflection at high Y versuk low Y

3.5.1 Shoulder Belt Anchor Position  Investigation

Twenty-sevensimulations were conducted with thleoulder belt anchguositioned aparametrically
definedcombinations of maximum, minimum, and midpdotationsin X (fore-aft), Y (lateral), and
Z (vertical) locationsbased on the reported data frémam & Rockwell(2012) The lap belt anchor
locatiors were held constaat the midpoint of theeportedmaximum and minimunfap belt anchor
valuesfor all simulatiors. Thefull-factorial design wassed toguantify the sensitivity of the THOR
5F FE kinematic response shoulder belt anchglacement effects aihe Rigid andSemiRigid
Bencles(Figure3.25, Tables 3.61 3.7).
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Figure 3.25: Shoulder belt anchorlocations simulated withRigid Bench (top) and SemiRigid

Bench(bottom).

Table 3.6: Shoulder belt anchorlocations (from origin) for minimum, maximum and midpoint

configurations.

Configuration | X [mm] | Y [mm] | Z [mm]
MIN -579.5 -457 -863.5
MID -348.3 -318 -672
MAX -117 -179 -480.5
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Table 3.7: Shoulder belt anchorlocation effect smulations corresponding toFigure 3.25

Simulation| X Y Z X Y Z X Y Z

=

MIN | MIN | MIN 10 MID | MIN | MIN 19 MAX | MIN | MIN

MIN | MIN | MID 11 MID | MIN | MID 20 MAX | MIN | MID

MIN | MIN | MAX 12 MID | MIN | MAX 21 MAX | MIN | MAX

MIN | MID | MIN 13 MID | MID | MIN 22 MAX | MID | MIN

MIN | MID | MID 14 MID | MID | MID 23 MAX | MID | MID

MIN | MID | MAX 15 MID | MID | MAX 24 MAX | MID | MAX

MIN | MAX | MIN 16 MID | MAX | MIN 25 MAX | MAX | MIN

MIN | MAX | MID 17 MID_ | MAX | MID 26 MAX | MAX | MID

[(o}) [eoll NN [o2}) [6208 B [CVR |\N)

MIN | MAX | MAX 18 MID | MAX | MAX 27 MAX | MAX | MAX

After settingeachshoulder belt anchdocation, theseatbelts were routed arouftHOR-5F FE
model using LSrePost V4.10 and simulated with the 23g crash puisame onfigurations, the
2D seat belsegmentvouldinteract withthe Dring during the slack removahase. The interaction
of the 2D belt with the Bing in these configurationsaspreventedy slightly increasing the
adjacentlD beltlength The kinematic measurements investigatetlidedthe peakvalue of
deflectiontime respons&om each ofthe four 1D chest sensors (upper right, upeftr lowerright,
lower left), as well as the overall peak chest deflection, defined as the maximum value of the four
sensorsThe peakresultanipelvisacceleratiorwasalsoinvestigated Peak chest deflection was
examinedoecauséhoracic deformatiois a primaryinjury assessment metric frontal crash testdn
NCAP testingusingthe THORS50M, the peak chest deflection of the four sens®orecorded
(Brumbelow et al., 2022Additionally, thethorax is anajorinjury regionin rear seabccupants
(Beck et al., 2016)Pelvisresultantacceleration @wsusedas a scalar measure of lowmsady

kinematicsandan indicatorof seatbelt engagement timing

3.5.2 Lap Belt Anchor Paosition Investigation

Thelap beltanchorpositionswere also investigatddr both theRigid Benchandthe SemiRigid

Bench The lap belt anchors were modified in theYXand Z directions at the maximum, minimum,

and midpoint lap belt anchor locatiofiSgure 326, Tables3.8i 3.9). Thelateral lap belt locations

were based on the maximum and minimum lateral distances between the anchors, and the anchors

were set upymmetricallyto maintain simplicity Sincelap belt anchoPositiors 10 and19 were
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insidethe THOR-5F pelvis,they were excluded from thanalysisThe lap belt anchor positions were
labelled as maximum, midpoint andnimumbased on thamboardanchor position and tHeAE
coordinate systenT.heinboard lap belt positiong enabled a straightforwaghd intuitive

understanding ahe maximundistance betweethelap belt anchorg-or each simulation, the

shoulder belt anchor position was held constant at the midpoint of the reported max and min values
from Aram and Rockwell (2012). Eadip belt anchor configuratiorequired rerouting of the
shoulderand the lap belias thénboard lap belt ancha@onnected thewvo belts influencingthe

overall belt path

Figure 3.26: THOR -5F in Rigid Bench (top) and SemiRigid Bench (bottom)with (A) inboard
lap anchor positions simulated with each configuration (Bbutboard lap belt anchor simulated.

