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Abstract

Seat belts have been a crucial safety feature in vehicles foa @estury They
undoubtedly remain the most effective safety device in a vehicle for reducing both fatal and
nonfatal injuries resulting from motor vehicle crashes when used correctly. However, the
persistence of high numbers of road transportation crashes drteefateorldwide necessitates
continued efforts to improve vehicle safety. Despite numerous safety and technological
advancements, in the United States, motor vehicle accidents continue to be a leading cause of
death for people aged 34, and the leadingacise of workrelated fatalities. Over the past two
decades there has been an increase in belted fatalities with more tharah&dftalities being
belted. Additionally, rollover accidents, which account for 30% of all fatalities and are the most

fatal motor vehicle accident in the.8l, are on the rise.

Current seat belt buckle standards require that a force of no more than 133 N be applied
for the buckle to release. This standard threshold has not been modified since its inception in
1965 and is moréhaan double the requirement of European and Australian standards. Given the
rising sales of SUVs, prevalence of obesity, use of pretensioners, and rise in belted fatalities in
the U.S., it is imperative to examine the adequacy of existing seat belt seamdaothsider
certain standards, and explore opportunities for improverreatddition to the use of seat belts
in cars, the issue of seat belt usageschool buses has been a topic of debate in recent years,
with growing advocacy for their installatiofihe lack of seat belts raises concerns over the
ability of children to unlatch them in emergency situations. This is particularly concerning in the
case of school buses, where the driver may be the only adult present, leaving children

responsible for theiown safety.



Concerns exist regarding situations in which individuals may be inverted and are unable
to release their seat belts, including both passenger vehicles and school buses. The research
conducted in this dissertation aimed to address imporég# i the existing literature by
exploring two critical elements. Firstly, it investigated whether adults can safely unlatch a motor
vehicle seat belt in a rolleolver position. Secondly, it explored the design of seat belts for
children on school buseand their ability to operate and unlatch them in the event of a rollover
accident. The research involved two primary studies and was split into four experiments. The
first experiment measured the force that adults (18 years and older) could exert drel seat
buckle in different orientations (0°, 90°, 180°, 270°). The second experiment evaluated their
ability to unlatch a seat belt in different rolled over orientations (90°, 180°, 270°). The third
experiment recorded the strength capabilities of chil{Bénl6 years) to exert force on a seat
belt buckle in both upright and rolled over orientations (90°). The fourth experiment evaluated

their physical capabilities to unlatch a seat belt buckhmth orientations

The findings of this dissertation sugg#sat while the majority of adults were able to
unlatch seat belts in different orientations, they were not able to exert the force of 133 N required
by existing seat belt standards. Additionally, around 13% of children were unable to unlatch their
seat lelt in a rolled over orientation and none of the children were able to exert a force of 133 N.
These findings suggest the need to reconsider and reduce the maximum force required to unlatch
seat belt buckles in order to improve safety standards. Themtoiges valuable insights into
potential areas for improvement in seat belt design and safety staritlhiglslights the need for
future research in developing new seat belt standards and evaluating the capabilities of children

to unlatch seat belts @thool buses in emergency situations.
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Chapter 1

Introduction

1.1 Overview

The number of motor vehicle crashes and trafficdsath t he wor |l dés roads

unacceptably high. According to data obtained from World Health Organifs¥idi®), every

24 seconds, someone dies on the road around the jprld 2016, the number of road traffic
deaths was a shocking 1.35 millifi}. Road traffic crashes cost most counttiese @) % of
their Gross Domestic Bduct(GDP)[2]. In the United State®).S.), traffic crashes are a leading
cause of death for people agéd4, and they are the leading cause of nonnatural deathSor U

citizens residing or traveling abrogg], [4].

Seat belts have been in use for nearly 140 years. The earliest known use of seat belts in a
transportation system dates back to 1885, when they were used cdiaoveevehicles to keep
passengers from being thrown out of the vehicle on bumpy [BhdRestraint systems have
come a long way frorhorsedrawn carriages to inflatable seat belts in modeitricles
According to the Centers for Disease Control and Prevention (CDC) and the National Highway
Traffic Safety Administration (NHTSA)he use of seat belts is the single most effective means
of reducing fatal and nonfatal injuries in motor vehicle crafble$7]. Since 1975, seat belts are

estimated to have saved over 374,276 lives in tigedlbne[8].

To establish safety standards and combat the alarming rate of highway related motor
vehicle accidents, President Lyndon Johnson sigmedlational Traffic and/lotor Vehicle
SafetyAct of 1966 and the Highway Safety Act of 198%. Since 1966, a number Béderal
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Motor VehicleSafety StandardfFMVSS) have been issued for vehicles manufactured on and
after January 1, 1948], [10]. TheFMVSS 209 which establishes requirements $oatbelt
assemblies, was the first standard to become effective, on March 1J1196&ccording to
FMVSS 208 all cars manufactured since 1972 in th&. were required to be equipped with a
passive restraint systemthedr i v e r [©2% Todagimthe U.S, all motorvehiclesare
equipped wih a restrainsystem for the drivérs  p g and dll cacsoldcome with a 3point
restraint system for alhe seating positionglL2]. Except for New Hampshir@nd American
Samoaall states, territorieand the District of Columbia require adult fresgat occupants to use
seat belt$13]. In 2020,the national estimate of seat belt use by adultfseat passengers was

90.3% [14].

Despitesignificanttechnologial advancements in vehicular structures, sensors, safety
featuresand despitéhe historically highesteat belt usgerates,motor vehicle crashes result in
more than 30,00tatalitieson averagevery yeain the US.[15]. A particularly fatal type of
motor vehicle accident is a rollover craBollover Crashes (RO€) contribute toonly 3% of all
motor vehicle crashes but they account for almost 30% of alities and more than 30% of the
injury costs every year in thé.S.[16], [17]. Rollover crashes are influenced by a wide range of
factors, including the types of vehicles, drivers, and roadway characteristics involved. These
factors can impact several pasash variables, such as the occupant's physical orientation,

position, medical ahpsychological condition, and even the functionality of the seat belt buckle.

When used properly, the thrpeint lap/shoulder seat belt is considered, almost
universally, to be the most effective safety device for protecting vehicle occupants inrllisio
Numerous studies over the pagiht (8)decades have proved the effectiveness of seat belts in

reducing fatalities and nefiatal injuries in motor vehicle collisiorj$3], [18]i [26]. Studies have



reported that for both front and rear seated occupants, seat belts reduce fatalities and severe

injuries from motor vehicle collisiorfd 9]i [23].

However, belted fatalities still ocguand since 2003, on average every yeare than
40% of fatalities were resained[16]. Even for rollover accidents, since 2009, on average
almost 30% of rollover fatalities were beltdd]. Thegovernment and thauto industry have
repeatedly identifiedeatbelt use as a critical safety element for occupants in rollover crashes,

but neither haveeriouslyconsideredhe potential issue witligh buckle release foree

1.2 ResearchObjective

The seat belt buckle according to the FMVSS 209 S4.3 (d) of allgp&ype 2 seat belt
assembly shall release when a force of not more than 133 N is gd@@ljeNot only is this force
requirement more than doulileat of theEuropean and Australian standsrbut the standard
also does not mention a maximum webbing tension associated with the buckle release standard.
Manufacturers are required to balance the forces required for normal operation with the potential
for inadvertent releaseligh belt tension éllowing arollover crashmay result ira higherthan

expecteduckle release force

The primary objective of this research is to study the force required to release a seat belt
in a rolled over orientation arahalyzeits implications on the egress ability of an occupant. To
provide agreater understanding of the underlying issthés research is divided intiovo

components:

1) Assessing seat belt buckle release forces in passenger vehicles after rollover accidents
2) An analysis of seat belt buckle release forces in school buses after rollover accidents:

Considerations for child passengers



This research aims to fill crucial gaps in the literature and answer the following

guestions:

1) What are the strength capabilities of children and adults to unlatch a seat belt buckle?
2) Can the majority of adults unlatch a motor vehicle seat belt in a roleEdooentation?

3) Are seat belt buckles adequately designed for children riding school buses?

Assessing the strength capabilities of occupants of passenger vehicles (children and
adults) can provide a better understanding of potential issues with buckkeerédeces and
identify potential design improvements to increase the overall safety of occupants in motor

vehicle transportation.

1.3Research and Dissertation Organization

The chapters of this dissertation are organized according to the Auburn Universit

dissertation guideThe dissertation is comprised of six chapters and is organidetioass:

1 ChapterOneprovides a traditional introduction.

1 ChapterTwo is a comprehensive and systematic literature review to identify research
gaps. Topics reviewadcludecurrent standards and regulations for seat belt assemblies
on passenger vehicles and school buses ibtiited Statesexistingliterature on buckle
release forcg strength and anthropometry of adults and childmestor vehicle fatalities,
andfactors affecting buckle release for&ach of the remaining chapters is a staluhe
manuscript describing the purpose, methods, results, discussion, and concluson of th
corresponding experiments conducted.

1 ChapterThreedescribes the experiment conducted to evaluate the strength capabilities of

adults 18 analderto exert the required buckle release force to unlatch a sear tety.



(30) male andhirty (30) femalesubjectsvererecruited for this studyThe maximum
force exerted on a pudiutton buckle prototype artbeability to unlatch an endcelease
pushbutton seat belt in both upright and rolled over orientatreereanalyzed.

1 The experiment described in &bter Four evaluasghe physical capabilities of children
(18 male and35 female children betweenI6 years old) to unlatch a standard end
release seddelt buckle in upright and rolled over orientations. The experiment also
measured the maximum forceeebed by the subjects on andreleaseseat belt buckle
prototype in both orientations.

1 The limitations of the experiments, study recommendations, and overall conclusions are
presentedn ChapterFive.

1 The appendicesontaindetails of internal reviewdard study approvals, study flyers,
approvednformedconsent formsstudy protocols, minor assent process, data collection
sheets, statisticaummaries of the collected data, and other information to support the

results presented in the chapteanuscripts.

1.4 Closing Statement

Despite theCOVID-19 pandemic, an estimated 42,060 motor vehicle deaths occurred in
2020, which is an 8% rise from 39,107 in 20T8is increase occurred despite a 1&%p in
miles driven from 260 billion miles in 2019 t0,830 billion miles in 202(28], [29]. The
estimated cost of these motaxhicle deaths, injuries, and property damage was around $474
billion [28]. There is no doubt that the use of seat belts is one of the most effective and widely
used means of reducing fatalities and-fatal injuries in motor vehicle crashes. However, it is
crucial to study other aspects of seat bedtsause many occupants of motor vehicle crashes are

found deacdevery yeadespite wearing seat belts.
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A dearth of research on buckle release forces indicates an opportunity for this study to fill
this gap irnthe literature The potential impact from thigsearch could be highly beneficial to the
society agvery dayin the U.S, more than 32 million people(84% of US. workers)commute
to workin a car, truck, or vaf80] and more than 25 million children travel in school by3é$
Analyzing the strength capabilities of the population riding the vehicles, el$paoaen and
children, would be aignificant step in determining whethezat belbucklesare designed to
accommodate everyorelequatelyThe primary purpose of this research is to determine if an

occupant is able to exert enough force to unlatchtearessystem.



Chapter 2

Literature Review

2.1Seat Belts

A seat belt assembitgfers toany strap, webbing, or similar device designed to secure a
person in a motor vehicle in order to mitigate the results of any accident, including all necessary
buckles and diter fasteners, and all hardware designed for installing such seat belt assembly in a
motor vehiclg27]. In theUnited Statespassenger caraust have a Type 1 or a Typaeat belt

assembly with a detachable upper torso powiogach designated seating posifib2y.

Seat belts have come a long way since their first doctederse almost 140 years ago.
One of the first notedsesof seat belts in a transportation system was in 1885. Belts were used
on horsedrawn vehicles to prevent passengers from being ejected from the vehicle on rough
roads[5]. In 1908, during a New York to Paris race around the world, the mechanic of the
winning 1907 Thomas Flyer utilized a leather strap restraint to restrict hifmmsalbouncing out

of his seaf32]. In 1926, seat belts were first required in the cockpit of commercial airgines

E. J. CLAGHORN.
BATEIY BSLT.

No. 312,085 Patented Pob. 10, 1885,

'ﬂﬂ‘lﬂ?: 2 :,,?:
L (/4:104// j fonpdoret ?
.447..,47 lz_— :—[fv..‘ -,,Fj)

ATTORXTYS

Figure2.1; First Patented Seat Belt by Edward J Claghorn in [B8b



Figure2.2: Seat Belt Useth the 1907Thomas Flyef34]

Figure 2.3: Nils Bohlin: Inventor of theriginal SeatBelts in 195935]

2.1.1 History of Federal Motor Vehicle Safety Standards

In September of 1966vith the enactment of the National Traffic and Motor Vehicle
Safety Act of 1966 and the Highway Saféist of 1966, the Federal Government's regulatory
role in motor vehicle and highway safety bef@n To establish safety standards and combat the
alarming rate of highway related motor vehicle accidents, President Lyndon Johnson signed
these acts into laye0]. The National Traffic and Motor Vehicle Safety Act of 1966 provides for

the establishment and enforcement of safety standards for vehicles and related equipment and the
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conduct of supporting researfdj. In October 1966, these activities, originally under the
jurisdiction of the Department of Commer@OC), were transferred to the Department of
Transportatio{DOT) to be carried ouby the National Traffic Safety Bureau within the Federal
Highway Administratio{10]. Following this the Federal Motor Vehicle Safety Standards
(FMVSS)were issued in 1967. In March 1970, the National Highway Traffic Safety

Administration (NHTSA) was established as a separate organizational entity0@ihe

NHTSA has a legislative mandate under Title 49 of the United States Code, Chapter 301,
Motor Vehicle Safety, to issueMVSSsandregulations to which manufacturersmbtor
vehicles and items of motor vehicle equipment must conform and certify comglldhce
NHTSA is responsible for motor vehicle safety, highway safety behavioral programs, motor

vehicle information, and automobile fuel economy progrg8hs

2.1.2Seat Belt Standards

FMVSS 201 Occupant Protection in Interior Impact

FMVSS 207 Seating Systems

FMVSS 208 Occupant Crash Protection

FMVSS 209 Seat Belt Assemblies

FMVSS 210 Seat Belt Anchorages

FMVSS 213 Child Restraint System

FMVSS 222 School Bus Passenger Seating and Crash Protection

Figure2.4: FMVSS Related to Seat Belt Assemldie



Since 1966severaFMVSSshave been issued for vehicles manufactured on and after
January 1, 1968. FMVS%ire regulationfor minimum safety performance requirements for
motor vehicles or motor vehiceguipmen{11]. These requirements are specifieéghsure the
public is protectecgainst unreasonable riskafcidentsoccurring as a result of the design,
construction, or performance of motor vehicles and is also protected against unreasonable risk of

death or injuryfrom crasheg$11].

FMVSS 209was the first standard to becoméeetive, on March 1, 196This standard
establishes requirements for seat belt assemble=MVSS 208specifies performance
requirements for occupant crash protecfitiz]. According b this standardll cars
manufactured since 1972 in tbeS.were required to be equipped with a passive ressgstem
inthedr i v e r [02% Overehayearsthrough research and awarenaswveral restraint laws
have beemtroduced throughout the countand the worldAll cars manufactureth theU.S.
after 1996 are required to have a Type 2 seat belt assemblyamaltdfacingdesignated
seating positns[36]. A Type 2 seat belt assembdyacombination of pelvic and upper torso

restraintgd27], commonly referred to as theint restraint systeni36]

2.1.3SeatBelt Laws inthe U.S.

Except for New Hampshire, allates and the District of Columbia require adult frest
occupants to use seat bgli8]. As ofJuly 27, 2020, primary laws were in effect insBdtes and
the District of Columbia, 1States had secondalaws, and New Hampshire and American
Samoaare the onlystate and territorwithout a seat belt law for adult8rimary enforcement
laws allow a police officer to stop and cite a motorist solely for not using a seat keltemwith

secondary enfoemment, police can only enforce the law if the motorist has been pulled over for
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another violation firsf13]. Figure2.5 illustratesthe various seat belt laws across alldtaes

and territoriesn theU.S.in 2019.

B Primary enforcement
for all seats

W Primary enforcement for =
front seat/secondary AS ‘
enforcement for rear seat )

Secondary enforcement for all seats

| Primary enforcement for front seat only
Secondary enforcement for front seat only
No law

Figure2.5: Adult Seat Belt Lawin theU.S.[37]

2.1.4SeatBelt Laws in Europe

According to the Commissioof the European Communiti¢EC), Seat belts are the
easiest and cheapest wayatmid injury in a crash. They do not require any special technology
and are fitted in all cag§38]. Since 2006, wearingeat bekt has beermompulsory in all vehicles
throughout the EropearJnion (EU). Under EU law, drivers and passengers must wear a seat

beltin any seat fitted with oni38].