*Anchors 10 and 19were unable to be simulated due tgelvis interference
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Table 3.8: Lap belt anchor location effect simulations corresponding téigure 3.26

Simulation] X Y Z X Y Z X Y Z
1 MIN | MIN | MIN 10 MID | MIN | MIN 19 MAX | MIN | MIN
2 MIN | MIN | MID 11 MID | MIN | MID 20 MAX | MIN | MID
3 MIN | MIN | MAX 12 MID | MIN | MAX 21 MAX | MIN | MAX
4 MIN | MID | MIN 13 MID | MID | MIN 22 MAX | MID | MIN
5 MIN | MID | MID 14 MID | MID | MID 23 MAX | MID | MID
6 MIN | MID | MAX 15 MID | MID | MAX 24 MAX | MID | MAX
7 MIN | MAX | MIN 16 MID | MAX | MIN 25 MAX | MAX | MIN
8 MIN | MAX | MID 17 MID | MAX | MID 26 MAX | MAX | MID
9 MIN | MAX | MAX 18 MID | MAX | MAX 27 MAX | MAX | MAX

Table 3.9: Lap belt anchor locations from origin) for minimum, maximum and midpoint

configurations for outboard location.

Configuration | X [mm] | Inboard Y [mm] | Outboard Y [mm] | Z [mm]
MIN -176.6 116 -116 -116
MID -34.1 186.8 -186.8 69.1
MAX 108.4 257.5 -257.5 256.6

3.5.3 Calculation of Main and Interaction Effects

The calculation of main and interaction effegtas based on two key responses: the pebgsltant

acceleration and the peak chest deflective peak chest deflectiometrics weralefined for each

anchor locationthe peak value at each of tteeir chestsensor locations arahoverall pealkchest

deflection defined as the maximum valaerossall sensorsThe X,Y,Z coordinates of thehoulder

andlap beltanchos weretreatedas quantitativéactors. Each factor was codedmericallyas-1

(minimum), 0 (midpoint), 1 (maximum) consistent with the standard thlegel factorial design

practice(Montgomery, 2017)

The effects werdefinedas the difference between theerageesponseat the maimum and

minimum codedlevelsof theanchor positiotiactors (X, Y, Z) For example, the main effect ¥fon

chest deflectionvasdefinedusingthe difference betweethe averageesponsesf the simulations
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with X =1 and X=-1 (Figure3.27). The peak deflection at each simulation at X and X= -1 was
recordedFigure 3.27A). Then peak/alueswere averaged across all simulatiet X =1 and X=-1
(Figure 3.27/B), andthe difference between the average at Xand X= -1 was used tocalculatethe
effect Interaction effects were calculated in a simiteannerby comparing the combined influence
of factors. For example, the XZ interaction effect was calculated as the difference bibsveen
averagaesponsswhenX andZ wereatthe samdevel (X*Z = 1) andwhen they were at opposite
levels (X*Z =-1).
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l 65
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@ Peak Deflections
@ Min X Average
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Figure 3.27: Calculation of the X main effect of shoulder belt anchor positioning on chest
deflection. (A) Each anchor position at the maximum (> 1) and minimum (X =-1) is
simulated, and the peak deflection is obtained from the recorded trace. (B) The peaks are
averagal for each X position, and the difference between the averagisghe main effect.

Several configurations wesxcludedrom the analysislue touncharacteristic occupant response

(e.g. sumaining, seat belt slipping from the shoulder) or infeasible anchor geometries (e.g. anchor
located in the pelvis region of the THEHR FE).To account for thexcluded configurationshe
remainingsimulationswere analzed using multiple linear regressiafith interactionterms based on

the least squares method. The fitted model was then used to capture the underlying trends in the
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remaining simulations, estimate the expected response at the excluded configurations, and quantify
the main and interaction effects. This approacablel anunbalanced DOE analysis resulting from
missing rungMontgomery, 2017)

A first-orderlinear modelincluding nain effects and interaction terms (Equation 3wlgsfit to the

data for eachesponse tensure that the modedid not overfit the smaller sample sizés the

equationp r e pedteegegression oef f i ci ent of e ac hremekdmdtoet or
mean response at the coded cerithe regression model was used to quantify the main and

interaction effects

Response bot b1 X BbY BeZ+0s XY batX Z BY Z bAX Y Z (Equation 3.1)

After establishing the lineamodel, an analysis of variance (AN@) was performed tevaluatehe
statistical significancef the model termsAll regressiorand ANOVA analysesvere performed

usingJMP Student EditioWersion19.0.1 JMP StatisticalDiscovery LLC, Cary, NC, USA)The R
value was used tassess how each model fit the datad the Rest pvalue was used to determine

thesignificance of effects (p < 0.05)
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Chapter 4