Since 1991, all occupants of passenger cars and lighavamequired to usseatbelts
on both front and rear se489]. In 2003, a new Directive extendedstbbligatory use of seat

belts to occupants of all motor vehicles, including trucks and coft®$n someEU member
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statesdrivers aralsoresponsibldor passengers not weag their seat best These lawsn

particular countriearesummarizedn Table2.1 by the driver liability status

Table2.1: Driver's Liability for Seat Belt Usage for Other Occupants in[82)

Driver Liability Countries
Not Liable BG, CZ, ES, NL, RO, SK

Liable for passengers un¢ AT, BE, CY, DE, DK, FI, FR,
18 years old HU, IT, LU, PT, SE, SI, UK

Liable for all passengers EE, GR, IE, LT, LV, PL

2.1.5SeatBelt Use in the Lhited States

Mandatory seat belt laws were adopted in EusopmkAustralia as early as the 19704,
it was not until Decembeir984 that such laws were adopted inlthnited StatesNew York
being the first state to do $41]. Observational studies showed timatl983,0nly 14% of motor
vehicle occupantaore seat bek [42]. The national estimate of seat belt use by adult fseat
passengers in 2020 was 9%.BL4]. The seat belt use rate estimate represents thergage of
occupants who are belted during an average dayiigmen{14]. Figure2.6 showcases the
trend inseat belt use since 1994. These results are from the National Occupant Protection Use
Survey (NOPUS); it is conducted annually by the National Center for Statistiémalysbis

(NCSA) branchof theNHTSA.
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Figure2.6: National Seat Beltyse Rate (Data Sourdd4])

Statistically, primary enforcement laws are more effective at achieving higher belt use
rates. In 2019, the belt use rate observed forfeat occupants was 6% higli@2% vs 86.2%)
in stateswith primary seat belt enforcement laws in comparison tettesvhere they are not
[43]. Studies have showstrong evidencéhat seat belt laws significantly increase seat belt use
and that pmary enforcement lawaremoreeffectivethan secondary enforcement laj#g],

[42], [44], [45]
2.1.6Ilmportance of Seat Belts

The number of road traffic death®rldwidein 2016 was 1.35 milliofil]. Road traffic
injury is the & leading cause of death for all age groups and the leading cause of death for
children and young adults aged 9 yeard1]. TheWorld Health OrganizatioQNVHO) predicts
that by 2030road crashesouldbecome the fift{5") leading cause of deaf#6]. Motor vehicle
crashes were the 13eading cause of death overall among alises irthe year2015in theU.S.

[47].
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https://www.cdc.gov/motorvehiclesafety/seatbeltbrief/index.html

According to the CDC and NHTSAhe use of eatbelts is the single most effective
means of reducing fatal and nonfatal injuries in motor vehicle crasaesxists todaj6], [7].
Since 1975, seat belts are estimated to have san@74276livesin theU.S.[7], [8]. Seat
belt use in passenger vehicles saved an estimated 14,955 lives in 2017]al8heAn
additional 2,549 lives could have been saved in 2017 if all passenger vehicle occupants older

than age 4 had used seat bpils

Numerous studies over the paigiht (8) decades have proved the effectiveness of seat
belts in reducing fatalities and ndatal injuries in motor vehicle collisiorj&3], [18]i [26]. Seat
belts are designed to spread crash forces across the strongezdiodslike thepelvs, rib cage
andshoulder and also prevent occupants from being ejejd®8Hd When a vehicle slows down or
comes to a&top after colliding with another vehicle or object, unbelted occupants keep moving at
the same travel speed until they crash into edetisin front of them. Seat belts heip prevent
this second collision or reduce injuries from it by securing oatisfda their seats, allowing the
vehicl e 0 stoabsorbmodi of thekmetic energy associated with the vehicle and the

occupant's prerash motiorj13].

Studies have reported tHat both front and rear seated occupasést belts reduce
fatalities and severe mjies fromMotor Vehicle CollisiongMVCs) [19]i [23]. Research has
shown a 8% reduction in the risk of a fatal injurgnda 50% reduction in the risk of a moderate
to critical injuryto frontseat car occupants when lap and shoulder belts ar¢28eBor
occupant®f light trucks Sports Utility Vehicles$UV), vans,and pickupy the use of lap and
shoulder belts reduces the risk of a fatal injury B36@&Mhd a moderat® critical injury by 686
[23]. In the center rear seat, lap and shoulder belts reduce the risk of fatal injuS6ly &@s

and 796 in Light Truck Vehicles (LTV)[24].
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Seatbelts arealsohighly effective in preventing occupaejection,especially in rollover
crashesAccording to a NHTSA repofR5], avoiding complete ejection decsss the risk of

death and injury by an estimate of

1) 64% for fatalities
2) 70% for serious injuries
3) 65% for moderately severe injuries

4) 3% for incapacitating injuries

Compared to occupants who are not ejected from automobiles, occupants are nearly twice
aslikely to die if ejected in nomollover crashes, and those who are ejected in rollover crashes

are 4 times more likely to di@5].

Unbelted occupani@re a serious danger other occupantsside the vehicleExposure
to unbelted occupants increases the risk of injury or death toamtbepants in the vehicle by
40% [19]. In a frontal crash, an unbelted rear seat passenger sitting behind a belted driver

increases the risk of fatality fehe driver by 13% comparedo a belted rear seat passenf].

2.2 Motor Vehicle Accidents

Motor vehicle crashes are a leading cause of death among those &gedthe United
Stateqd48]. According to the data from Fatality Analysis Reporting Sys(EARS), in theU.S,
statistically,almost 5 people die every hoand more than 100 die every dhye to road related
accidentg15], [49]. More than 2.2 million drivers and passengers were treated in emergency

departmergasaresult of being injured in motor vehicle crashes in 2[G0§.

Motor vehicle crashes are the leading cause of swaldted deaths ithe U.S[51].

According to the Bureau of Lab&atistics(BLS), there were 5,338atal work injuries recorded
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in theU.S.in 2019(Figure2.7) [52]. Fatalities resulting from transportation incidents accounted
for 2,122 cases, marking the highesmber since 2011. Furthermore, these events continued to
be responsible for the largest share of fatalitiesarly one out of every five workers who

suffered a fatal injuryvas employed as a drivesalespersqror truck drivef52].

2016 ®W2017 EM2018 ™ 2019

2,500

2,000

1,500

Fatalities

1,000

- I . I . .
-

Transportation Falls, slips, trips  Violence and Contact with Exposure to Fires and
incidents other injuries by  objects and harmful explosions
person or animal  equipment substances or
environments
Event/Exposure

Figure2.7: Fatal Work Injuries in U.S.by Major Event or Exposure, 209652]

In 2010,NHTSA conducted aomprehensivstudy to examine thexpensesesulting
from motor vehicle crashgS3]. That yearthere were 32,999 people killed, 3.9 million injured,
and 24 million vehicles were damaged in motor vehicle cra3hey found thatite economic
costs of these crashexaled $242 billion. Inladed in these losses are lost productivity, medical
costs, legal and court cosEenergency Medical ServidgEMS) costs, insurance administration
costs, congestion costs, property damage, and workplace [dsseamounted to 1% of the

Uni t e d GBR whiclevea®valued at $14.96 trillion 2010[53].

16



60000 35
50000 30
25
40000
g 0 g
£ 30000 =
M -
E 15 §
© 20000 5
o 10 a
- 2
E T
S 10000 5 o
= .
0 0
M 0 ™M ©© ™M 6@ ™M 0 M 6 M 6 e O M © M 0 M 0 M o
4 94 &N o m ;M < F . on w0~ K~ ®© O O N O 0 od o
[=)] [=)] [=2] ()] =) [=)] [=)] [=)] )] (=] [=)] [=2] [=)] =) =)] [=)] [=)] [=)] o [=] (] (=]
— — — — — —l — - — — — — — — — — — i o~ o~ ~ o~
Year
==@== [\ umber of deaths ==@==Rate per 100,000 population

Figure2.8: Motor Vehicle Crash Deaths vs Population MVC Death Rates fromi12020 in the U.S(Data

Source]8])

As illustrated inFigure2.8, the rate for motor vehicle deather 100,000 populatiomas
improved drasticallygincel937.In fact, in 1920 it was 11.7 compared to9kh the year 2020.
However, the number of deaths has increased more8@@&a from 120to 2020[8]. An
estimated 42,060 motor vehicle deaths occurred in 2020, which is an 8% rise from 39,107 in
2019 despite the@VID-19 pandemi¢28]. Additionally, the estimated cost of motaehicle

deaths, injuries, and property damage in 2020 was $474.4 paBdn
2.2.1Types ofMotor Vehicle Crashes

In the U.S, more than 6.7 million polieeepated motor vehicle crashes occurred in
2018. 1.8 million of those crashes resulted in an injury, and 33,654 resulted in fodpath
According to an annual report conducted by NHTSA in 2088 someimportantcrash
statisticsto be noted are
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1) Comparing single vehicle crashes to multiple vehicle cra&iiés,oftotal fatal crashes
involved only one vehicle, as compate®%% of all injury crashes and 28 of all
propertydamageonly crashes.

2) Collision with another motor vehicle in transport was the most common first harmful
event for fatal, injury, and propertjamageonly crashes.

3) Twenty eight percent (28% all fatal crashes involved alcokiohpaired driving, where
the highest blood alcohol concentration among drivers involved in the crash was .08 g/dL
or higher.

4) Ninety four percent{94%)of the 12 million vehicles involved in motor vehicle crashes in
2018 were passenger carslarVs.

5) Rural areas account for 71% of theet i on 6 s p u bahd30® of vehicle miles | e s ,
traveled,but account for nearly half of the crash fatali{ies].

6) Collisions with fixed objects (pole, post, guadl, tree, etc.) and necollisions
(rollovers and unknown) accounted for only4.@f all crashes, but they accounted for
38% of fatal crashes.

7) Twenty nine percent (29%)of passenger car and light truckoccupant fatalities were

a result of Rollovers.

2.2.2Rollover Accidents

One of the most dangerous types of motor vehmtegdentsarerollover crashes
(ROCs) They havdong beenrecognized aa significant hazard compared to other modes of
crashesROGs only contribute to about 3% of all motor vehicle crashes but they account for
almost 30% of all fatalitiesand more than 30% of the injury costs every year ittlse[16],

[17]. The estimated fatalities involving ROCs in Europe is around one in targigtalities[56].
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In Australia ROC is responsible for about one in every five fatalitg§. Data from the
National Automotive Sampling System (NASS) General Estimates System (GES) indicate that

an occupant in a rollover is 14 times more likely to be killed than an occupant in a frontal crash

[58].

The

term fAroll over 0 d e s c°rotatior about thee

condi

longitudinal axis of a vehicle, regardless of whether the vehicle ends up laying on,itecigde

or even returning upright on all four whe@9]. NHTSA classifies rollovers into two

categories: Tripped and Untrippfs9]. A tripped rollover event occurs when a vehicle runs off

the road and is tripped by a ditch, stl, a curb, or other object causing a vehicle to roll over.

An untripped rollover event happens when the tire/road interface friction is the only external

force acting on a vehicle, thereby inducing it to roll over. NHTSA analysis indicated that only

around 3% of rollover crashes are untripped, whereas approximatéyd5ollovers in single

vehicle crashes are trippgsB], [60].
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During the last two decades, several agencies including NHTSA have carried out
numerous research initiatives and standard improvements on vehicular safety innovations to
ensure fatality and injury reduction in motor vehicle cradilesadvanced frontal andde air
bags, electronic stability control, roof crush standards, seat belt load limiters and pretensioners,
front end crumple zones, crash severity sensing system, roof crush strength, occupant
compartment strength, child safety seats, booster seatscliaking systems, lane departure

warning systems, and forward collision warning systems, among ¢di2¢rs

Despite all these advancements, rollover crashes continuetprbeninentoncern.
Each rollover involves a distinct set of velej driver, androadway factors which influences
crucialpostc r ash variables such as the occupantos
psychological conditiorand also the functionality of the bucKler], [63]. In aNHTSA report
to examinaollover crash mechanisnasid their related injury patterns to the occupants, Ana
Maria Eigen reviewedhe NASS- Crashworthiness Data System (CDS) data over the years 1995
through 200164]. In that duration, there were an estimated 17.1 million crashes involving
passenger vehidehat occurresn roadways in the).S. Amongthese 4.5 million were single
vehicle events and approximately 28% of these crashes resulted in rollovers. 81% of the 1.6
million rollover crashes were singkehicleencountersApproximately 55% of rollover crashes
ended inone or two quarter turn(®0° or180°) contacting either the roof of the vehicle or the

near side of the roll.

2.2.2.1SUVs Pickup Trucks, and Rollovers

Despite their popularity, SUVs pose unreasonably high rollover risks for occupants.
Sixty-one percenf61%)of SUVs andd5% of pickup truck occupant fatalitiesccurdue to
rollover crashef65]. According to NHTSA, SUVs roll over in fatal crashes three times as often
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as passenger cdil]. In 2018 3,900o0ccupants were killed in rollovers involvitight trucks

(pickup, utlity, and van which accounted for almost 60% of the total rollover fatalifiies.
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Figure2.11: Light Trucks Involved in Fatal Rollover Crasté4]

Two main reasons for thiggh rollover fataliy ratein thelight truck category could be

1) Rise in the sales dight trucks

2) Higher center of gravitjor light truck vehicles.
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2.2.2.1.1Rise in theSales ofLight Trucks

Light Truck Vehicles (LTVs) include SU¥ pickup trucks, and vans which are
constructed on a truck franj@6]. In 2019, SUVs surpassed 40% of all car sales worldwide with
more than 200 million vehicles, which is eight times the number a decaf@/dgda the US,

light trucks accounted for almost 76% of awdtes in 202(68].
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Figure2.12: Vehicle Sales (in Thousands) in the USata Source[69])

2.2.2.1.2Higher Center of Gravity for Light Truck Vehicles

NHTSAOGs New Car Assess ment-Stisafetgratiagn ( NCAP)
programto provide consumers with information about the crash protection and radlafety of
new vehicles beyond what is requiredfbgeral law70]. SUVs are generally rated between one
and three stars faollover resistance, pickup trucks between one and four starshebmsen
two or three stars, and passenger bate/eerfour or five starg59]. This is mainly because of

thelow Static Stability FactofSSF)of LTVs.
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The SSF of a vehicle is defined as its track width, divided by twice its center of gravity

height

Track Width

SSF =
2 - (Center of Gravity Height)

The Static Stability Factor (SSF) was introduced to NHTSA ir818y vehicle
manufacturers as scientifically potential substitute for dynamic rollover tests, and NCAP began
reporting SSF in early 20qZ1]. NHTSA considers the SSF asraicialfactor of rollover
resistance, ais represents the vehiélegeometric properties associated with rollover events
LTVs typically have a Center of Gravity (CG) thas&veral inches higher than that of passenger
cars, and loading the vehicle further increases it. Consequently, the SSF is reduced because

loading the vehicle usually places the loads above the CG of an unloaded [&Hicle

FIVE Y % kK <10% 1.45 or more
FOUR Y Y K 10% to 20% 1.25 to 1.44

THREE Y % % 20% to 30% 1.13t01.24
FOUR * % 10% to 20% 1.25t0 1.44
ONE * 40% or greater 1.03 or less

Figure2.13: NHTSA Star Rating vs Roll Over Risk vs SSF (Data Sayitd)

Association between NHTS2S#,and sk dmlloverast i ng s,
displayed inFigure2.13. The average Static Stability Factors by vehicle type for each model

year weighted by vehicle sales from the data available from NHTSA Technical Reports DOT HS
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809868 and 182444 are illusedtinFigure2.14[71], [73]. Passenger cars have always had the
highest average SSF and have remained highest. Trends have indicated that SSF values of SUVs
have considerablynproved ovethe years. Minivans have also shown significant

improvements. Fulsized passenger vans havelthwest weighted average of SSF inratidel

years since 200The significance of this lies in the fact that, apart from rollovers caused by
passenger cars in multehicle accidents on wet roads, an increase in SSF has been

demonstrated to have a statiatly significant impact on reducing rollovei&l].
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Figure2.14: Weighted Average of SSF for MY 192913 (Data Sourcg71], [73])

Acierno et alreviewed 200 cases in the Seditl€rash Injury Research and Engineering
Network (CIREN) database to establish patterns and source of j6f]ryDespite a steady
decrease in the number of fatalities resulting fRessenger Vehicl¢PV) versus PV collisions
from 1980 to 1998, there was antiease in fatalities resulting from the collision of PV and
LTV. Theybelieve thathe increase in fatalities among passenger vehicle occupants when their
vehicles collide with LTVs is due teehicle mismatcland the increasing number of LTVs on
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roads inthe US. Vehicle mismatch or crash incompatibility is defined asdégign differences
includingweight, frame height, and stiffnesstween vehicle types that resultdisproportionate

damage patterns to the vehicles involved in a colliggéh

Crash Severity
@Fatal olnjury @Property Damage Only

20

Rollover occurrence %

Passenger Car Light Truck: Light Truck: Light Truck: Large Truck
Pickup Utility Van

Vehicle Type

Figure2.15: Percentage Rollover Occurrence by Vehicle Type and Crash Sq¥étity

2.2.22 Injuries from Rollovers

Motor Vehicle Collisions (MVCs) continue to be a major concern around the world and
especially in the United Statesot only because of fatalities, but also due to the huge number of
injuriesthey causeSincel988, on averagaround2.5 million occupants of Motor Vehide
involved incrashesre injured every yedt6]. In 2018 almost2.45 million people were injured

in the U.S.in MVCs, out of which almost 86% were restrairj&é].

In order to understand the scope of rollover crasbagprehensivelyEigenstudiedthe
NASSCDS data from 1995 through 20fik passenger vehicle crashjéd]. They found that
approximately81% of all rollovers were single vehicle rollovers and approximabép of

rollover crashes ended in one or two geesrtcontacting either the near side of the roll or thé roo

25



of the vehicleThey reported that 38 of all injuries occurring in noplanar crashes affected the
head.Also, restrained occupants sustained nearly half of the injuries to extremittihe

thorax sustained serious injuries most frequently

To examine the issues related to the ejection status of passenger vehicle occupants in fatal
crashesBurgessetd. analyzed th&ARScrash datdor the 5year period from 2003 through
2007[74]. Therewasa total of 398,274 occupantsit of which155,359werefatally injured
occupants, 157,440 ndatally injured, 83,651 received no injury, and 1,824 occupants whose
injury severity was unknowms illustrated inFigure2.16, anong thetotal occupant$H4,505
passenger vehicle occupants were ejeetedmore than 7% (42,137)were fatally injured,
while 15.86 had hcapacitating injuries, and only 150 occupants (0.3%) had no injErggy-
six percent of the 54,505 ejected occupants were unrestrained, while @nalw&ré restrained,

and the restraint use of the remaining’s\sas unknown.
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Figure2.16: Passenger Vehicle Occupants in Fatal Crashésjlny Severity and Ejection Stat(ig4]
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Approximately 60% of all occupants were restrained. Of the occupants who suffered fatal
injuries, 41% were restrained, whereas 54% of occupants with incapacitating infou78s,d@
occupants with noincapacitating injuries, and 76.9% of occupants with possible injuries were

restrained74]. Figure2.17 illustrates these descriptive statistics.

J.R. Funk et alinvestigated various risk factors associated wétvical spine injuries in
field rollover crashes and compditem with risk factors associated with head, serious, and
fatal injuries[75]. They studiedhe National Automotive Sampling Syste@rashworthiness
Data System (NASEDS) cases from 1995008 in which occupants aged 16 and older were
involved in a rollover crash. Thranclusion criteria yieldeé sample size of,815 casefrom

2.5 million cases in which pure rollover (single event) was the most harmful event.

Injuries were identified on the Abbreviated Injury Scale (AIS), which ranks injuries on a
Oi 6 scale based dheir threat to lifewith O indicating no injury and 6 indicating a fatal injury
[76]. They found 390 occupants had AIS 2+ cervical spine injuries, 584 had AIS 3+ head

injuries, 1320 occupants had overall injuries of AIS Ba 492 occupants dieBigure2.18
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describesnjury risk as a function o$eat beluse for both ejected and nefected occupania a
rollover. Figure2.19 desribes thanjury risk to belted occupanis a rollover.The injury
distribution of passenger vehicle occupants in side impact collisions and frontal impact collision

with vehicle mismatch can be seéigure2.20.
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Figure2.18: Injury Risk as a Function of Seat Belt Use for All Occup@ris
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As these studies indicatesat belts do help in reducing fatalities but there are still belted
fatalities and severe injuriel$.is believel thatthese incapacitating injuries could impede the
egress of the occupaand could eventually lead &fatality. Injuries to the head aritie
extremities could result in severe difficulty in unlatching a seat baltaled-over orientation
andcould eventually lead tafatality. The information presented regarding the distribution of
injuries in side impact and frontapllisions is criticdly importan, and its significance will be
discussed in the subsequent sections of this dissertliese incapacitating injuries may hinder
the occupant's ability to exit the vehicbspecially their ability to unlatch a seat lzadtthey

might not be able to exert enough fonegking it a critical factor to consider.
2.2.3Belted Fatalities

Undeniably, seat belts offer significantly greater safety compared to not using them, as
they effectively reduce the probability of fatalapd severe injury in most accident scenarios.
However,belted fatalities still occur argince 2003, on average every yeare than 40% of

fatalities were restrainefll6]. As seat belt usis at a historic record high, it is essential to study
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the effectiveness of seat belts in rollover crashamer et al feelsthe push to increaseeat belt

use has occurred in the absence ofsarstantial upgrades in the effectiveness of this
technology in rollover crash¢g7]. It is critical that belts perform effectively in rollover crashes,
yet evidence suggests tissat bek are tragically ineffective in many rollover crasliég].
Figure2.21 depicts the percerga distribution of occupant fatalities categorized by their restraint
use for passenger cars and light trucks from 1990 to 2018. Accordangatanual report from
NHTSA, since 2013 the percentage of restrained fatalities for passenger car and light truck
occupants is more than unrestraifie@l]. In 2018, 48.4%f occupant fatalities in this category

were restrained compared to 43.18attwere unrestrained, as reported by the pfiliép

=== PRestrained Unrestrained unknown
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Figure2.21: Occupant Fatality Percent by Restraint Use for Passenger Cars and Light Truck€13@0ata

Source{16])

According to NHTSA, most vehicles come to rest at two quarter turns in a single and
multi-vehicle rollover crasf64]. Sixty-four percent of multvehicle rollovers and 35 of single
vehicle rollover crashes lagp to2 quarter turnsThis could be a promisingijgn oncehe

rollover has occurred fdahe following reasons:
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1) Firsty, if the roof meetshe required standard, it showldithstand the mass of the
vehicle.

2) Secontly, the roof has not beatebilitated with repeated strikesice the vehicle
undergoes twguarter turns and comes to rest.

3) Lastly, since undue force has rmen exerted during the first rastfike, the windshield

will generallybeintact. The windshield isnimportantstructuralelementor roof

integrityandstrength[78].

Diggesand Eigensuggest that multiple event vehicle crashes that cause vehicle
rollovers, injure the occupant differently when compared to single event because the occupant
may be injured during the nawollover portion of the crash due to high severity planar impact
prior to the rollover or other similar inciderfi®].Based on years of data fr
Fatality Analysis Reporting System (FARS), it is evidiwatt theunbelted occupant is the most
vulnerable to ejection and fatality. However, even the belbedpant is at risk becausense
currentseat bek, and most retractors, are primarily designed to withstandehendsmposed
by a planar crasf64]. Furthemoreg the complexiesof rollover craskssuggest that vehicle
integrity, in particular roof strength, in conjunction with restraint use must provide adequate

protection to minimize occupant injuf§4].

Fatality datashows that since 2016n average30% of rollover fatalitiegmore than
2,000 fatalitieswererestrained15]. Turner et al.did a detailed analysis of rolloverashes
from 19922002to docunent the inadequacies in current belt de$i]. They found that 2%
of the people killed in rollover crashes were documented in police reports as restraseatl by
belts at the time of therash.Between 1992 and 2002 the U.S, approximately 22,00people

died in rollover crasheshile still wearing a seat beferom 2®9 to 2019, this number rose to
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24,560 peopleThe authors reason thaglted occupants, not unbelted occupasiffer the

majority of nonejectionrelated injuries and fatalitigg7].

According to these studies and scenarios, there appearanoubelerlying issue with the
seat beltlesign thatequres further investigatioiWith seat lelt usage ratesurrentlybeingatan
all-time high, and increasing every y¢a4], with increasingsalesof SUVsandvehicles in
general, and incresg) averagamiles driven an increase in exposureralover deaths
involving belted occupantseems an inevitable consequenoaking an understanding of ket
fatalitiesin rolloverssignificart. If the structural integrity of the vehicle is intact and if the
occupant igestrainedthenfurther research is needed to understand these fatalities.
government and thautomotiveindustry have repeatedly identified belt use as a critical safety
element for occupants in rollover crashes, but nettlaeconsideredhis potential issue with

seat beltsthat beingseat belt buckle release force.

2.3 Potential Issue with aSeat Belt Standard

The seat belt buckle according to the FMVSS 209 @}.8f a Type 1 or Type 2 seat belt
assembly shall release when a force of not more than 133 N is d@@lie@ihe Standard
specifesonly a maximum buckle release force( 133 N) to unlath a seat belt in any
orientation and does not mention a maximum belt terj&ifn S4.1(e) states that a buckle must
be Areadily accessible to the dcowmpaimte tac seenb
and states that the firel ease mechanism shal/l
r el eas e oseFM8SSsonlyeregtldtesthe maximum force to release a seat belt buckle,
manufacturers must balance the possibilitpacidentalelease by inadvertent contact with the

requirement of easy and rapid removal to maximize safety and promote seat beB0jsades
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can result in relatively high buckle release forces during crasbpescially because bfgh belt

tension

Figure2.22: End-Releasd”ushButtonBuckles

Vehicle safety in European Union countries is regulated mainly by international
standards ancegulationdevised by the European Union (EU) and the United Nations
Economic Commission for Europe (UNECBL]. UNECE or UN regulations ai@sofollowed
by several countries acrossthewd8d]. The Eur opean Economic Commun
Directive 77/541/EEC regulatsgat bek and restraint systems in motahiclesin Europe[83].
Similarly, UN Regulation 16 goverrseatbelts, restraint systemand child restraint systems for
occupants of powedriven vehicleg84]. EEC Standard 2.4.2.2 and UNECE standard 6.2.2.2
mention that the sehelt buckle release force, even under no Ishd]l not be less than 1 daN
(10N), andEEC Standard 2.4.2.5 and UNECE standard 6.2.2.5 mention that the force required

to open the sedielt buckle shall not exceed 6 daN (6D[83],[84].

The Society of Automotive EngineglSAE) develops and publishes technical standards
for aerospace, automotive, and commercial vehicle indugdi¢sSeveralSAE Standards are
incorporated by reference in various FM\&386]. The SAE J4Cstandard providespecific
performance requiremenfer Typel, 2 and 3 seat belt assemblies for use in motor vehicles in

order to minimize the risk of bodily harm in an accid@&1. SAE J4C5.4 states the buckle of a
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Type 1 orType 2 seat belt assembly shall release when a force of not more thal33 N) is
applied[87]. SAE J386 standard establishes the minimum requirements for restraint belts
suitable for use on construction equipm@&AE J3& 6.1 specifies that the buckle hardware

shall meet all the applicable requirementSAE J4C[88].

SAE AS (Aerospace Standard) 80438 gersedin@043A) specifies laboratory test
procedures and minimurequirements for the manufacturer of restraint systems for use in civil
aircraft. This standard specifies the requirements for Type 1, Type 2, and Type 3 restraint
systemg89]. SAE AS 8043B 5.4.1.3 and 9.4 state the buckle shall release when a force of not
more than 130 N is applied to the release mechanism under a balanced loop load of at least 760

N on the pelvic restrairj89].

SAE J4C8.4 mentions for testing the buckles for the maximum buckle release force, the
loop load for testing &ype 1 seat belt assembly should be mainthatel 50+ 101b. (667 + 45
N) andfor type 2 seat belt assembly it should be reduced and maintained &tl75333+ 22

N) [87].

FMVSS 209, S5.2 (d) (1) mentions that the seat belt assemblies shall be tested to
determine compliance with the maximum buckle release force requirefpéhtt mentions
that the buckle release forces shall be measured when the loop load forces are reduced and
maintained at 667 N on the assembly loop of a Type 1 seat belt asseiB84 N on the

components of a Type 2 seat belt asserjitiy.

According to the National Center for Health Statistics, the average weight of adult female
in the U.S.is 170.8lb. (77.5kg) and the average weight ahadult male is 199.8. (90.6kg)

[90]. The webbing tension of an average inverted occupant could be as highN$or7@males
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and 906N for males. The 95percentile male weighs 287.2Ib. (130.3kg), which indicates that
the webbing tension could be as high @QN. This suggests that the webbing tension of 667
N for Type 1 and 334 for Type 2mentioned in the standaisitoo low and in order to
accanmodate 98 percentile the webbing tension for testing the maximum buckle release force

couldbe higher.

Pushbutton Release Force

Web Tension

Figure2.23: lllustration of Seat Belt Release Fofgé]

The SAE J4Cwas published in 1955 (last revisedluly 1965) and FMVSS 209 in 196
[27]. The buckle release force aseveratestingcriteria in thesestandards have remained
unchangedor thelastsix (6) decades. Two majassueswith these staardswhich will be

discussed in detail in the following sectiarg:

1) The buckle release foreeay behigh for a majority of theehicle occupanpopulation.
2) Webbing tensions ateigh in a rollover accidentpotentiallycausing the release force to

increase

We believe that high buckle release fenc®ybe responsible fosome of the belted

rollover fatalities as icouldimpedean occupant 6s timely egress
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2.3.1High Buckle Release Force

Most of the research involwnissues with automotive seat belt buskiger the past few
decades has focused on inertial reld@3¢ partial engagemef@2], inadvertent conta¢80], or
structural overloa§P3]. Despite conducting an extensive search of the literature, any basis for
how the maimum buckle release force 883 Nwas determinedcould not be foundOnly a

few published papel§3], [80], [94] discussedhe issuef high buckle release forse

One of the only detailed studien buckle release forces thvaas found wady Noy[63].
To study the adequacy of safety regulatimgardingouckle release resistangader full load
Noy conductedh study with Transport Canada recruiting 543 volunté&% males)The

average age dheparticipants was 40, average wei@b¥ Ib., and the average height we8

inches.
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Figure2.24: Distribution of Maximum Exerted Force Using Side and-Rgtease Bucklef$3]

Peak buckle release forces exerted by the participants in an upright seatedgposiaee

release and top release beltkias were recordedHe found out that around 8086 the subjects
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were unable to exert tH83 Nforce on the top or side release buckles. The data indicated that

about 99% of females and 75% of males were unable to exert 133 N force on either buckle.
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Figure2.25: Cumulative Force Distribution for Males and Females UsingRelease Buckle$3]

A few limitations of this study were

a) 72%of the participants wemmales.

b) Onlydr i ver 6s si de seat belt assembl testedavi ng t

c) Noy did notturn the testleviceto simulate a rolloveiHe believed thisvould introduce
significantrisk and feato the subjectsandhealsobelievedthis would not have yielded

different strength data.

Kumaresaret al, conducted a study to test the buckle release forces at different webbing
tensiond94]. Side release RCF 67 bucklésp release TRW type I, and toplease Autoliv
Lockarmwere statically tested with a forceu to1,157 N applied to the latch platie
determine the maximum buckle release force with a Mecmesindatggeapplied to the buckle.

They found that the buckle unlatching force increases with an increasetenisen and
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exceeds the standard requirement28 N Resultsfrom this study for average buckle release

force at different webbing tensions amentionedn Figure?2.26.
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Figure2.26: Average Buckle Release Forces ibfferent Seat Belt Bucklef94]
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Davee et a) conducted a set of tests to study the conditions required to qause a
automotiveseat belbuckle release by inadvertent cont@tl]. They studied the buckle release
force, direction of force applicatipand the push button trav@lhree differenendreleaseseat
belt buckles that are used in batle U.S.and countries that follow the EU/UNECE standards
were tested to illustrate the typical push button force learmgsthe button travel distanceests
wereconducted bypplying webbing tension at different levels to1,112 N(2501b.) and
measuedthe pushbutton force required to release the bucklge study reported thadush
button force required to release the buadeended on web tensiandthe forceincreased with

webbing tension.
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Figure2.27: PushButton Force Release Data and FMVSS and EU Requireri@&its

These studiesuggesthat here is a possibility that the high buckle release force
requirement could result in an inability to release the buckle in a rollover accidantgnd

contribute to entrapment in the vehicle.
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2.32 Webbing Tension IncreasePostRollovers

Studies have shown that webbing tension increases during an accidenésintbgo
several thousands of newtons during a rollover acci®ft[93], [95]. This could be a
potentially fatal issubecause it caresult ina high buckle release forddare et al.conducted a
series of tests to study rollover test protocols and occupant protections provided by seat belt
systems in rollover crashg3]. Using a 2001 Nsan Pathfindethey conducted eight rollover
testswith a modified FMVSS 208 dolly rollover test method to analyze the driver and front

passenger dummy restraint performance.