Resul ts

4.1 Physical Rigid Bench Testing at Transport Canada

ThephysicalTHOR-5F ATD was positionedh theRigid Benchwith the saméarget position for the
three testepeatsThe FAROArm 3D coordinate measurements tbe beltsand keyanatomical
landmarks of thé\TD, includingthe Hpoint, glabellaandshouldetolts, were allwithin 20 mm of
each othebetween the three tegiBable4.1). The Hpoint measurementsad a maximum difference
of 9mm in the Z directionThelargestdiscrepancies in positioning were found in the left ankle and
foot: the ankle front bolt showedmaximum difference df8 mm in Y, the heel of the left foot a
maximum difference 014 mm in Y, and the toe a maximum differenceldfmm in Z The
differences in leg positionsereless relevant, as the ATD measureméntsisednoreon the pelvis

and upper body.
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Table 4.1: Maximum difference between FAROArm measurements for ATD positioning
landmarks for the three physical tests

FAROArm Measurement Maximum difference between
testpositions[mm]
X[mm] | Y[mm] | Z[mm]
Head target sticker, right side 3 4 4
H-Point, on tool, right side 5 3 9
Left knee, interior side 1 1 5
Left ankle front bolt, center of the bolt head 2 18 4
Heel of left foot 9 14 11
Left toe, foremost point 5 6 14
Right knee, exterior side 6 4 5
Right ankle front bolt, center of the bolt head 3 6 2
Heel of right foot 6 8 4
Right toe, foremost point 6 5 5
Glabella (Nose, at the top between the eyes) 6 2 3
Chin center 2 1 0
Yaw reference point, right side 6 0 4
Shoulder belt, upper edge, at y=0 3 1 6
Shoulder belt, lower edge, at y=0 2 1 6
Lap belt, upper edge, at y=0 3 0 2
Lap belt, lower edge, at y=0 3 1 4
Shoulder front bolt, left shoulder, center of the hewaigil of the bolt 9 5 3
Left arm exterior elbow bolt, center of the bolt head 3 5 4
Left arm wrist interior bolt, center of the bolt head 2 5 4
Shoulder front bolt, right shoulder, center of the head or tail of the 1 4 4
Right arm exterior elbow bolt, center of the bolt head 3 3 3
Right arm wrist interior bolt, center of the bolt head 1 1 3
Shoulder front bolt, right shoulder, center of the head or tail of the 1 4 4
Right arm exterior elbow bolt, center of the bolt head 3 3 3
Right arm wrist interior bolt, center of the bolt head 1 1 3

Thekinematic and kinetic responsafthephysicalATD for the 23 g crash pulstowed low
variability across all three tests for chest deflectjoasultant acceleratioandshoulder belt loads
(Figure 4.B,C,D,E,F,I) For all tests, the right lower chest deflection plateaued at approximately 60
mm deflectionSlight differences in measurements were obseirvéite head resultant acceleration
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andthe lap belt forc€Figure4.1A,H,1,J). TC 99-913-3 reporteda 7% higher peak lap belt force
compared to the next highest testditionally, TC 99913-3 showed a 5.4% higher absolute peak

head resultant acceleratjomith the initial peak occurring 1.2 ms later ttiha next highest test
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Figure 4.1: Response tracefrom three physical testsconductedby TC/PMG with the THOR -

5F in the Rigid Bench.
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4.2 Integration of THOR-5F FE Model with the Rigid Bench and Validation with

Experimental Tests

4.2.1 Rigid Bench FE Model
TheRigid BenchFE model matched thghysicalRigid Bench geometricallgFigure4.2). The
lengths and widths of the seat pan, seatback, and raised platiiomedhe physical measurements
with minor differences attributed to scan variabilithe seatback and seat pangles, sdaelt
anchor locatios, andretractor locationwvere defined from physical measurements and were identical

to the physicaRigid Bench

L O WY

CAXd pam . ¢

Figure 4.2: Overlay of Rigid Bench FE model (blue) on 3D scan of physicdigid Bench (gray)

with (A) isometric view and (B) side view of overia
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4.2.2 Positioning of THOR-5F FE in Rigid Bench

Themarionette methogositioned the THORF FE such that the-Hoint was within 0.1 mm of the
average physical test-pbint Following positioning, e seatbelt slack removalvas appliegrior to

the crash pulseesuling in minor positional adjustments tife THORS5F FErelative to the target
position(Table 4.2) After the seat belt slack removal and at the onset of the crashtpel$&point

of the THORSF FEwas1.2mm forward 0.1mminboardand2 mm lower than the average afl
threephysical testneasuremest The largestdiscrepancyetween the FE model position and the
average physical test position was measured ditethe target, with él2.9 mm difference in the-Z
direction. All other measured locations, including sheulders, elbowsvristsand armswere within

10 mm of the physical test positiandicating good overall agreement between the FE model and the
physical test positias

Table 4.2: Distance betweenTHOR -5F FE model and wireframe location for select

(distinguishable) nodes after positioning simulation

Distanceof THOR-5F FE from average of measured values after prgim

Measurement X [mm] Y [mm] Z [mm]

Head, target sticker, right side 1.0 -2.0 -12.9
H-Point 1.2 0.1 -2.1
Left ankle front bolt -7.1 -1.1 -7.9
Right ankle front bolt 1.2 -1.4 -5.1
Shoulder front bolt, left shoulder -2.6 -4.9 5.2
Left arm exterior elbow bolt 8.3 26 4.7
Left arm wrist interior bolt 0.8 0.5 -1.1
Shoulder front bolt, right shoulder -3.8 1.4 -2.8
Right arm exterior elbow bolt -6.8 -1.6 -2.3
Right arm wrist interior bolt -05 -1.0 -1.6
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4.2.3 Implementation of Belts in  Rigid Bench FE Model
The belts generated for thié¢lOR-5F FEon the Rigid Benchexhibited asmooth geometrifit to the

ATD, with no visiblewarpingor abnormal elementand nointerference with th& HOR-5F jacket
Following seabelt fitting and prior to the crash puldbge slackin theseat beltvas removedThe
simulationremained numerically stablejth no error terminations anstabilites resulting in
improved belt conformitynd contact withhe THORSF FE and closer alignment with the physical
testbelt position After belt slackremoval, thedistance between the THEBE FE model anthe belt
position in the physical ATD model at the midpdi¥t= 0) waswithin 20mm in X and10 mm inZ
(Table 4.3) Thelap beltupper and lower edges at the midpeierefarther rearwaréndlower than
the physical test be{Figure4.3), while the shoulder beltwere fartheforwardand lower The lower
edge of thd-E shoulder belhad the largest difference, as it was 17 mm forward in X.

Shoulder Belt Upper Edge

Shoulder Belt Lower Edge

Lap Belt Upper Edge
Lap Belt Lower Edge

Figure 4.3: Definition of seat belt measurement point®n the THOR-5F FE in the Rigid Bench
for comparison to thephysical test
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Table 4.3: Distance betweeriTHOR -5F FE model andaveragephysical ATD belt position.

Distance ofbelt point from average of measured values
Measurement X [mm] Y [mm] Z [mm]
Shoulder belt, upper edge, aty 1.7 0.0 -7.2
Shoulder belt, lower edge, at\0 17.0 0.0 -3.6
Lap belt, upper edge, aty0 -8.7 0.0 -7.0
Lap belt, lower edge, atxy0 -1.8 0.0 -9.5

4.2.4 Validation of THOR-5F FE Model in Rigid Bench

After completion ofthe Rigid Benchsimulation a qualitativecomparison of thehysicaltest video
and model response wegnductedFigure 44). From theinitial excursion (Figure 4A,D) to
approximately70 ms, theseat belt placement and occupant postutedrsimulatiormatched the
physicaltest with both belts contacting sitar regions of the THORSF shouldein the FE model
and the physical ATDAfter approximately70 ms the differences in the rotational behavior of the
THOR-5F FE andthe physical ATD became apparent. The physical ATD exhibited more leftward
rotation than the THORBF FE, while the THORF FE maintained forward motion with minimal Z
rotation.As a result of thencreased-rotation in thephysical THORSF, thephysical belt migrated
to the outboard edge of the THEHR shoulderwhile the simulation belemained ima central
position. At approximately 85 n{igure 4.4B,E), corresponding to peak seat belt loady] at the
end of the simulatiofFigure 44C,F), theforwardtorso excursiomemained similar between the FE

model and the physical ATvith differencesn torso Zrotation.
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A*=12mg B (t* =85my) C((t* =125 my)

F(t=125ms)

Figure 4.4: Images of theTHOR -5F physical ATD (Ai C) and THOR-5F FE model (D E) at
synchronized times t = 12 ms, 85 ms and 125 r{#¥/ideo time offset by-50 msand
simulation time offset by-100 msto synchronize test images (AC) with model (Di F)). At 12
ms, the FE model posture matched the physical ATD. At 85 ms and 125 mewer Z-
rotation was observed in the FE model than ithe physical ATD.