Figure2.28: Rollover Test Rigsetupfor theHareet al, Study [93]

Threetests were conducted where the pretensioner was activatedras388d three
without the pretensioners, and these were done utilizing AM50 dummies in the driver and the
front passenger sedtable2.2 shows the shoulder belt loads during pretensioning in the rollover
tests.Non-pretensioning tests fouredmaximum shoulder belt load of 5AF Driver and
passenger shoulder belt loadglidfierent roll angles are shown Figure2.29 andFigure2.30.

Higher belt loads seen during the pretensioning tests were due to the pyrotechnic forces of the
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pretensioer and resistance of the occupant against the belt. We#gatsignificantfactor,
which could be seen by the maximum shoulder belt load of almo$tl 8&0an AM95 passenger

dummy.

Table2.2: ShouldeBelt Loads and Belt Retractions Durifgetensioningn Rollover Tests[93]

Pretensioner test Peak Shoulder Belt Load attained (
Driver Passenger
Test #6 955 1271
Test #7 1163 1470
Test #8 854 1136
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Figure2.29: Shoulder Belt Loads for Driver vs Roll Angle for N&metensioner Tes{83]
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Figure2.30: Shoulder Belt Loads for Right Front Passenger vs Roll AnglddorPretensioneilests[93]
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To evaluate the conditions necessary for the inertial unlatching of the THiR&/1
buckle Moffat et al, conducted a series of rollover and sled tests using anthropometric dummies
[91]. Using a1984 Chevrolet 9.0 Blazer(Figure2.31), a series of six full scale FMVSS 208
dolly-type rollowertestsand fifteen sled testsere conductedsing a FaAAFalure Analysis
Associates, Incleceleratiortype sled Each test included 4 anthropomorphic dummie$; 50
percentile hybrid Il male dummies were seated in the left side front and rear seating positions, a
95" percentile male hybrid 1l dummy was seated in the right front seat, sirdyaarold child
dummy with a seated/standing pelvis was in the right Fea the sled tests, these configurations
were5" percentile female dummy for right front, spearold child dummy for right rear, 95
percentile male hybrid Il male dummy for the left front and & pércentile male hybrid |1

dummy was in the leftear.

Figure2.31: 1984 Chevrolet 80 Blazer on the Rollover Dollj91]
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Figure2.32: Left Front Lap Belt Tension vs Position of Vehicle Rear Vjedy
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Figure2.33: Right Front Lap Belt Tension vs Position of Vehicle Front Vjed

They recorded peak acceleoatj pulse duration and webbing tensidnsing the rollover
tests Figure2.32andFigure233s how t he webbing tension relati\
The study found that none of the crash tests inertially unlatched the bdé)uckvever as

seen from the data, they found that during a rollover accident, webbing tension marehse
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often reacksmore than DOON. In one of the rollover tests, they found the minimum belt load

for the sixyearold dummy (right rear lap beltdal) was greater than 486

To study the effects on driver and front right passenger head and pelvis excursions by a
pyro-mechanical préensioner and an electrical retractor activation, Mc&uwy Chowonducted
an experimental studytilizing a dynamic Rtbover ComponentTest System (ROC$95]. With
Hybrid 11l AnthropometricTestDevices (ATDs), a total of fifteen rollover testere conducted.
51, 50" and 9% percentile ATDs were placed in the driver afiddw passenger seating

positions of the migsize SUV and were restrained by a standapoi8t seat belt system.

Figure2.34: Dynamic Rollover Component Test System used by Mc@aol Choy95]

The ROCS systenwasdesigned to be a reusalolevice hence it does not appropriately
simulate vehicle deformation and it chaaglee vehicle kinematics that occur in a typicethicle
to ground contaciThe peak seat belt loads recorded duringdhever tests for the lap,

shouldeyandretractor portion are displayed Trable2.3.
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Table2.3: Peak Seat Beltoads During Rollover Tes{95]

Test Driver Lap Driver Passenge| Passenger
Number (N) Shoulder (N] Lap (N) | Shoulder (N)
1 3065 504 4380 No Data
2 3783 No Data 5961 1444
3 4503 2204 5641 2101
4 1372 643 2699 844
5 2616 979 3641 1610
6 2450 No Data 3779 1308
7 3358 742 3531 1298
8 4572 1516 4672 1298
9 4261 1595 4860 1254
10 4308 2149 4424 1361

11 3773 1496 3466 No Data
12 4412 2134 5110 1362
13 4606 No Data 5309 2078
14 4833 1515 6388 1065
15 3798 1308 1270 3584

It is evidentfrom the discussiin sectiors 2.3.1 and 2.3.fhatduring a rollover
accident, the seat belt webbing tension increases, and that with the increase in webbing tension,
the buckle release force also increa3éewebbingloads discussed ie sectiorconsidered
bothdynamic and statiforces Research involving just static loanfsa rolloverandtheir impact
ondifferent parts of seat belt€.,lap shoulderwasnot found However it could be speculated
thatstatic webbing loads for subjedtsa rollovermaybehigh due to body weight and gravity.
We hypothesize that ithe event barollover accidentthe buckle release forecequired to
unlatcha seat beltouldbe high and w believe this could be a poteh reason fosome of the
belted rollover fatalities and injurieghis issue may be worsened by factors such as obesity and
the use of pretensioneiBhe following sectionsvill explore how these factors may contribute to
increased buckle release foreaslwill further examine their impact on occupant safety during

rollover events.
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2.3.12 Obesity

Two major public health issues that have emerged in the past few decatiedf&.
andrest of theworld are the increasing prevalence of obesity and increasing motor vehicle
fatalities[96]. Obesity has been linked with arcreased risk of motor vehicle fatalities and
severe injurie$96]i [102]. Higher number of pelvic and chest injuries and difficult airway
control inmorbidly obese trauma patients may be causing increased mortality after fif8ha
Zarzaur etl. repored both belted and ndvelted drivers with obesity are at an increased risk of
abdominal injuries and mortality in an MVC when compared to belted drivers that achess

[104].

According to the Center for Disease Control &ndvention CDC), obesity is a national
epidemic and a major contributor to certain leading causes of fatality th$hf05]. The
prevalence of obesity among3Jadults was 42.4% in 2012018[106]. From 1980 to 2000, the
ageadjustedprevalence of obesity in Americans increased from 14.4% t&@3A.67], andfrom
1999 2000 through 2012018,it rosefrom 30.5% to 42.4%The prevalence of severe obesity
increased from 4.7% to 9.2Pp06]. According to Finkelstein et althe estimated annual medical
costs of obesity ithe U.S.in 2008 were$147 billion, almost doublthe amounin 1998 of
$78.5 billion[108]. As of 2018, it is estimated that among adults, obesity accounted for $172.74
billion of annualexpenditurg109]. Ward et al, foundthatamong adultsobesity was associated

with $1,861 excess medical cost per individual an@$3 for severe obesity annua]09].
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Figure2.35: Prevalence of Age Adjusted Obesity and Severe Obagityng AdultsAged 20 andver inthe U.S.

[106]

One of the most commonly used screening tools to measure and characterize obesity is

the Body Masslndex (BMI), which is calculated as weightkihiograns (kg) divided by height

in metergm) squared110]. Table2.4 mentions BMI ranges for adults associated with the

standard weight statustegorieg111].

Table2.4: BMI Ranges for Standard Weight Status

BMI (kg/m?) Weight Status
Below 18.5 Underweight
18.524.9 Normal or Healthy Weight
25.029.9 Overweight
30.0 and above Obese
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Obesity is often subdivided further into 3 categofld<]:

1) Class 1: 30 < BMI < 35 - Low-risk obesity
2) Cl ass 2: 3 5-Moderatéisk okesitg 0
3) Cl ass 3: 4 0-High-riBk\dbesity

Note: Class 3 obesity is commonly referred t

Joseph et glconducted a retrospective analysisviVC occupants with blunt trauma
using the National Trauma Data Bank (NTCfB)m 2007to 2010[100]. Of the 1,968,051 blunt
trauma patient14,306 MVC occupants were includeditof which 10,2604.8%)were
morbidly obeseThey found that among occupants with morbid obesity, the odds ofwesth
52% higher compared to those with no morbid obeSitg odds of death for drivevgth seat
beltwere 48% higher in occupants with morbid obesity. The odds of death were 49% higher in
motorists with morbid obesity among occupants with both airbppgiment andeat beluse.
When comparing based on injuries, the odds of death were 1.40 times higher among severely
injured occupants with morbid obesity compared to theirgtmese counterparts. For neavere
injuries, the odds of death were 2.03 tantegher in occupants with morbid obesity compared to

nonobese occupants

A retrospective cohort study using the data from CIREN and NASS CDS was conducted
by Donnelly et al to describerariations in the risk of MVC fatality and injury by occupant body
mass index (BMI) class and vehicle tyj88]. They found that obese individuals had the greatest
injury and fatality rate for all vehicle types, compatednderweight, normal weight, and
overweight individuals. They also conclutihat in larger vehicles, including light trucks and

vehicles with abovaverage curb weights, obese individuals were at increased risk of death.
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To understand the association between obesity andatanVVVC injuriesand the
relatedsexdifferences in these associatioMa et al, analyzed the data from NASS Grom
2003 to 200796]. They found that obese teadrivers showed much higher risks of ratal
injuries of various severity than did nobese male drivers, and these risks increased with injury
severity. They also found that male drivers had greater perceitagescle rollover and lower

percentags of seat belt use than did female drivers.

Arbabi et al, speculated that the difficulty of pestjury care of obese victims or medical
comorbidities associated with obestiyuld be attributable to increased riskatial motor

vehicle crashepfl02].

To investigate the association between risk of motor vehicle driver injury and BMI,
Whitlock et al, conducted a cohort study of 10,525 men and women from New Zdagnd
Baseline B/l was assessed in 199293 and for the period 1988998, data on deaths and
hospitalizations for motor vehictiriver injury were obtained bijnking recordsto the national
health databases. They observedshdped association between driver injury risk AR,
which included age, sex, driving exposure, and alcohol intaké Par t i ci pants i n t}
kg/m2; hazard ratioKIR) = 2.00, 95% CI: 1.8 3.39) and lowest (23.kg/m2; HR = 2.17, 95%
Cl: 1.27 3.73) quartile®f BMI weretwice as likely to have experienced a driver injduying
the follow-up period as participants in the reference quartile (28.8kg/ m?2 ; HR = 1.00) ¢

[98].

Zhu et al, investigated the association between obesity and regional injuries during
MVCs using realWorld data and simulated crash data using computational models of obese
occupant$97]. Using the NASS CDS, tlyeextracted injury and BMI data for 10,941 adults aged

18 years or older involved in a frontal M\iE&tweer2001and2005. Analysis of the reatorld
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data showed that obese men had substantially greater riskinyftmjthe upper body than men

with normal weight. Additionally, they found thalbese men were more prone to be critically
injured than obese women for all body regions except the extremities and the abdominal region.
They also found a 4dhaped relationddween BMland seriousnjury in the abdominal region for

both male and female drivers.

2.3.1.3Pretensioners

Il n a crash, 1t iIs iIimportant for a seat bel
and rib cage to r est minimiteinjuiesfrom cootacpwamtted s mot i o
interior componentfl13]. Loose webbing due to various factors like poor seat belt adjustment,
bulky clothing, etc., can result in increased displacement of the head, gbgsana knees in a
crash[114], [115], [116]. A quickercoupling of occupartb the car seat increases the likelihood
of theseat belt engagingith the shoulder and consequentigreasng the level of restrain
provided toanoccupant in fasside impactsprovidingthe most controlled reddown[113],

[117]. Pretensioners are a major advancement in seat belt techtiodogye able to achieve this
in arelativelyshort duration. Seat belt pretensioners retracséela¢ belto remove thelack in

the lapand/or torso portion of the belt almost immediately when a avasbrs[113].

In 1981, the W126 seriesMerceeBR®e nz S Cl ass became the worl
with anairbag andh seat belt pretensiongr18]. While pretensioners were offered on some cars
as early as 198hround 1998 is wheindustrywide application begamy 2003, pretensioners
were available in over 75% of new vehicle models sottienU.S[119]. By model year 2008,
allnewcarsand LTVs soldinthéeS.wer e equi pped with pretensi one

rightf r ont pasdld43ger 6s seats
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Seat belpretensioners employ different mediums to tighterstred belin the initial

phase of an impact with the goal of removing loose webbing before the occupant ha

significantly moved116]. The three most common methaus:

1)

2)

3)

Mechanical Pretensioner: This desmnsists of an inertial wheel combined with a
pendulum which moves to lock the belt into pl§t20]. It usesthe energy stored in a
springwhich is compressed and latched in plecapply tension to the belt webbiirg

case of immediate acceleration or decelerddd®], [121].

Electrical Pretensioner: This is a motorized pretensioner, in which the sensor is connected
to theElectronic Control UnifECU), which issometimes the same sensor used to deploy
airbags. When the sensor detects a sudden deceleration, a signal triggers the motor to
retract the belt webbing. Advantage of electrical over mechanical pretensioners is that the
electrical sensors can be interconnecteti wiher systems in the vehiglE£22].

Pyrotechnic PretensionerBhese are electronically triggered pyrotechnic devices. Upon
receiving an electrical pulse, an explosive charge gengrassurized gas which acts on

a mechanical linkage to apply tension to the webbmgurn pulling the seat belt closer

to the occupartl16], [121], [123] These pretensioners are also connected to the ECU

that work in tadem with airbag sensors, forward collision warning sensor, and other

systems available in the vehicle.

Currently, pyrotechnic pretensiosa@rethe most common version found in modern cars

[121]. These are the most reliable among the available pretension activation technologies, but

their biggest drawback is that they are a-obme use devicelheycan only be triggered after a

crash irreversilyl; once activated, the entire system will have to be repldcd, [122]. There
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are two common locations for pretensioners available for manufacturers, both of which are

equally effective in removing the slack from the HER4]:

a) BucklePretensioners: they pull the belt buckle downwards towards the vébimte
b) RetractorPretensioners: these are located in thgilr and pull the belt tight from the
top attachment.

Both buckle and retractor pretensioneseasavebbing tensionAnothersignificant
concerns thatbuckle pretensioners move thackle away from the occupdai®0]. As
mentioned above, pretensions could cause higherimgbdnsiongin turn causing higher
buckle release forceandcertain types of pretensioners move the buckle away from the
occupantWe believethesefactorscould make unbuckling in a MVC difficylespeciallyaftera

rollover accident.

2.4 Positional Asphyxia

A major issue associated with high buckddease force post rollover accident is occupant
entrapmentand a serious threat in this condition is positional asphgsiphyxia is a condition
characterizedby the lack of oxygen in the body that eused by interruption of breathing or
inadequate supply of oxygen that could result in unconsciousness or eveflasptPositional
or postural asphyxis a form of mechanical asphyxia thatcurs when an individual is trapped
or immobilizedin a position that does not allow for sufficigntimonaryventilation(breathing)
and thus results in respiratory failjfe6]i [129]. In some cases, normal circulation arghous
return(blood flow)to the heart may be directly hindered because of body poaitigin turn

can contribute to the obstruction of normal gas exchfiR®{s.
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Asphyxia could be elicited in differemtays:

a) Hyperflexion or hyperextension of the neck can cause partial or complete airway
obstruction131].

b) Inversion of the upper part or the whole body can interfere with Wwodlationand
regular respiratiofil 32].

c) Compression or flexion of the torso could reduce the total lung volume, pulmonary
expansion, and functional residual capagiylumeof gas remaining in the normal lungs

at the end of an expiratidh33]), thusmaking breathing ineffectivid 34], [135]

To investigate the effects of heddwn position omespirationand circulation,
Uchigasaki et aJ suspended 14 rabbits in reve(apside down) positiofiL36]. They found that
the arterial oxygen tensianr partial pressure of oxyg€RaQ) increased by 28-40% suddenly
thearterial carbon dioxide tensiam partial pressure of carbon dioxi(RaCQ) decreased a
little in the beginningand then the Pa(tarted gradually decreasiRaQ is the pressure of
oxygen dissolved in the blopahich is the measure of how well oxygen is able to move from
the airspace of the lungs into the blpadd similary PaCQ is respectively the same measure
for carbon dioxidg137]. Towards the endhenumberof respiratory movements reduced
suddenlythe PaQ began to decrease rapighnd the PaC@increagd.All the rabbits in a head
down position died in 244 hoursThe cause of deathassuggested to be postural asphyxia

resulting from fatigue of the respiratory muscle by hindered respiratory movements.

Martin et al, suggesthat in manyscenariosn the automotive world, positional asphyxia
is caused byheseat belholdingan occupant in an upsidkwn position when their vehicle is
inverted[126]. They further added thanhe of the most common positions that result in death by

positional asphyxiation ige inverted position.
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Two possible causes of death when an individual is trapped in adbeaxposition:

a) Increasd work of breathing136], [138]

b) Hemodynanic malfunction[139]

Increased work ofieathing or difficulty in respiration in either phase for an individual

can be caused by

1) The stretching effect of suspension that tenses the abdominal muscles, fixing the chest in
expiration whiletheweight of the arms and upper body hanging freely laave
complementary effect, inducing difficulty in inspiratif88].