Additionally, the kinematic and kinetiesponsemeasured by the FE model wemmpared to the
physical ATD test data={gure 45). The shoulder belt, lap belindpeak pelvis resultant agleration
(Figure 45F,1,J) of the THOR-5F FE model had similamagnitudesnd timingto those othe
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THOR-5F physical ATD,indicatingaccurate interaction of the model with the belt and Idveely
kinematics. From the kinematic traces, it was observed that thereotal#edifferences between
simulation and experiments in the upper body, especially in the Reaole 45A), which
experienced nearly0%higher peak acceleratioafier matching the rise in acceleration

The chesteflectiorsin the modelFigure 45B,C,D,E)had similar rise and peak timingith the
upper left and right chest the FE modeineasuringhest deflectionap t020% higher than the
physical testwhile the lower right chesteflectionwasapproximately 15%ower than the physical
test The lower left chest deflection of the THE&R FE (Figure 4C) wasapproximately 50% lower
thanthe physical test, after having a similar rise in deflectiome of thdargest differencebetween
the THORS5F FE and physical testwasobserved inliac spine forcgFigure 4.5G,H)the THORS5F

FE measured 40% of the force measured in the physical tests, daapiae peak timing
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Figure 4.5: Responses oTHOR-5F FE model and physicalTHOR-5F ATD in the Rigid Bench.

The THORSF FE Rigid Benchsimulationwas validated using the experimental testsrahtified
through 1SO 18571 crosmrrelation rating§Table 44). Good agreement was observed forghat

beltloads andhe resultanacceleratiorof the pelvis Several kinemati measurementscludingthe

right chest deflectigrthe left upper chesteflection and the heacesultantaccelerationreceivedrair

ratings, indicating acceptable agreement in timing and magnitude between the physical tests and the

simulation.Theleft lower chestdeflection and iliac loads received poor ratings, indicating areas of

discrepang between the model and the physical t€be overallSO 18571rating of 071 indicated

the model agl &ir0, and despite certalocalizeddiscrepancies, thEHOR-5F Rigid BenchFE model
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generallyreproduced the key kinematic and kinetic responses, supporting its Gisefer

simulations and analysis

Table 4.4: 1SO 18571ratings and gradesfor THOR -5F FE model and physical THOR5F ATD
in the Rigid Bench

Response Rating Grade
Headresultantacceleration 0.6 Fair
Chest left lowedeflection 0.44 Poor
Chest left uppedeflection 0.9 Fair
Chest right lowedeflection 0.62 Fair
Chest rightupperdeflection 0.78 Fair
Pelvisresultantacceleration 0.8 Good
Left iliac load 061 Fair
Right iliac load 0.58 Fair
Shoulder belt load 0.86 Good
Lap belt load 0.91 Good
Average 0.71 Fair

4.3 Integration of THOR-5F FE Model with the Semi -Rigid Bench and

Assessment Using Reported Experimental Test Data

4.3.1 Semi-Rigid Bench FE Model

Thecomponent®f the SemiRigid Benchconsisted ofhe seatbackantisubmarining parseatpan,
footrest, andeatbelt ancholassembliesThe Semi-Rigid Benchseatback angle was identical to the
ENOP bench FE model and the physamiRigid Bench described in Richard et &022)(Figure
4.6); however after positioningthe THORSF FE, the seatback was translated approximately 25 mm
forward in the X directin. The Semi-Rigid Benchseatback differed in length by +64 mm relative to
the ENOP FE model and@4 mm relative to the physic&emiRigid Bench The seat pan was 20 mm
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wider than theRigid Bench Additionally, whilethe physicalSemiRigid Bench and ENOP FE model
also had a foam cushion on the seatbtEkSemi-Rigid Benchmodel had a rigid seatback.

The geometrpf the keycomponentssuch as the seat plangth and angldootrestposition arti-
submarining rep angleand the sedielt anchor locationsvas defined using the reported values
from Richard et al(2022)and thereforenatchedhe physicaENOPbenchfor these components

Figure 4.6: Overlay of SemiRigid Bench FE model (blue) onENOP benchmodel (gray) with
(A) Isometric view and (B) Oblique lateral view. The ENOPbenchmodelincluded a foam

cushion layeron the seat backwhich was not present in theSemi-Rigid Benchmodel.

4.3.2 Positioning of THOR -5F FE in the Semi-Rigid Bench Model

The THORSF FEposition following marionette positioningnda 50 msseat belslackremoval
period differed fromthe THORSF physicalATD positionin the Richard et a(2022)tests
Compared to the averaglysical ATDH-point measurementhe THORSF FE model was 2.6 mm
rearward and.1 mm lower(Table 4.5) The differences in thangularTmeasurements were generally

smal, with all angles being approximately withifi @f the physical test positiofhe largest
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deviation in angular measuremevds thehead angle, with the THOBF FE having a head angle
1.3%higher than the average of the tests.

Table 4.5: Comparison of THOR-5F FE position to Richard et al.(2022) Test A11 and A12

measurements.

Difference betweensimulation and average of
Measurement Richard et al. (2022)testvalues
Headangle] ] 1.3
Lower neckangle][ ] 1.0
Mid thoraxangle[ ] 0.5
Lowerthoraxangle[ ] 0.4
Pelvis gacrum)angle| ] 0.7
H-point X [mm] -2.6
H-point Z[mm] -7.1

4.3.3 Implementation of Four-Point, Two-Belt Seat Belt System in the Semi-Rigid
Bench FE Model

The lap belt positioning in the FE modehs further rearward and lowtran that measured in the
physical testswith the largest dicrepancyf 11.3 mmobserved at theidpoint of the upper edge of
the lap belt Figure 47). All other measurements were within 10 mm of the physical test

measurementd able 4.6)
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sapBelt UppertdgeMidpalnt 7 Lap Belt Lower Edge Midpoint

Figure 4.7: Definition of lap belt measurement points on the THORS5F FE model in theSemi-
Rigid Bench. The midpoints (Y=0) of the upper and lower lap belt edges were usé¢d compare
with the lap belt positionin the physical tests (Table 4.6).

Table 4.6: Distance betweenTHOR -5F FE model andphysical ATD belt position.

Distance of belt point from average ofestvalues

Measurement X [mm] Y [mm] Z [mm]
Lap belt, upper edge, aty0 -9.4 0 -11.1
Lap belt, lower edge, aty0 -6.9 0 -8.9

The seat belt retractor implemented in 8eeni-Rigid BenchFE model incorporated an additional 30

mm of available pulloutompared tadhe zergpullout reported irRichad et al.(2022) which
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accounted fopotentialunintentionaklack in the seat bedtystem The additional pulloutesulted in
seatbeltengagement timing matchirige ghysical testlatg with shoulder beltorcespeaking around
75 ms and lap belt forces peaking at approximately 80 ms.

4.3.4 Assessment of THOR-5F FE in Semi -Rigid Bench

After simulating with theSemi-Rigid Benchmode| the kinematics of theHOR-5F FE were

compared with the physical test at timesQ, 75, and 120 m@igure 48). The THOR-5F FE

generally matched the kinematics of the physCED, with similar forward motion at 75 ms. At 120
ms, the THORSF FE showed minor differences in kinematics compared to the physical test, with a
slightly lessforward pitchand reducedrm extensiophowever the forward excursionof the pelvis

and lower bodynatched the physical test.

A (t=0ms) B (t=75msg) C (t=120ms)

Figure 4.8: Images of theTHOR -5F physical ATD (AT C) and THOR-5F FE model (Di F) at
synchronized times t =0 ms, 75 ms and 120 ms. (*Simulation time offset by-50 ms to
synchronizemodel (Di F) with test images (AC)). Physical test image$rom Richard et al.

(2022)reproduced with permission from the Stapp Association
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In addition tovisual comparisons of kinematics, test traces of kinetics and kinematics were also
compared with digitized traces fratme physical tests. The shoulder belt load and peak pelvis
resultant accelerations (Figur@®B,l) showed close agreementtiming and magnitudéo the
physical testandicating the simulation captured the loading in the physical test. The ldpricelt
(Figure 4.9Jwas slightly higher than thghysical test, witla peak magnitude approximatel@i 18%

higher than physicdest measurements

The iliac spine forcefFigure 49G,H) of the THORSF FE had similar timingp the physical test,
with substantiatlifferences in magnitudand signal polarity. The FE modstnsor force recorded
rising positive values, whereti®e test measurements were negative and returned to 0 near the end of
thetest The leftand right iliac forces were underpredictedapproximately 90% relative to the
physical test peak3he headresultant acceleratigmeak(Figure 4.9A)was15% lower than the
physicaltests anaccurredwithin 2.5msof the physical test peak§he chest deflectiotiming
variedby region;relativeto the physical testthe left upper chest deflection (Figure 4.9B) was
delayed by approximately 8 nibeleft lower deflection(Figure 4.9C)vas withinl ms,the right
upper deflectiorfFigure 4.9D)wasdelayed byl7 ms,andthe right lower deflection (Figure 4.9E)
wasdelayed by 15 mComparing the magnited the chest deflecti@werewithin 14%, 46%, 12%
and 17% of the physical test responses for the left uppelguedt, right upper and right lower
regions respectively.
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Figure 4.9: Responses of THORSF FE model in theSemi-Rigid Benchwith the 4-point, 2-belt
configuration compared to the physical test data by Richard et a{2022)

Thecomparison of th& HOR-5F FE in theéSemi-Rigid Benchmodelto the experimental tests was
guantified by calculating ISO 18571 creswrelation scores for two physical tests, thgaraging

the results (Table 4). Theheadresultant acceleration, chest right upper deflection, pelvis resultant
acceleration, shoulder belt load and lap belt load were rated as good, indicating strong agreement
between the model and the physical test data. The chest left lower, left uppehatwveg

deflections were ratl as fair, with the THORF FE model tracking the physical tests with slight
deviations. The iliac spine loads were rated as poor, with the T5FOIRE having a different

response trend than the physical test. Overall, the average rating of the mod&lLyakioh

corresponddto af &iro grade. Despite differences in overall iliac load measurements, the model
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tracked the kinematics and kinetics of the physical ATD tests, demonstrating its appropriateness for
the DOE simulations.