2) The weight of the abdominal parts pressing on the diaphragm causing fatigue of the

respiratory musclgL36].

Hemodynamic malfunction refers to an abnormality or failure in the circulation of blood
in the body, which can result in insufficient delivery of oxygen and nutrients to organs and

tissueq140]. Belviso et al.[139] suggests that hemodynamic malfunetis caused by:

1) Increasef pressure irthe veins that carry blood frothe brain.

2) Unevendistribution ofblood pressuren the neck

3) Increase of hydrostatic pressure in the upper regions of the body (head, neck, and thorax)
and stagnation of blood in @ of the body where the mechanisms of return blood flow

to the heart are less efficient.

2.4.1Case Reports on Positional Asphyxia

The following case was discussed by Martin etimaftheir study{126]. i A -yied&old
driver with a body mass index (BMI) of 60.8 died after a motor vehicle collision when the

vehicle went off the rad and flipped over in a watélled ditch. He was suspended in an
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inverted position with his face submerged in water by both lap and haesdsek. A

passenger, who was able to exit the vehicle, noted that the driver had been conscious, conversant,
and able to pull his head and face out of the water. Arigtonder was able to help him hold

his head out of the water, but prior to extrication by emergency medicine personnel he became

less and less conscious and eventually became unresponsives Beswanded in an inverted

position for approximately 15 mitest ot a | . He was pronfd2hTthed dead
cause of deattvas deemed to be positional asphyxia due to the prolonged suspension of the

decedent in an inverted position, with a contributing factor of morbid obesity.

Conroy et al discuss five cases of fatal asphyxia in occupants suspended-dpgide
from theirseat beltafterrollover crashes in San Diego County, California during 1995 to 2004
[141]. These deathas described ifiable2.5 all occurred because the drivers were suspended
upside down from their seat belt after a rollover crash in which the vehicle came to rest on its
roof. These occupants may have been unabieottify their position due to various
incapacitating factors. Martin et al., suggekevidence is availablevhile other severe/lethal
injuries are present, positional asphyxia may be considered responsible to the overall injury

complex or cause of death?6)].
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Table2.5: CaseStudies of Fatal Asphyxia fromRollover Crashes San Diego

BMI . _
Age Sex (Weight, Type of V_ehlcle and Injuries Notes
: Accident
height)
Pickup Truck ran off the | . : EMS arrived 13 minutes after the incidémt
38.6 : Bilateral rib fractures| . . .
roadway, down a ravine, find him suspended upside down by beat
58 Male (2251b., : subdurahematoma ) .
5640 rolled several times and (small) _belt After cutting theseat beland removing
came to rest upsidgown. him from the vehicle, he was pronounced de
Mid-sized automobile
31.4 struck a pole guide wire, He was founduspended by hieat beltvith
wentairborneover an External . : : ;
38 Male (183Ib., ) . his head resting on the roof and his chin aga
~ .~ | embankment, struck a trg contusions/abrasion .
5040 o his neck.
and building and
overturned
22.2 Full-sized automobile ran : Unwitnessed incident hence unknown how I¢
71 Male : off the roadway and rollec Rib fractures .
(1641b., landi 4 he was inverted before death
anding on its roof.
35.6 Full sized pickugruck ran External The cab wasrushedand his head was
34 Male 23 4.Ib off the road, struck an | contusions/abrasiong hyperflexed forward against his chest. He w
~ o ~| embankmentand rolled| external lacerations, suspended from theeat belwith his shoulders
5080 : -
over subgaleahemorrhage neck, and head extending out the driver do
The incident was not discovered for almost
Full sized automobilean Rib fractures. wrist hours. When found she was suspended ups
38.4 off the road, went down a fracture sub’alea down from theseat beltThe report also
66 Female | (210lb., embankment, and rolled SUDGAIE: specified that she might have had an alterg
~ hemorrhage, facial . e
5620 over. level of consciousness (due to her head inju

contusions

thatmay have made it difficultol her to
remove herself from the inverted position.
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2.5Emergency Medical Service Response Time

Emergency Medical Service (EMS) response time is defined as the time elapsed between
EMS notification and EMS arrival on scefigl2]. Arrival of EMS on time at the crash scene
could be the difference between life or ddd#i3]. Promptarrival of first responderallows for
stabilization of the occupasttimely triage and transport to the hospital, whereas a delay could

lead to an increased risk of defitk2]i [144].

To measure the association between EMS response time and MVC related déaths at
county level inU.S., Byrne et al conducted a populatielbased analysis of MV@lated death
within U.S. counties from 2012015 using data from the National Emergency Medical Services
Information System (NEMSIS)L42]. There were close to #8illion EMS activations from
2,497U.S.counties, around 2.21 million responses frg@68 counties met the inclusion
criteria; theseounties accounted for 75% of the totablpopulation.The study found that the
median response time for the counties was 9 minutes. The median county response time among
rural/wilderness counties was 10 minutes, and for urban/suburban counties it was 7 minutes. The
proportion of crash fatalities in rural/wédness counties for EMS response time of 10 mirartes
longer was 9.9%, the same for urban/suburban counties for EMS response time of 7 minutes or

longer was 14.1%.

The authors found thabunties with longer response time were more often rural, had less
access to level | or Il trauma centers, lower helicopter EMS availalaitiflonger onscene and
transport time. The studyoncludedhatin both rural/wilderness and urbanburban settings

significant proportion of MV@elated deaths were associatathyrolonged response times.
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According toNHTSA, rural areas account for 71% ofthet i on6s p u p3D% c
of vehicle miles traveled, but account for nearly half of the crash fatgbt¢d-igure2.36

depicts the comparison of highwsatatistics betweerural and urbamreas in 201&igure2.37
represents the fatality rate per 100 million Vehicle Miles Traveled (VMT) by land use from

20092018. In 2018the fatality rate per 100 million vehicle miles traveled was almost 2 times

higher in rural areas than in urban areas (1.68 v4146].
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Figure2.36: MVC Fatality Distribution Considering Miles TraveleddPopulation: Urban vs Rur@018[55]
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Figure2.37: YearlyMVC Fatality Distribution:Urban vs Rurat 20097 2018[145]

Rollover accidents with a fire can particularly dangerous, as they can trap vehicle

occupants inside the burning vehidiggure2.38illustrates instances of fatalities after a rollover
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accident in which the vehicle was caught on fire. On average there are more than 400 fatalities
associated with such scenaribsgges et al. found that the percent of fatal crashes with fires that
wererollovers was 24.9%L46]. In these situations, if an occupant is unable to unlatch their seat
belt due to the extreme forces of the accident or a damaged or jammed latch, they can become
trapped and face a potentially fatal situation. The aedtflames from the fire can quickly

engulf the vehicle, making it difficult or impossible to escape. In addition, the smoke and toxic
fumes produced by the fire can be deadly, even if the flames themselves do not directly harm the

occupant.
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Figure2.38: Occupants Involved in Fatal Rollovers with Fire Occurrences (Data S¢@¢e:

Studies have shown that longer EMS times are associated with higher risk of fatalities.
We believe that high buckle reledsece could cause an occupant to be stuck in the vehicle and
with longer EMS time, the injury could worsen and could result in a fatality, especially if there is
submersion or fire associated with the accidéath EMS response time being longer and
fatality rates being almost double in rural areas when compared to urban areas, it is essential to

research potential issues with higher buckle release forces resulting from rollover crashes.
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Until this point the chapter was focused on passenger vehiabesher critical form of
transportation widely used in theS.is theschoolbus The focusrom here orwill be on
evacuation considerations fohildren ridingschool buses equipped with seat battdthe

discusfon of potentialissues

2.6 SchoolBuses in the United States

School buses are an integral parthef U.S.education and transportation secitwday,
in theU.S.,471,461 school buses transport around 25.2 million chilevery dayand travel
approximately 3.4 billion miles every yef@1]. As of 2019, 47% of total public students were
transported on school bug@4]. Since 2010, the annual sale of new school busdggeU.S. has

averaged over 33,0081].

Pupil transportation started in the late 18@@sh horsedrawn cartdorrowed from local
farmersbeing the first vehicles to transport studdts/]. In 1886 Wayne Works of Richmaih
producedhorse drawn "school cars," also known as "school carriages” or "school [aks"

In 1912, Wayne works develed amotorized kid hack, a predecessor to the modern school bus,
and in 1915Nauvistar (then International Trucks) manufactutieefirst school bus, the Model F,

for Raviniaschool district ifSouth Dakotd148]. The Commonwealth of Massachusetts passed
the first legislation to allow the use of public funds for transporting school children in 1869
[149]. By 1919, 48 states enacted similar laws to encourage compulsory schatd@ttando
consolidate public scha®IMotorized school buses have been used to transport children for over
a century nowDespite being more than a century old, school buses have not chisiagichlly
compared to other means of transportatibgure2.39illustratesthe evolution oschool buses

overthe last century.
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1950[152] 1978[153]

2008 [154] 2020[155]

Figure2.39: Evolution of School Buses
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2.6.1SchoolBus Standards

In April 1939, Frank W. Cyr organized a confererat Teachers College ttattracted
transportation officials from each of the then 48 states, as well as specialists fronbsishool
manufacturing and paint companies, to establish natsmhalolbusstandardsind
recommendationsncluding the standarcblor of yellow for the school by456]. Cyr believed
thatone uniform color would make bus travel safer and standardization would cost districts less
as construction specifications would make mass production possible for manufdt&ifers
Around 44standardsvere voted omluringthat conferencancluding standards for body lengths,

ceiling heightstheaisle width andthedoor widths.

Today,school buses are the most regulated vehicle@road[158]. In comparison to
other vehicle transportation methoti8iTSA claims that students are about 70 times more
likely to get to school safely when riding a school diE8]. 37 out of the 6@ederalmotor
vehicle safety standards apply to school buses and a@rspecifically written only for school

buses likekMVSS 131, FMVSS 220, FMVSS 224nd FMVSS 22%159].

2.6.2SeatBelt AssemblyStandards for School Buses

Federal Motor Vehicle Safety Standard 208 and 209 specifies the requiremeetst for
belt assemblies and FMVSS 222 establishes occupant protection requirements for school bus
passenger seating and restraining barfie2k [27], [160] FMVSS 209 mandates all passenger
cars after 1996 to have a Type 2 (lap/shoulder) seat belt as§@mpblyMVSS 222 only
requires new school buses of 4,536 kilograms (10,000 pounds) ordsssv/ghicle weight rating
(GVWR) (small school buses) that are manufactured on or after Septen2@drilip have

lap/shoulder beltgl60].
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FMVSS 207 Seating Systems

FMVSS 208 Occupant Crash Protection

FIMVSS 209 Seat Belt Assemblies

FMVSS 210 Seat Belt Anchorages

FMVSS 217 Emergency Exit Systems

FMVSS 222 School Bus Passenger Seating and Crash Protection

Figure2.40: Federal Restraint Standamissociatedvith School Buses

NHTSA determined that the best method to provide crash protection to children on large

school buses wastoimplemert oncept call ed fAcompartmentali za

protective envelope consisting of strong, closgiaced seats, which haaeergy absorbing seat

backs[161]. Compartmentalization is applicable to all school buses with a GVWR greater th

4,536kg (10,000Ib.). Small school buses with@VWR of less than 4,53kg (10,000Ib.) are

required to have a lap belt or a lap shoulder belt assembly at ediciy p@sition in addition to

the compartmentalization

School buses, an integral part of the education and transportation sectdd i8 tlaee

currently only required to have seat beltgight states; Arkansas, Louisiaman d

however, g subject to appropriationspproval or denial by local jurisdictiongl 62].
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Figure2.41: StateWise School Bus Safety Lawirs 2021[162]

2.6.4Issue with Seat Belt Standardin School Buses

Statistically, school buses are extremely safe and highly researched but most of the
school bus seat belt research is focused on the economical[a§8§dtL67]. No article has
been found that discusses any issue related to seat belt buckle @bsigiggest problem with
seat belts on school busasuldbethat they are not adequately designed for the riding

population,.e., children

Seat belts foschool buses follow the 5@ laws as for passenger cars, light trucks, etc.
Basically,the belts that are used for adults are what are used for school children as well. The seat
belt buckle according to the FMVSS 209 S4.3 (d) of a Type 1 or Type 2edeas®embly shall
release when a force of not more than 133 N is ap[@i8dFMVSS 217 establishes
requirements for the retention of windows other than windshields in buses and establishes

operating forces, opening dimensions, and markings for bus emergendyL@&]t§ he purpose
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of this standard is to minimize the likelihood of occupgattion from a school bus and to
provide a means of readily accessible emergency egress. However, the effects of seat belts and
the buckle release force in an emergency evacuation scenario is not discussed nor mentioned in

any of these standards.

2.6.5Strength Data on School Children

Research on strength of whole hand or single difiitgers)in the occupational safety
field usuallyfocusesonindustrialdesign of hand intensive tasks to minimize discomfort and the
risk of upper extremity injuries artbeir associated costSonsideration of hand and finger
strength is critical fodesigning products for everyday use extensive literature review could
not uncover any tests done on the buckle reléage capabilities of children. The closest
comprelensivestudy on the strength capabilities of childterpush a button using their digtts
the best of our knowledgeasa major research prograby the University of Nottingham in
association with the Consumer Affairs Directorate of tinged Kingdond @JK) Department of
Trade and Industry (DTIL69], [170] This researcproduced a series of publications that
compled all available desigmelated data into eompilationof easyto-use design resources.
They later undertook a twstage researgbrogram with the second phase aimed at addressing
gaps in the datandproviding designers with ergonomic data fiirectuse in product design to

aid in thedesign of safer producf$70].

To measure the maximum static pushing strengihg thedigits (fingers and thumbs),

two studies wereonducted

a) Maximum static forwards and downwards pushing force of the index finger and thumb,

exerted for five second&69].
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In this, the subject was asked to stand in front of the measuring device, adopt a free
posture, ad exert a statipushing force with the pad of the index finger or the thumb of

the dominant handn a circular plat20 mm in diameter.

Figure2.42: Experimental Setufor (a) Circular ForcePlate (20mm)by the DTI Study[169]

b) Maximum static pushing strength using the thumb or two or rfiragers[170].
In this, the subject was asked to exesdtatic pushindgorceon a buttor{a 50 mm plastic
cube)using either the thumb or two or more fingefsheir dominant handrhe subject
was either standing with the buttpasitioned atlbowheightor seated wittihe buton
positioned athe side of the hip, &eat pan heighSmall childrenwereallowed to rest

their feeton a box.

Figure2.43: Experimental Setup fab) Plastic Cube (50mmy theDTI Study[170]

Forthe presentesearchthe primary focus is othe static pushing forcexerted
downwardswith the thumb and finger§heforce exertiordata fromthe DTI studyis

summarized imable2.6.
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Table2.6: Summary of Mean Push Force from i€l Studieg169], [170]

MeanPush ForcéN)
(20mm Circular Plate) (50mm Cube)
Sex Age 2-5 6-10 | 11-15 2-5 6-10 | 11-15
Male Fingers 21.8 | 43.30| 66.70 | 31.95]| 56.18 | 117.60
Female 24.50 | 42.00| 63.00 | 22.26 | 66.81 | 103.20
Male Thumb 26.9 | 85.10 | 115.10 | 26.8 | 66.62 | 124.43
Female 344 | 71.10| 94.30 | 24.16 | 82.75| 97.24

This data is graphically illustrated Figure2.44. Average force measurements of none
of the categories were able to meet the FMVSS 209 bueldase force requirement b33 N
This is extremely concerning because the subjects in these studies are exerting force on a button
that is bigger (in case di¢ 50mm cube) and not shrouded like a regular seat belt button, and
they are observing a neutral posture with their feet relaxed on a box for support. In a typical

school bus seat due to the height of the seat from the bus floor, not every childasrabitheir

feet on the floor.
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Figure2.44: MeanFinger Push Force faZhildrenAged 215 YearqData Source[169], [170)
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FMVSS 209 S4.3(d) states that a buckle designed forlpuisbn application of buckle
release force shall have a minimum area of 452 with a minimum linear dimension of 10
mm for applying the release forfZ7]. FMVSS 20954.1(e) states thathe buckle release
mechanism shall be designed to minimize the possibility of accidental release/inadvertent release
[27]. Too large a buckle button could caaseinadvertent or accidental rele§d@]. It is
currently unknown what strategies young children employ when pushing the malsasaitton;
fingers, thumb, or a combinatiai both As pushbuttons are often enclosed or shrouded and the
available surface area to exert force is limited, it is posHiblethe force exerted may not be as

significant as in the experiments conducted by the DTI mentioned earlier.

Abulhassan et glconducted a&tudyto determine ithildren in (k2) are capable of
opening and evacuating from a school bus roof hatch imangency rollovescenarid171].
They identified that 42% of kindergarten students were ertabdxert the maximum permissible
design force of 89 N necessary to operate the roohh@tmter et al performed astudy to
explorean alternative rear emergency door khojpen device thatllows the door to be held
partially open and provide unobsttad passagé 72]. The primary reason for this is because the
rear emergency door weighs approximate00Ib. (45kg) and the force required to opereth
doorandegress in a rolled over orientation woulddsgremely difficult for most adults and

improbable for a young child

Research by Abulhassan et ahdGunter et al.have shown that several aspects of
school buseare not designeddequatelyor childrenand thatthey are designedith adults in
mind [171]i [175]. Thedisconnect between the design of emergency ekgshool buseand
the physical capabilities of childrerecessitatefurtherresearch to ensure the design of school

seat belts is compatible with the capabilities of young children.
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School bus rollover accidents aege,but they ar&eomplex andisualy fatal. There is no
debate thaseat beltsarehighly effective in reducingeathsandinjuriesin motor vehicle
collisions especiallyin rollover crashedHowever,the majority of those situations were
involving adultsandanextensive review of thexesting literature was unable to uncover any
studies done on the strength capabilities of children to unlatch a seat belt in a rolled over
orientation of a school bus. Furthermare,reason was fourfdr using enerelease pusbutton
buckle on school buseand any design changes to the buckle to accommodatehfor | dr e n 6 s

anthropometry and strength
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Chapter 3

Assessing Seat BeBuckle Release Forces iRassenger Vehiclg After Rollover Accident

3.1 Introduction

The number of motor vehicle crashes and roaific deattson t he wor |l dds r oa
unacceptably high. According to the World Health Organizagearyday,almost 3,700 people
die globally in road traffic crashd4]. In 2016, the number of road traffetalitieswasat a

shocking 1.35 milliorj1]. Road traffic crashes cost most countries 3% of (BBIP[2].

Motor vehicle crashes are a leading cause of death among those&yedtie
U.S[48]. Morethan 2.2 million drivers and passengers were treated in emergency departments
because of injuries sustained from motor vehicle crashes in[20[L&\ccording to the Bureau
of Labor Statisticsfrom 20037 2018, around 29,000 workers died from woekatedmotor
vehicle crashemaking thenthe leading cause of worlelated deaths itheU.S.[51], [176].
Figure3.1 shows thenumber of fatalities in traffic related crashes in the last 20 years{2000

2020).1t is evident that the total number of fatalities has reduced but only by a small percentage

Despiteadvances in road and vehicle technology, the number of fatalitiesSorodds
has remained high, with an average of about 35,000 deaths annually sino&c201ding to
NHTSAOGs early estimates of motor v@&mlmithel e f at a
total MVC fatalities compared to 201@espite the pandem[&é77]. One of the most dangerous
types of motor vehicle accidents are rollover crashes (RA@sy. have long been recogad as

a significant hazard compared to other modes of crashes.
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Figure3.1: Number and Rate of Road Traffic Deaths from 2000 to 2020 (Data SELBRE177)

20000
18000
16000
14000

dldldl“l“l"t“l“L“t“t“t“tHL“L"L“L“L“L“L“L“L

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Fatalities

Year

B Restrained @ Restrained- Rollover @ Unrestrained B Unrestrained-Rollover @ Unknown [ Unknown-Rollover

Figure3.2: Passenger Vehicle Occupant Fatalities from FARS Data-2099 (Data Sourc¢15])

Figure3.2 illustrates passenger vehicle fatality data arranged by restraint coratition
rollover occurrencesingdata fromthe FARS Databadeetweenl999and2019.This database

illustrates the following key points

1) ROCs contribute to about 3% of all motor vehicle crashes but they account for almost 30%

of all fatalities.
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2) Onaveragearound 20%of rollover fatalites were restrained
3) Since 2000pn averageevery yearmore than 40% of all motor vehicle fatalities were
found to be belted

4) Since 2013, the number of restrained fatalisdsund to be more than unrestrained.

There is no doubt that usigseat belt is far safer than not using oné esduceghe
likelihood ofafatality or severe injury for most accident scenarios, but belted fatalities still
occur.We believe that potetial reason for some of the belted fatalitesl injuriescould be
high seat belt buckle release farée occupant may find himself/herself restrained upside down
in a seat, struggling to unlatch the seat belt in order to eject and avoid further tesramnadbtor
vehicle crash63]. Postaccident conditions such as fire, submersion, positional asphyxia, etc.,
can turn fatal due to entrapment. Even if the occurrence of secolsas rare, it is necessary to
research this topic and ensure that the release force standard is compatible with the capabilities

of vehicle occupants.

3.2 Objective and Hypothesis

The primary goal of this experiment is to study the strength capabalfteegults to
unlatch a pustutton seat belt buckle in a rolled over orientatifime specific aims of thistudy
were

a) Measure the maximum buckle release fdpuesh)exerted by the occupant in
differentorientations.

b) Determine ifthe occupantrientation affects theforce exertion.

C) Determine if the occupant is able to unlatch the seat belt buckle in different

orientations.
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The hypotheses of the experiment were:

Hypothesis 1: The maximupushforce exertion on pushutton seat belt buckle faubjects is

greaterthan the maximum buckle release forcd 88 Nmentioned in the standard
Ho: Fexerted by subjec® 1N8 3
Hi: F exerted by subjects 133N

Hypothesis 2: Force exerted by an occupaaniapright orientation is same as the force

exerted imnarolled overorientation.
Ho : F exerted in rolled over orientatichF exerted in upright orientation
Hi: Fexerted in rolled over orientatidn eRerted in upright orientation

Hypothesis3: Capability of subject to unlatch a seat belanolled over orientation is same as

the capability of subject to unlatch a seat bedinmipright orientation.
HO : N unable to utatch in rolled over orientatior O
H1: N unable to utatch in rolled oveprientationl O

3.3 Research Equipment

The following equipment were used for data collection:
1. CustomBuilt Rollover Simulator
a) Summit Racing Engine StancBUM-908300GA

b) Kirkey 55 Series Aluminum Pro Street Drag Seats 55200
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c) Ford F150 3Point Driver and Passenger Harness
d) Racequip FIA Camlock Harnesse®54014

2. Force Gauge
a) Chatillon Model DFSZR-ND Digital Force Indicator
b) Chatillon SLG0500 Remote Force Lodckll

3. Seca 700 Physian Scale with Height Measuring Rod

4. Rubbermaid Pelouze P250SS Weight Scale

Figure3.3: Seca 700 Physician Scale Figure3.4: Rubbermaid PelouzZe250SS Weight Scale
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3.4 Experimental Design

The experiment was divided into 2 phases
a) Phase 1: Force exertion

b) Phase 2: Unlatching ability

Sixty (60) subjects 30 males an®0 females)aged B andolderwererecruited from
Auburn University, A.. A breakdown of thesubjecs is displayed iTable3.1. Following
comprehensive discussions, the Internal Review Board (IRB) gave its apjomtva study.
Subjecs were recruited usindyersacross campuandin-classannouncementsA pre-screening
of subjecs was conducted before they came for data collection to ensure they met the eligibility

criteria and understood the requirements of the experiment.

To participate in this studgubjecs had taneet all the following eligibility requirenmss:

1 18 years of age or older

1 No history of physiciardiagnosed musculoskeletal disorders, injury, or surgery in the
back region

1 No chronic pain in back, shoulders, neck, or low back during the last 6 months

1 No history of physiciardiagnosed musculosletll disorders, injury, or surgery in the
hand and/or digits (fingers and thumbs)

1 No chronic pain in the digits (fingers and thumbs) of both hands in therashibs

1 No physiciardiagnosed neurodegenerative diseasg. P a r k i DiseaseMuliple
Sclerosis, etc.)

1 No history of vertigo or motion sickness

9 Not pregnant
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Subjecs were also requestéal refrain from eating at least 2 hours prior to the study and
not to eat too much prior to the studytiasywould be inverted during thexperment.IRB
approved consent documentation was required prior to the data coll@ttediyers,in-class

announcement scripgnhdinformedconsent form can be found in the Appen@x B, C).

Table3.1: SexWise SubjectDemographic andnthropometridData

Variable Sex Total Mean StDev Minimum Maximum Range
Age F 30 26.17 6.97 18.00 47.00 29.00
M 30 28.47 6.84 19.00 55.00 36.00

BMI F 30 23.679 3.773 16.830 35.700 18.870
M 30 25.984 5.278 17.370 39.530 22.160

3.4.1 Rollover Simulator

In order to study the hypothesis, a test apparatuslesigned anuilt in-houseto
replicate a passenger vehicle front seat rolld8elidworks- Dassault System2022
(computer aided desiggoftwarg, was used to design and develop 3Heimensional (3D)
modelprototype.Figure3.5 depicts a 3D model of the rollover device during the design phase.
Theobjectivewas to design a fixture that could house a passenger vehicle seat along with seat
belts for both sideto account fothe driver and passenger side seat belt configuratimngoal
was to rotate the subjectttiree @) different angles (99187, and 270) to mimicthethree Q)
most common scenarios for a passenger vehicle after a rollover accident and test their buckle
release strengtbapabilities.The most critical aspect of the design was to introded a
protection mechanism in order to prevent the occupant from fahghurting themselves when

they were rolled over for the experiment.
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Figure3.5: 3D Model of the Rollover DevicBuilt in Solidworks

A 1,0001b. weight capacity engine staméas purchaseftom Summit RacingEquipment
(Figure3.6) andwas used as the base for this apparatus. This engine staa@31dsgeared
head permitting it to rotate 36With the capability of holding a mounted engine (in our case the
seat) at any desired angtie to a worm gear assembly seen ifrigure 3.7. Thisworm gear
setupensurs the seatingassembly maintagits position regardless édrce or movement on the
seatingside This was especially beneficial in keeping the subjects safegliime unlatching

phase.

Figure3.6: Summit Racing ,0001b. Engine Standi178]
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Figure3.7: Worm Gear Assemblysed inEngine Standi179]

A custom metal frame was designed &adaticatedn order to mount a seat to the engine
standand house all the necessary anchor points for the seatfgtpical racing stylducket
seatstylewas chosen as it waspable of housing agoint harnessrigure3.8, which would act

as the fall protection harness for this experiment

The widest commercially available bucket sgdh a width of20 inchesasshown in
Figure3.9, was used in order accommodate a broader rangapécs. To test the unbuckling
capability ofa subject,tefixture was equipped with a-foint restraint system with and
releasgpushbutton buckle. The restraint system was fr@g912 Ford FL50 pickup truck, for

the passenger and driver side.

Figure3.8: Racequip &oint Racing Harneg480]
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Figure3.9: Kirkey Racing 5520@luminum BucketSeaf181]

The primary reasons for using a Ford F150 restraint system were:

a) Pick-up truck fatalities are one of the highest in rollover crashes
b) For more than four decadebe Ford F150 hdseen the bestelling vehicle and

the bestselling pickup truck in Ararica[182], [183]

Post unbuckling, to prevent the subject from fallingfoutn the seat, a Racequipp®int
FIA Camlock Harnesses, model 854qEgure3.8) wasused.A challenging aspect of the
design was testablish accurate anchor points for lteds (both 3point ared 6-point) to

representhe seat belt effesbf a real passenger car

34.1.1 Seat Belt Anchoage Locations

Federal Motor Vehicle Standard 571.210 establishes requirements for seat belt assembly
anchorages tensuretheir proper location for effective occupaastraint and to reduce the
likelihood of their failurd184]. For accurate mounting of tAe/pe 2, 3point lapshoulder seat

belt, guidelines from FMVSS 210, SAE J826, SAEN, ked beltanchorage and seating
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position pointsdescribed in EU Regulation 14, and the European New Car Assessment

Programme (Euro NCAP) protocols were follow&84]i [188].

For seat design angeat belanchor points, the Seating Reference Point (Sdickes
critical significancan automdilesasi t i s used to | ocate the occup
vehicle to ensure their comfort and safdtje SgRP or the H point, according to FMVSS 571.3
and as defined in the SAEI00,isa poi nt that HAEstablishes the r
or riding position of each designated seating position, which includes consideration of all modes
of adjustment, hori zont]/[&86],[189 EBigute3.10 luktratesahed t i | t

SgRPalong with other dimensional relationships within a vehicle.

(==~ FRONT OF DASH

}-— ZERO "X PLANE TORSO LINE

~ TPOINT -

HEADLINING - C/L|

ACCELEHATDi/ L SgRP - 1—./ — PASSENGER
HEEL POINT o / HEEL POINT
D POINT

ZERO "Z" PLANE

Figure3.10: Seating Reference Point in a Vehicle (SAHIO)[186]

For thelap belt portionaccordingto the FMVSS21034.3.1.1 aninstallation where the
seat belt does not bear upon the seat frame and if the seatdgustatae, then a line from the
SgRP to the nearest contact point of the belt with the anchorage shall extend forward from the

anchorage at an angle with the horizontal of not less thaar@Dnot more than 7$184].
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For the shouldelFMVSS 571.210 S4.3.@entions that the upper end of the upper torso

restraint shall be located within the acceptable range shokigumne3.11, with reference to

templates and Hpoints described IBAE Standard J826 and SAE100[184].

6.0 In. (152.4 mm)
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/\ISD deg.

‘FIQE deg \ | ACCEPTABLE

Shoulder Reference Point
Torso Line

SAE 2-D Drafting Template ——,

Design H-Point

G

%

f

% |RANGE
40 deg.

2216 in.
(563 mm)

Horizontal Line

Due to the vague nature of thexleral standards for anchor poirli§] regulations were
also reviewedRegulation 14 of th&JNECE provides miform provisionsconcerning the
approval of vehicles with regard teatbelt anchorage#) which detailed requirements for seat
belt anchorhiave been outlinefd87]. Figure3.12illustrates theareas of location of effective

belt anchorages according to the Rejgulation 14. The standaf®egulation 14 5.4.2.1)

Figure3.11: Location of Shoulder Strap Anchora@VSS 571.21D[184]
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DR =315+18S

BR = 260 + S

except as otherwise specified in
paragraphs 5.4.3.2, 5.4.3.3 and
5.4.3.6 of the Regulation

Distance as specified in
paragraph 5.1.4 of the

Regulation
~.

Angle as specified in
paragraph 6.1.2 of the
Regulation

.

Permitted area for additional
anchorages according to paragraph
5.4.3.7.2 of the Regulation

Torso line according to
paragraph 2.5 of Annex 4 to
this Regulation
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paragraph 2.5 of Annex 4
to this Regulation

\
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plane of the seat

i
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§ = 140 min
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e

L

All dimensions are in mm
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Figure3.12: Location ofEffective Seat Belt Anchorages per EU 14187]

Due to the fact that both the FMVS&&nd the EU standards are for passenger vehicles
and talk about seat belt anchor poistaining tgoroductionmodels ofpassengevehicles, the
guideines from EurbiCAP were also reviewe&uroNCAPIs a European voluntary vehicle
safety performance rating system which provides consumers with information regarding the
safety of passenger vehicld®0]. To dynamically test and evaluate all forwdading front
motor vehicle seats and head restraint assembly, EuroNCAP performs expersimgnestast
sled to simulate a variety of crash scenarios. For these tests, the geneoitirégshoulder

seat belts anchorages should be positioned as shdviguire3.13[188]. The illustrated marks




correspond to the arrangement of the anchorages where the ends of the belts are to be connected

to the sled.

1000 mm

8 LA

)

400 mm 300 mm
-— -

-

Figure3.13: Belt Anchorage Positions for a Thr&mint LapShoulder SedBelt [188]

Federal standards only mention anega requirements fdirype 1 andl'ype 2 seat belts.
The 6point racing harness that is used as a fall protection harness in this experiment is not
covered under thodederal standard$ienceacingharness installation guides from the SFI
Foundation, FlIAandNASCAR approved racing harness manuf

followed.

Figure3.14: Mounting Point Positiongl91]
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Figure3.15: RestraintAnglesGuideline[191]

SFI foundation is nonprofit organization that sets safety standards for the racing
industryalong withdevelopng andcertifying safety equipment and gear for use in motorsports,
including racing suits, glovebarnesseshelmets, and other safety géE92]. According to the

SFI foundati onods s[&98]tsonte®flthe mainrecamankendaiaveieo N g ui de

1) To keep the shoulder belt angle between 0° to 20°.

2) For the lap beltthe recommendeangle was between 45° and 80° from the horizontal
and that belt shouldde within the curvaturef the pelvic bone preferably just below the
iliac crest.

3) Crotch belt angle should be between 0° to 20° fopaifit harness.

4) Most importantly, all the belts should be as slaspossible from the mounting point.