Table 4.7: 1SO 18571 ratings and grades for THORS5F FE model in SemiRigid Bench
comparedto Richard et al. (2022)Tests Alland Al12. The table contains the ratings for each

testalongwith the average ratings and associategrades.

Response T?:tﬁrgll Tf:ttirglz Average rating Grades
Head resultant acceleration 0.87 0.85 0.86 Good
Chest left lower deflection 0.73 0.67 0.70 Fair
Chest left upper deflection 0.65 0.69 0.67 Fair
Chest right lower deflection 0.68 0.72 0.70 Fair
Chest right upper deflection 0.76 081 0.79 Fair
Pelvis resultant acceleration 092 0.87 09 Good
Left iliac load 034 0.47 0.41 Poor
Right iliac load 04 0.33 0.37 Poor
Shoulder belt load 091 094 0.3 Good
Lap belt load 0.80 0.81 0.81 Good
Average 0.71 0.72 0.71 Fair

4.3.5 Implementation of 3-Point Belt System in Semi-Rigid Bench Model

The 3point seat belt configuration from tdgid Benchwas implemented in theemi-Rigid Bench
for comparison between the loading conditions. When the up8ateeRigid Benchwith the 3point
belt configuration was run using the crash pulse from Richard €G#12) theshoulderbelt peak
force (Figure 4L0G) was27%lower and occurred approximatedyms latethan inthe 4point 2belt
configuration. The lap belt peak force (Figure H)YWas22%lower andoccurred approximately;0
ms earlier The differences in the force measurements weeeto the belt engaging earlier and

experiencingnorepullout.
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Despite differences in selag¢lt forcetiming and magnitudehe chest deflectior(&igure 4.8BE)

wereonly moderatelylower in magnitudg¢approximately60i 80% of peak/aluesobservedn the4-
point 2-belt configuration)with similar timing Theresultanthead acceleratioffFigure 4.8A)also

exhibiteda similar magnitudas thephysical tes, with the peak/aluewithin 12% of the physical

test,despitea more gradual rise in accelerat@md a 24 ms delayed pea@itthoughthe 3-point belt

configuration exhibitec different loading response, tbeerallkinematicpatterngemained similar,
indicaing that theSemi-Rigid Benchmodel with the Joint beltconfiguration wasuitable for the

DOE study.
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Figure 4.10: Responses of THORSF FE model in theSemi-Rigid Benchwith the 4-point, 2-belt

configuration and the 3-point belt configuration compared to the physical test datdrom
Richard et al. (2022).
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4.4 Parametric Study of Belt Anchor Locations and THOR-5F FE Kinematic

Responses

Fifty-two (27 for shoulder belt anch@nd25 for lap belt anchor) seéelt anchor configurations were
simulated ireachof the Semi-Rigid Benchand theRigid Bencles resulting in a total of 108
simulatiors. Each simulation was run compleion with LS-DYNA v12.2.1 with 32 coresequiring
approximately 1.5 hounserrun. For each DOE configuratiothefiltered peak chest deflections and
peak pelvis resultant accelerations were extracted and used to comdfectud anchor positions.
For each simulated configuration, theakchest deflectiogfrom the4 IR-TRACC sensorand peak
pelvisresultantacceleratiorwere measuredsing pos{processing software (-BrePost 4.10). The
responses were filteretcording taSAE J211(Table 34). From thepeak responsés each
configuration, a linear modalith interactionsvasfitted to determine the main amcteraction effects

using astatisticalsoftware package (JMP Student EditMersion19.0.J).

4.4.1 Screening of Non -characteristic Kinematics

Mostshoulder belt anchor positionssulted in the shoulder belt restraining the TH&Ras

intended. However, thrgmsitions(Positions 24, 21, and 12j) whichtheshoulder belt anchavas
outboard and low, resulted in a shoulder belt fit that failed to remain on the upper torso of the THOR
5F during the acceleration pulseausing the belt to migrate downward to the lower abdomen (Figure
4.11). The belt restraintvhen sliding off the shouldewas uncharacteristic of a properly functioning

restraint system and was not included in afhthe analyses.
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Figure 4.11: Shoulder belt migration from shoulder to the abdomenduring simulation of
Position 21 in the (A)Rigid Benchand (B) SemiRigid Bench.

The lap belt configurations resulted in two distinct kinematic observed between all simulations
submarining (Figure 42A,C), ora forward pitch (Figure 42B,D). Submarining occurred when the
lap belt anchors were at the highest positionn} resulting in undesirable kinematics for a
restrained rear seat occupars. maintain focus on functional restraint performance, the submarining

cases were excluded from the analysis.
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Rigid Bench Semi-Rigid Bench

Position 1
(Submarining)

Position 3
(Forward Pitch)

Y

Figure 4.12: Kinematic response modes resulting from lap belt anchor variations. Submarining
occurred for multiple lap belt anchor configurations in both bencheswith Position 1 (top row)
shown asan example Forward pitch was observedor a different set oflap belt anchor
configurations in both benches with Position 3(bottom row) shown asan example

4.4.2 Shoulder Belt Anchor Investigation  for Rigid Bench

Theoverallchest deflection peaks ranged frd@mm to63 mm (Figure 4.13A), with an average of
51 mm. The averagdeflection wa$.3 mm more thanhe midpoint configuration (Position 14)
which exhibited a peak average chdstiection 0f50.6 mm. Thehighest chest deflection relative to
the average (24%) occurred at Position AXmin, Ymin, Zmin), While thelowestdeflectionrelative to

theaverage{17%) was recorded &osition7 (Xmin, Ymax, Zmin).

The peak pelvis resultant accelerations ranged 86mhg to49 g (Figure 4.13B)with an average of
42.6 g, 0.3 g higher than e midpoint (Position 14) configuratiohhe highest peak pelvis resultant

accelerations occurred at the forward and lower anchor (+X, +2Z) locations, with Pagi{daax,
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Y max, Zuwax) having thehighestacceleration compared to the averagks@). Thelowest
acceleratiomelative to the averagel4%) was observed in Positi@(Xmin, Ymin, Zmax).
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Figure 4.13: THOR -5F responses foshoulder belt anchorpositions inthe Rigid Bench. (A)
Overall peak chest deflection for simulatedanchor locations (B) Peak pelvis resultant
accelerations for simulatedanchor locations. Marker numbers correspond to the DOE position.

*Indicates configuration removedfrom analysis.

Theright lower chest sensor (Figure 4.148¢nerally measurettie highest chesteflectiors,
accounting fo22 of 24 overall peak chest deflections. The two exceptions were Pasiioand 22
which recorded the highest deflection at the left lower and right upper sgespectivey. Theleft
lower sensoi(Figure 4.1€) generallymeasuredower deflections Chestdeflections increaskat
moreoutboard(-Y) andforward (+X) anchorocations forthe left chest sensors and tight lower
chest sensor (Figure 4.14A,C,D), ileitheright uppersensoishowed increased deflections at higher
(-Z) and inboard+Y) anchor locations (Figure 4.14B).
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Figure 4.14: THOR -5F peak chest sensodeflections for shoulder belt anchor locationsn the
Rigid Bench: (A) left upper sensor (B) right upper sensor, (C) left lower sensor and (D) right
lower sensor.Marker numbers correspond to DOE position.*Indicates configurations removed

from analysis.

4.4.2.1 Shoulder Belt Anchor Design of Experiment (DOE) Effects Calculations for Peak

Chest Deflection

The linear regression model explained 92% of the variancedrallpeak chest deflections on the

Rigid Bench model, with an®alue of 0.92. The effects analysis showed that the overall peak chest
deflection on the Rigid Bench was significantly influenced by all three main effects: the shoulder belt
X, Y, and Zdirections, and one interaction effect: XZ (Figurg&s}). The Xdirection had the largest

effect and was positive; moving the shoulder belt anchpoition from minimum to maximum (e.g.
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from Position 1 to 19) increased the deflection by an average of 9.5 mm-dinecton effect on

chest deflection was the second highest main effect and negative, as moving the anchor from
minimum to maximum (e.g. Position 1 to 7) decreased the peactiefi by 6.5 mm. The-Z

direction effect on peak chest deflection was also negative; moving the anchor from minimum to
maximum in the Airection (e.g. Position 1 to 3) reduced chest deflection by an average of 4.5 mm.

The XZ interaction effect was negagivndicating that the reduction in chest deflection associated

with Z-direction was greater atwkx than Xun by 3.16 mm
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Figure 4.15: Main and interaction effects on peak chest deflection for the Rigid Bench shoulder
belt anchor DOE. Effects marked with. a dot (A)

The regression models for the individual chest regions ranged from 0.91 to 0.99. The lower right
chest sensor exhibited consistent trends compared to the overall peak chest deflection for the main
effects for magnitude and significance. The left side sergwwed larger effect magnitudes for the

X and Y-direction main effects, while maintaining the same signs as the overall peak chest deflection.

In contrast, the upper right chest showed signs with a lowdire¢tion magnitude and a slightly
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