Based on thesguidelines, a frame was constructed as shovigare3.16 to
accommodate both the@int and époint harnesses. In addition, extra slots were incorporated

to allow for testing with different types of seats if required.
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Figure3.16: Mounting Frame wittAnchor Points

Figure3.17: Device with Seat and Restraints Mounted
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Figure3.17 shows the bucket seand both the restraints mounted to the frameing
initial testing it was realized that the wheels for the engine stand were not ideal because the
brakes were not strong enough to prevent the entire device from sliding due to lack of friction.
The device was modified by removing the wheels and adding extender arnabilization.
Figure3.18 shows this modified setup. To prevent injuyi@svooden platform was built to go
over the base of the frame. Arich gel menory foam mattress was placed on top of the wooden
platform to provide cushioning and absorb the impact in the unlikely event of a subject falling

from the device.

Figure3.18: Modified Base
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Figure3.19: Wooden Platform on Base

Figure3.20: Final Test Device Setup
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Figure3.21 shows a subiject sitting in the device with both thmt and the §oint

harness, to illustrate the typical angles observed with a subject on the rollover simulator.

Figure3.21: Subject Wearing Both Restraints lllustrating Belt Angles

3.4.2 Force Measurement Setup

A Chatillon DFS2R-ND Digital Force Dynamometer with the Chatillon SI0600
Remote Force Loa@ell, Figure3.22, was used to measure the maximum force exerted by the
subjects in different orientations. Arrangensaméremade to mount the external load cell to
both sides of the seat to measure the force exerted husingandsone at a timén all

orientationsas gen inFigure 3.29.
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Figure3.22: Chatillon DFS2R-ND Digital Force Dynamometer with tfghatillon SLG0500 Remote Force Load

Cell

According to the FMVSS 209 ((9), abuckle designed for pudbutton application of
buckle release force shall have a minimum area of 452witima minimum linear dimension of
10 mm for applying the releagarce[27]. UNECE Regulation 1&tandard 2.4.2.thentionsthat
a buckle which is released by pressing a buttail have an area of not less than 4.5 and a

width of not less than 15m [84].

Keeping these standards in miagtustompush button prototype was desigried
represent a potentiakat belt push button with the minimum dimensions posdibke.
dimensions for théuttonwere 15mm by 31 mmwith a surface area of 465 mMnThis custom
button was3D printedon aMarkforgedMark 2 3D printerusinga mixture of a special
composite base materi@nhyx™ (a micro carbon fiber filled nylgralong withcarbon fiber

layers near stress poirji94].
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Figure3.23: Custom 3D Printed Push Button Prototylhestrating FilamentLayout

Figure3.24: 3D Printed Push Button Prototype
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Figure3.25; Push Button Load Cell Setup

Figure3.26: Custom 3DPrintedLoad CellCover

The load cells as seenkingure3.25, have very sharp edges and due to the nature of the
study and their location,@stom protectiveasing was designed and 3D printed to fit the load
cell and cover the sharp eddégure3.26). Tosi mul at e t he | oad cell 6s p

pressing an actual seat belt buftbnvas important to mount the load cell to have the button at
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the same height and angteits belt buckle counterpafigure3.27 shows the mounting bracket
that was designed to mount the load cell. With, thighthe height of the load cell and the angles
could be adjustedrigure3.28 shows the sidéy-side comparison of load cell assembly to the

seat belt buckle assembly.

LG T A R

Figure3.27: Load Cell Assembly Mount

Figure3.28: PushButtonLoad Cell Setup Position Comparison
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Figure3.29: Final Load Cell AssemblyFront and Side View

Figure3.30illustrates the final load cell assembly with a subject. The covers had
different colors to make it easier for the subjects and the Résg&sscstants (RA) to identify the

side.Figure3.31illustrates pressing the load cell from a side view.
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Figure3.30: Force Measuring Push Button Setup with Subject

Figure3.31: Force Exertion lllustratioof 180 Orientation Side View
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3.5 Trial Methodology

The experiment wasonducted in »hasesThe primaryreason for splitting the
experimeninto 2 phass wasto change th&ey componentéswitching between load cell and 3
point seat belt buckleyithin theequipment according to the requirementghef studyThe
order ofthe phasewasrandomizedPhasel measurd the force exertions at different
orientations anéhase 2 measurd the unlatching ability of the subjecifter the prescreening
processsubjecs were scheduled for data collection. For data collection, idrsatere
allocated At station 1, thesubjecsdconsent was obtaingthen theipersonademogrghics
werenoted,and their height and weightererecordedThesubject recruitment sheet is attached
in the Appendix(D). Station 2 is where the test equipment was KEpe. starting phase was

determined based on a randomized ofd@pendix V)

3.5.1Phas 1:Force Exertion

The goal of this phase was to measure the maximum push force exerted by an occupant in
different orienations on a pushutton buckleprototype.3 angles were selected to repregéet
3 most common scenarios a car can end up in after eo]lanth O being the normal orientation.
In a passenger gaan occupant could wear a seat belt eithién the buckle on the left side or
theright side and theyauld unlatch it by pressing the pubhtton with either their fingers or
thumh For the purpose of this studite number ofingers wasnottreatedasdifferentgroups
because depending on the anthropometry of an individual, he or shearaywfitere between 1
or 4 fingers on the button to exert for@nly 2 groups were made based on the digits, pressing
with just the thumb as groupandpressing wittfingers (independent of number of fingers) as
group 2.0riginating from thesea total of 16 different variations of force exertions are possible

as displayedh Figure3.32. For determining the order of force exertion for each sulgesplit
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plot randomization technigue was used for this phase. The experimental trial order is attached in

the Appendix (W).
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Figure3.32: Force Measurement Experiment Trial Layout
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Once the subject was reatybegin trial, they werasked to wear a bicycle helmet and
sit on the bucket seat and don thpdint harnessThe harness waghtened with minimum
slack to prevent movement within the seat while being rotdtedywerethen rotated to the
required orientation based on the randomized order and upon receiving the signal from the
research associate, thegreasked taexert force orpush button prototypeonnected tohe load

cell situated at the corresponding side.

3.5.1.1 Maximum Voluntary Contraction

For measuring the maximum force exerted by the subject, the meuesdsibed by
previous studies to measure Maximum Voluntary Contra¢vV/C) [170], [171], [195][199]
were folloved Upon signal from the research assogiditesubject was asked to slowly start
exerting the force on the push button prototype and reach their maximum effortsstemals.
They wereasked to hold the maximum effort for 3 secondswaerkethen askedo slowly relax
over a duration of 3 seconds. Between MVC sets, several studies prescribe a resting period of 2
minutes[170], [195) [199]. Based on that, a rest period of 2 minutes was observed between each

MxVC setthat involvel the same digit.

The subjects were brought to 0° (upright orientation) during this rest period. For trials
involving a different hand (side), the greater value between a 30 second rest period or the time to
get to that particular orientatiowas observed. Note: the standard seat belt buckle was removed
to avoid hinderance in exerting force and to avoid confusion as to which button is required to be

pressedFigure3.34illustrates the setup for this phase
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Right

Figure3.33: Rollover Simulator Position lllustration

Figure3.34: Subjectin 0° Orientation During Force Exertion Phase
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Figure3.35; Subjectin 90° Orientation During Force Exertion Phase
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Figure3.36: Subjectin 180° Orientation During Force Exertion Phase

After all the force exertiotrials were conducted, the subgaterebrought back to 0
(upright orientation)the 6point harness wasnlatchedand they were helpdd step out of the
device The subjects were asked to rest as the researchers switched the load cell setup with the 3

point harness seat belt buckle for the next phase
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Figure3.38: lllustration of Push Button Buckle and Lo&dll Superimposed
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3.5.2 Phase: Seat Belt Unlatching

The goal of this stag@asto determindf an occyant is able to unlatch a seat hela
rolled over orientationThree (3)angles were selected to represent the 3 most common scenarios
afterarollover. In a passenger ¢an occupant could wear a seat belt either with the buckle
being on the left side or the right sj@ad they could unlatch it by pressing the phsatton with

either their fingers or thumb.

—

Side | | Trial |
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a4 90Deg

\ 4

Left
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Figure3.39: Unlatching Ability Experiment Trial Layout
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In arealworld scenarigduringanaccidentémergencyan occupant couldnlatch their
seat belusing any method fingers, thumb, or a combinatiaf both and egress the vehicle
Hence for the purpose of this study, tbagits used to unlatcivere not treated as different
groups.A total of 8 differentvariationsare possible for unlatchirthe seat belt in different
orientations as shown Figure3.39. Theorder in whichtheseunlatching trials were performed
wasrandomizedWhen the subject was ready for thial, they wereasked to sitn the seat and
don the 3point harness for the side basedlo& randomized trial ordefhe 6point racing
harness was thdastened ontthe subjectvith slack in order to maintain webbing load on the 3
point seat belsimilar to a conventional vehicl@he slack limit was restricted to not more than
about4-i nches (fist size) bet we grgure3mtd. Thasdirhiti ect 6 s
wasrequired by the IRB while approving the study @nd limitationof this studythat will be

discussed later in this chapter.

After making sure both the3oint and €point harness was secure, the subject was
rotated to the desired angle (based on trial order). Once they reached that position, upon
receiving instruction fronthe RA, the subject was asked to press3ymintseat belt push
button in order to unlatch themselves. For consistency in data collection, the subject was
requested to unlatch only using the sidéhethand coinciding with the side of buckle. After
eachtrial the subject was brought to thprightpositionand the process was repeat8dbjects
were given 3 attempts to unlatch the seat belt buckle. Each attempt was defirsebjegct
taking their hand out and reaching the button to unlatch and if cessfa) taking their hand
away from the button for thRA to see and then trying again. They had the option to stop the

experiment at any time if they felt uncomfortable or were unable to unlatch.
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Figure3.40: Phase 2 Subject Orientation 4t 0

Figure3.41: Fall Protection Harness Slack lllustration
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Figure3.42: Experiment Data Collection Process Flow Chart




3.6 Statistical Analysis Methods

The data collected from the experiment underwent both visual inspection and statistical
testing to determine its suitability for various analytical techniques sughagsis ofVariance
(ANOVA), Analysis ofCovarianc ANCOVA), linear regression modeksnd binary logistic
regression. Visual inspection included examining box plots, individual value plots, normality
plots, histograms, residual plots, and checking for outliers. The statistical testing took into
account the assumptions of normality of residand equality of varianc€heseanalyses were
conductedusingMinitab 21 (203) Statistical SoftwareState College, PAJSA: Minitab Inc,

SPSS statistics softwar2023IBM SPSS Statistics 2% hicago, IL, USA) and Stati2€i9.0

statistical softwar@¢Analytical Software; Tallahassee, FL, Maryland, USA).

Theindependenvariables for the experiment were&ategorical sex(male, female)

degreg0°, 90°, 180, 270), side(right, left), digit (finger, thumb)and Continuous BMI, age

Thedependent variabéeof this experiment wef@rce (N)exertedn different

orientationsand binary output for ability to unlatch-g&s, Gno).

The statistical significance of the main and interaction effects of the independent
variables on the dependesatriables were tested using ANOVA following a sgiit-plot
factorial design for each sex. The degrees were assigned as the main plot, side (hand) as sub plot
and digit as susub plot.Tukey Honest Significant Difference (HSD) pdgic tests were

condwcted to compare each possible pair offdatorsfor each sex.

For studying the effects of BMI and age on the force exertion, a linear regression model
was developed for the data set and an analysis of covariance (ANCOVA) was performed.

Regression Analysifor force versus age, BMI, sex, degree, side, and digit was performed. For
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this analysis, a backward elimination process
0.05) to remove. AThis method st ar tsshelpastt h al |
significant term for each step. Minitab stops when all variables in the model tvaees that

are |l ess than or equal t o[200he specified Al pha

The objective of the unlatching study was to investigateapability of a participant to
release a seat belt while in a rolleder position. The study focused on three prevalent
orientations that a vehicle could assume following a rollover incident, n&@®l§¢8C, and
270C°. Unlatching at @ was not tested. H subject was able to unlatch in any of the six (6)
rollover orientations, then it was assumed that they could unlatch in an upfigas (@ell.

There were no instances where a subject was unable to unlatch the buckle in all of the non
upright orientatbns. Therefore, it was assumed that all subjects could unlatch the buckle in the
upright orientations. The outcome of each orientation was recasdetharyas only two (2)

outcomes were possible. All 60 subjects performed all the possible six (6) ingatch

orientations. There were 6 instances where a subject could not unlatch. Three (3) male subjects
and one (1) femaleould not unlatch in 1 orientation and 1 female subject could not unlatch in 2

orientations.

A binary logistic regression was performea the unlatching ability of subjects at
different orientation against independent variabBMI, age, sex, degree, and side. All terms
and interaction effects were added to the model, and a backward elimination process was used to

determine the best fittg modelwi t h an al p.6butoremoveue (U =
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3.7 Results

3.7.1Descriptive Statistics

A summary ofsubjectdemographic and anthropometric dst@resented iable3.2.
Table3.3 representshis datasexwise.Each of the 6@ubjecs performed all theitls for both

phases force exertion and unlatching ability.

Table3.2: SubjectDemographic anédnthropometric Data

Variable Total Count Mean StDev Minimum  Maximum Range
Age 60 27.317 6.947 18.000 55.000  37.000
BMI 60 24.831 4.695 16.830 39.530 22.700

Table3.3: SexWise SubjectDemographic anénthropometric Data

Variable  Sex -g:)tj:]t Mean StDev Minimum Maximum Range
Age F 30 26.17 6.97 18.00 47.00 29.00
M 30 28.47 6.84 19.00 55.00 36.00
BMI F 30 23.679 3.773 16.830 35.700 18.870
M 30 25.984 5.278 17.370 39.530 22.160
Table3.4: Subjects in each BMI category
Male | Female| Total

Underweight (below 18.5) 2 1 3

Normal (18.524.9) 13 19 32

Overweight (2529.9) 9 8 17

Obese (above 30) 6 2 8

Total 30 30 60

3.7.1.1Force Exertion Descriptive Statistics

Table 3.5 summarizeshe results of the force exertion trialdahable3.6 represents the

same separated l3gx Table3.7 andTable3.8 illustrate the force exerted by female and male
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subjecs at different degreebigure3.43 andFigure3.44 illustrate the distribution of age and
BMI for both sexesFigure3.45displays the individual values of force exertion for both male
and female subjects. Frofigure3.46 to Figure3.50, multiple force exertion descriptive

statistics are graphically illustrated for sex, degree, side and digit.

Table 3.5: Results of the Force (N) Exertion Trial

Variable Total Count N Mean StDev Minimum Maximum Range
Force 960 904 65.059 27.380 13.600 267.800 254.200

Table3.6: Results of the Force (N) Exertion Trial by Sex

Variable  Sex ggltﬁlt N N* Mean StDev Minimum Maximum Range
Force F 480 460 20 54.04020.232 13.600 177.400 163.80C
M 480 444 36 76.47 29.11 20.20 267.80 247.60

Table3.7: Force(N) Exerted by Femal8ubjecs in EachOrientation

Variable Degree gg&i}lt N N* Mean StDev Minimum Maximum Range
Force 0 120 120 0 59.44 19.75 24.80 120.00 95.20

90 120 113 7 50.21 18.76 15.20 107.80 92.60
180 120 116 4 55.79 23.03 13.60 177.40 163.80
270 120 111 9 50.27 17.58 18.80 97.40  78.60

Table3.8: Force (N)Exerted by MaleSubjecs in Each Orientation

Total
Variable Degree Count N N* Mean StDev Minimum Maximum Range
Force 0 120 120 0 90.68 32.79 43.00 267.80 224.80
90 120 99 21 67.67 2455 22.20 135.60 113.40

180 120 120 0 78.47 27.83 23.60 170.80 147.20
270 120 105 15 66.25 2254 20.20 147.60 127.40

The N*in Table3.6, Table3.7, andTable3.8 represents the number of trials for which
no data was registered.
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Individual Value Plot of Force vs Sex
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Figure3.46: Force (N) Exerted by FemaBubjecs in Each Degree
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Figure3.47: Force (N) Exerted by MalBubjecs in Each Degree
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Figure3.48. GendelWise Graphical Represg¢ation ofMeanForce(N) vs Orientation
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Figure3.49: Force(N) ExertedSideWisei RightSidevs Left Side
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Figure3.50: Force(N) ExertedDigit Wisei Thumb vs Finger

3.7.1.2 Seat BeltUnlatching Descriptive Statistics

All 60 subjecs (30 male and 30 femalpgrformed thesix (6) unlatching orientations
mentioned earlielA total of 360unlatching trials were conductebhere were 6 occasions on
which an individual could not unlatch their seat bédt. Table3.9 represents the distribution of

subjects able to unlatch theeat belt irdifferenttrial orientationsTable3.10 represents
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scenarios in whickhe subjects could not unlatckhree @) male andwo (2) female subjects

could not unlatch the seat belt in at least 1 condition.

Table3.9: Distribution ofSuccessful Unlatching of Seat Belts in Different Trial Orientations

3.7.2 Inferential Statistics

Degree 90° 18C° 270
Side Right Left Right Left Right Left
Total Possibl 30 30 30 30 30 30
Male 30 27 30 30 30 30
Female 30 29 29 30 29 30
Table3.10: Scenarios where Subjects Could Not Unlatch
Sex BMI Age 90°R
M 28 23
M 39.53 55
F 20.01 31
F 35.7 22
M 28.13 26

3.7.2.1Force Exertion Inferential Statistics

To determine if the force exerted by subjects was greater than or equaitaxineum
buckle release force specifiedkfMVSS209 0f133 N aone-Sample itest was performedis
shown inTable3.11, the null hypothesisThe maximum push force exertion apushbutton
seat belt buckle for subjedtsgreatethan the maximum buék release force df33 N

mentioned in the standaislrejected at all orientations

When conducting multiple comparison tests, the probability of type 1 error increases with

the increase in number of comparisons. Using the equation for calculating inflated significance
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level, nf |l at ed O, N=ndmbér of hypothesedtgstatie inflatedUfor 16 tests

was found to be 0.559201]. In order to control for the possibility of Type | error inflation due

to multiple hypothesis testinthe Bonferroni correctiomethod of familyvise error rate

(FWER) correctiorwas performean the onesample {test results presented Tiable3.11. The
significance level (alpha) was divided by the number sistperformed, which in our case was

16. Therefore, a new significance level of 0.003125 was used instead of the conventional 0.05
level for each individuakttest.All the ttests yielded a-palue smaller than 0.003125, indicating
thatthe null hypothesi could be rejected at the new alpha level as ®#&lbng evidencevas

found to reject the null hypothesis that the mean of each group is greater than or equal.to 133

This indicates that the mean of each group is significantly less thax.133

Table3.11: OneSample test Results HO O 133 N

95% Uppel
Orientation N Mean StDev Bound T-Value P-Value
0° RF 60 68.53 25.04 73.93 -19.94 0.000
0° RT 60 84.53 37.22 92.56 -10.09 0.000
0° LF 60 63.42 20.69 67.88 -26.05 0.000
0°LT 60 83.78 34.03 91.12 -11.2 0.000

90° RF 60 58.64 21.27 63.23 -27.08  0.000
90° RT 59 68.05 23.97 73.27 -20.81  0.000
90° LF 46 53.46 20.7 58.59 -26.06  0.000
90° LT 47 50.63 23.68 56.43 -23.85  0.000
180 RF 59 65.10 26.43 70.85 -19.73  0.000
180° RT 59 74.49 32.33 81.53 -13.9 0.000
180 LF 59 62.18 24.83 67.58 -21.91  0.000
18C° LT 59 67.54 26.81 73.37 -18.76  0.000
270 RF 50 55.99 20.37 60.82 -26.73  0.000
27C RT 46 53.86 21.96 59.29 -24.45  0.000
27C¢ LF 60 53.2 16.61 56.79 -37.21  0.000
27C° LT 60 67.8 24.06 72.99 -20.99  0.000

As seen inTable3.11, there were instances of no force exertion. With 60 subjects,

exerting force 16 times, there were g@issibilities There weré6 occasions where no force
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was recordedIt wasobservedhatone(1) of theseobservatios occurredn 90° right side,27
occurredn the90° left hand sidefour (4) occurredn 180°, and24 occurredn 270 right hand
side Those subjects that had a missintadaoint (.e., unable to exerforce at any trial
orientation)were grouped together andalyzedo see if there was a factor théitied this

responseTable3.12 shows thalescriptive statistics for this group

Table3.12: Descriptive Statistics of Subjects with Missing Data

Variable Sex N Mean StDev Minimum Maximum

BMI F 8 26.25 5.37 20.01 35.70
M 13 26.64 5.93 17.37 39.53
Age F 8 27.47 8.77 21.61 47.35
M 13 30.09 8.60 20.94 54.78

A two-sample itestwas performedior BMI andage between subjects with all data points
VS subject with missing data poirits eachsex(Table3.13andTable3.14). Two-sample itests
were also performed for forces for all data points and individually atcssgpieg Table3.15and
Table3.16). No statisticallysignificant differences were four any of the #ess. After a
thorough examination of the trial videos and images, it was deterthaethe primary reason
for this wasthat somesubjeds wereunable to reach the button with their respective digitsch

could bedue todifferent body structures and flexibility ehch individual

Table3.13: Two Sample ttest for BMI and Age, Female and Mdl&ubjectswith Missing Data vs Subjects

without Missing Data

Variable T-Value P-Value
BMI_F 1.77 0.114
Age F 0.55 0.597
BMI_M 0.57 0.572
Age M 1.05 0.306
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Table3.14: Two Sample ttest for Force, Female and Mél&ubjectsvith Missing Data vs Subjectgithout

Missing Data
Force T-Value P-Value
Male -0.66 0.507
Female 0.74 0.458

Table3.15: Two Sample ttest for Force aEachDegree, Femalé Subjectswith Missing Data vs Subjectgithout

Missing Data
Degree T-Value P-Value
0° 1.99 0.052
90° 0.69 0.495
18C¢ -1.05 0.299
270 1.41 0.167

Table3.16: Two Sample ttest for Force at Each Degree, Mal8ubjects with Missing Data vs Subjects without

Missing Data
Degree T-Value P-Value
0° -0.15 0.88
90° -0.82 0.415
18¢¢ 0.9 0.369
270 -0.23 0.822

Subjects that were unable to exert force in any of the trials were removed from the data
set.After excludng thesdrom the data set, a final data sets formed This final data set was
then used to perform inferential statistical analyses in ordetttier mderstand the effects of the
main andnteractionfactors Figure3.51 illustrates the process of elimination and acquiring the
final data setThe final data st descriptive stat@re represented ifable3.17, Table3.18, and

Table3.19.
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Male = 30

Total = 480

Total Subjects = 60
Trial per Subject = 16
Total Force Data Points (FDP) = 960

Male =13 Female = 30

Missing = 36
Total = 208

Total = 480

Subject
with
Missing
Data

Subject with NA = 21 YES
Missing FDP= 56
Total FDP removed = 336

Female =8
Missing = 20 Male =17
Total =128 Total = 272
Subject with all FDP=39 |
Total FDP = 624 |
Female = 22
Total = 352
Figure3.51: Final Data Set Acquiring Flow Chart
Table3.17: Descriptive Statistics for BMI and Age fBinal Data Set
Total
Variable Sex Count Mean StDev MinimumMaximum
BMI F 22 2275 257 16.83 26.91
M 17 2548 484 17.51 34.65
Age F 22 25.61 6.40 18.36 42.10
M 17 2728 491 19.02 35.78
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Table3.18: Descriptive Statistics for For¢dl) for Females for Final Data Set

Total
Variable Degree Count CumN Mean StDev MinimumMaximum
Force 0° 88 88 61.51 19.86 24.8 120.00
or° 88 176 50.85 18.85 150 107.80
18 88 264 54.08 18.15 13.80 106.60
2707 88 352 51.47 1752 18.8 93.80

Table3.19: Descriptive Statistics for Forg¢®l) for Males for Final Data Set

Total
Variable Degree Count CumN Mean StDev MinimumMaximum
Force 0° 68 68 90.29 35.38 4300 267.80
90° 68 136 66.28 24.31 2220 135.60
180 68 204 80.52 26.07 3340 170.80
270 68 272 65.90 2341 20.20 147.60

Table3.20: Results of Split PloANOVA for Force- Female Subjects

Source DF SS MS F P Partial
Eta?-d 2

Subject (A) 21 69142.4 3292.49

Degree (B) 3 6325.3 2108.44 12.76 0.0000 0378

Error A*B 63 10410.3 165.24

Side (C) 1 634.0 633.98 4.12 0.0455 0.057

B*C 3 2524.7 841.56 5.47 0.0017 0.163

Error A*B*C 84 12919.7 153.81

Digit (D) 1 4373.8 4373.82 43.33 0.0000 0.295

B*D 3 1436.8 478.92 4.74 0.0033 0.121

C*D 1 5.3 5.30 0.05 0.8190

B*C*D 3 2217.2 739.06 7.32 0.0001 0.115

Error A*B*C*D 168 16956.8 100.93

Total 351
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Table3.20displays the result of theplit-split plot ANOVA for force for female subjects.
The results of the ANOVA indicate that for female subjects, the main effedegofe side,and
digit had astatisticallysignificant(p<0.05)effect on the force exertioAdditionally, there were
significantinteractiors betweerdegreeand sidedegree and digit, and the combined interaction
of degreeside, and digitThis means that the relationship betwedegree and force exertion
may be different depending ¢ime side or digit being usear potentially both factors together
The effect size for this interaction was found to be medium with a partiatjgtaed ¢?) value

of 0.115. The effect size categories are small .01, medium .06, and lafgé2jL4

Table3.21represents the Tukey HSD-gldirwise comparisons test of deg for
femalesTable3.22 represents th€ukey HSD alpairwise comparison test of force tbie
interaction ofdegreeside anddigit. There were 6 groups in whithe means were not
statistically significantly different from one anoth&his alsosuggests that the relationship

between degree and force exertion is dependent on the levels of side and digit.

Table3.21: Tukey HSD AllPairwise Comparisons Test of Force for Dedréemale

Degree Mean Homogeneous Groups
0 56.683 A
180 50.244 B
270 49.894 B
90 47.669 B
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Table3.22: Tukey HSD AllPairwise Comparison Test of Force for Degree*Side*Digiémale

Degree Side Digit Mean Homogeneous
Groups
0 Left Thumb 68.127 A
0 Right Thumb 67.473 AB
270 Left Thumb 60.664 ABC
90 Right Thumb 60.045 ABCD
180 Right Thumb 59.655 ABCD
0 Right Finger 58.309 ABCDE
180 Left Thumb 55.527 BCDE
90 Right Finger 52.155 CDEF
0 Left Finger 52.145 CDEF
180 Right Finger 50.609 CDEF
180 Left Finger 50.536 CDEF
270 Right Thumb 49.718 CDEF
270 Right Finger 48.600 DEF
90 Left Finger 48.382 DEF
270 Left Finger 46.891 EF
Table3.23: Results of Split Plot ANOVA for ForceMale Subjects
Partial
Source DF SS MS F P Eta2-d 2
Subject (A) 16 112031 7001.9
Degree (B) 3 28628 9542.8 37.37 0.0000 0.700
Error A*B 48 12257 255.4
Side (C) 1 1031 1031.2 3.32 0.0731
B*C 3 1323 440.9 1.42 0.2451
Error A*B*C 64 19869 310.5
Digit (D) 1 14225 14224.6 48.22 0.0000 0.537
B*D 3 5965 1988.2 6.74 0.0003 0.327
C*D 1 214 213.5 0.72 0.3965
B*C*D 3 1063 354.3 1.20 0.3122
Error A*B*C*D 128 37757 295.0
Total 271
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Table3.23 displays the result of theplit-split plot ANOVA for force for male subjects.

The results of the ANOVA indicate that for female subjects, the main effects of degree and digit

had a statistally significant (p<0.05) effect on the force exertidhe ANOVA also founda

significant interaction between degree and diljie effect size for this interaction was found to

be large with a partial esquaredd®) value of 0.327Table3.24 represents the Tukey HSD-all

pairwise comparisons test of force for degree for malaisle 3.25 represents th& ukey HSD

all-pairwise comparison test of force for degaeeldigit interaction There werel groups in

which the means were not statistically significantly different from one andthisrsuggests that

the relationship betweategree and forcexertion is dependent on thmit being usedDetailed

reports of all thé'ukey HSD pairwise comparisaests are attached in the Appendix (O, P).

Table3.24: Tukey HSD AllPairwise Comparisons TestBebrce for Degreé Male

Degree Mean Homogeneous Groups
0 83.937 A
180 75.993 B
270 62.023 C
90 61.677 C
Table3.25: Tukey HSD AllPairwise Comparison Test of Force for Degree*Digjtale
Degree Digit Mean Homogeneous
Groups
0 Thumb 105.29 A
180 Thumb 87.28 B
0 Finger 75.30 BC
180 Finger 73.76 CD
270 Thumb 70.10 CD
90 Thumb 69.26 CD
90 Finger 63.31 CD
270 Finger 61.69 D
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The results from thknear regressioanalysis aresummarizedn Table3.27. The
regression equations from the analysis performed are shown in Appendiké¢BMI, agesex
degree, and digit were seen to hawtadisticallysignificant effect on the force exertion along
with the mentioned interaction effects.éradjusted Rof the model was 480%. Figure3.53

illustrates that the residuals exhibit a normal distribution.

Table3.26: Regression Model Summary

S R-sq R-sq(ad)) R-sq(pred)
19.3586 47.54% 45.80% 43.63%

Table3.27: Results of ANCOVA for Force vs Age, BMI, Sex, Degree, Side, and Digit

Partial
Source DF Adj SS AdjMS F-Value P-Value Eta’-( :
Regression 20 20474¢ 10237 .« 27.32 0.00C
BMI 1 9053 9053.1 24.1€ 0.00C .038
Age 1 5124 5123.¢ 13.67 0.00C .022
Sex 1 30161 30161.1 80.4¢ 0.00C .118
Degree 3 909 302.€ 0.81 0.49C
Side 1 184 184.4 0.49 0.48%
Digit 1 936¢ 9368.7 25.0C 0.00C .040
BMI*Age 1 4283 4283.2 11.4Z 0.001 .019
Age*Sex 1 1903z 19031.¢ 50.7¢ 0.00C .077
SexDegree 3 6291 2097.C 5.60 0.001 .027
SexDigit 1 2108 2108.1 5.63 0.01& .009
Degree*Side 3 3613 1204.4 3.21 0.02% .016
Degree*Digit 3 597C 1989.¢ 5.31 0.001 .026
Error 603 22597¢ 374.¢
Total 623 43072¢
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Pareto Chart of the Standardized Effects
(response is Force, o = 0.05)
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Figure3.52: Pareto Chart of the Standardized Effects
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Figure3.53: Residual Plots for Force

Looking at the partial etaquared values ihable3.27, we can see thaex has the largest
effect size (d]Jagé€sex(0dq|0 79 ,0.f03I) ,candkBIFah(®d )( d3 G&. 02)
0.01). The remaining variables have smaller effect sizes, with partisdjetaedd?) values less
than 0.01. To better understand the observed interactions, interaction plots were plotted for
significant interaction effects. Interaatiplots were used to graphically illustrate the effect of

one independent variable on the dependent variable, while holding the other independent
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variable(s) constankigure3.54 illustrates thanain effecs andFigure3.55illustrates the

interactioneffectsfor these factors.

Main Effects Plot for Force

Fitted Means
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Figure3.54: Main Effects Plot for Independent Variables vs Force (N)
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Figure3.55: Interaction Plot of Interaction Effects of Independent Variable vs Force (N
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3.7.2.2 Seat BelUnlatching Inferential Statistics

Results of théinary logistic regressioare presented ifable3.30. The subject BMI

wasdetermined to havedatisticallysignificant effect on the respon@elatching)

Table3.28: Response Information

Variable Value Count

Response 1 354  (Event)
0 6
Total 360

Table3.29: BMI and Age

Total
Variable Sex Count Mean StDev Minimum Maximum Range
BMI F 2 27.86 11.09 20.01 35.70 15.69
M 3 31.89 6.62 28.00 39.53 11.53
Age F 2 26.27 6.24 21.86 30.69 8.83
M 3 348 17.4 23.1 54.8 31.7

Table3.30: Analysis of Variancdor Unlatchingi Wald Test

Source DF Chi-Square P-Value
Regression 13 10.2¢€ 0.672
BMI 1 8.98 0.00¢
Age 1 0.24 0.622
Sex 1 0.04 0.844
Degree 2 0.01 0.994
Side 1 0.01 0.94C
SexDegree 2 0.00 1.00C
SexSide 1 0.00 0.99:
Degree*Side 2 0.02 0.992
SexDegree*Side 2 0.00 0.99¢
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BetweenFigure3.56 andFigure3.57, the difierences between the BMI and age of
subjects that were unable to unlatch and the rest sigxgre illustrated. As shown in these
figures, the BMI of the group that was unable to unlatch for both males and females appear to be
higher than the group thaedas able to unlatch. The difference between the force exerted by the
group of subjects who were able to successfully unlatch versus the group that were not able to
are illustrated irFigure3.58. It is visible that the female subjects who were unable to unlatch had

a significantly less mean force than the rest of the group.

Boxplot of BMI, BMI_no - Males Boxplot of BMI, BMI_no - Female

0
25+ /

Data
Data

BMI BMI_no BMI BMI_no

Figure3.56. Box Plot for BMI Comparison for Subject Unable to UnlatshRest

Boxplot of Age, Age_no - Males

Data

Figure3.57: Box Plot for Age Comparison for Subject Unable to UnlatcRest.
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