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Submarining is qualitatively defined as the mechanism in which the lap belt, initially posi-
tioned superficial to the anterior superior iliac spines (ASIS), fails to engage the bony pelvis during
occupant forward excursion, and translates superior and posterior relative to the ASIS, loading the
abdominal soft tissue. While submarining increases the likelihood of abdominal injuries due to di-
rect lap belt loading, the resulting effects on occupant kinematics and restraint interaction increase
the risk of injury to nearly every body region. A multitude of intrinsic and extrinsic factors have
been hypothesized to affect lap belt-pelvis interaction and submarining occurrence in the literature,
and modifications to federal safety regulations were made to improve pelvis restraint based on this
research. However, further research is required to investigate how these parameters affect submarin-
ing using a restraint system equipped with modern technologies and to provide updates for safety
regulations. Additionally, recent advancements in automated driving system (ADS) technologies
introduce new challenges to restraint design that also need to be addressed.

The goal of this dissertation was to evaluate how parameters pertaining to the vehicle
environment (extrinsic) and occupant (intrinsic) affect lap belt-pelvis interaction and submarining
occurrence through experiments using post-mortem human surrogates (PMHS) and simulations us-
ing computational human body models (HBMs).

First, a comprehensive literature review was performed to identify the intrinsic and extrin-
sic factors that have been hypothesized to affect lap belt-pelvis interaction, particularly submarining.
Of these factors, investigating the effects of a reclined torso angle and the angle of the lap belt rel-
ative to the pelvis required additional experimental research and subsequent HBM validation. This
finding informed the design of the experimental and computational studies of this dissertation.

xxvi



As no experimental data existed to understand how a reclined seating posture affected lap
belt-pelvis interaction and submarining occurrence, an innovative methodology was developed to
investigate this through experimental sled tests using PMHS. One subject that exhibited a relatively
large lap belt-pelvis angle (indicating a shallow fore-aft lap belt angle) submarined. This prompted
the need for further experimental study to identify a submarining threshold through variation of
this parameter. The GHBMC HBM was shown to exhibit better biofidelity over the THUMS in the
reclined sled test condition, with more biofidelic lumbar spine compliance and lap belt-flesh-pelvis
interaction.

Lap belt-pelvis angle was further investigated in belt pull experiments through systematic
variation of lap belt and torso angle, which identified a submarining threshold. Additionally, this
parameter was found to affect the placement of the lap belt relative to the pelvis. The GHBMC
HBM ranked superior relative to the THUMS HBM, as the THUMS showed a downward lap belt
migration relative to the pelvis at a steeper fore-aft lap belt angle, which was not seen in the PMHS.

This dissertation’s final parametric study, in which the effects of extrinsic and intrinsic
factors on lap belt-pelvis interaction and submarining would be quantified, was setup using the
GHBMC with several varied intrinsic and extrinsic factors. These simulations were sampled to
approximate the design space for a subset of 480 simulations and were used to develop, train,
and test a Neural Network (NN) metamodel which predicted submarining occurrence and distance,
pelvis kinematic and lap belt kinetic outputs based on these varied parameters.

From the NN metamodel’s predictions, fore-aft lap belt angle and recline angle were iden-
tified as the dominating factors that affected submarining occurrence. A shallow lap belt angle, in
combination with a reclined torso angle, was linked to a higher likelihood of submarining. Sub-
marining risk was decreased for a steeper lap belt angle in both postures, however in the reclined
posture this risk was only substantially mitigated at the steepest fore-aft lap belt angle (87°). Ad-
ditionally, the range of permitted lap belt angles by FMVSS 210 was shown to be insufficient in
mitigating submarining risk in a reclined posture with a modern restraint system (equipped with
dual lap belt pretensioners). For a reclined seating posture, the lap belt anchorages must be po-
sitioned further forward relative to the occupant to reduce submarining risk. Potential trade-offs
resulting from moving the lap belt anchorages further forward included increased pelvis forward
displacement (from 63° to 75° in upright and from 75° to 87° in recline) and increased lap belt
tension (from 46° to 75° for both postures).

This dissertation provided the automotive safety community with a wealth of data to in-
form restraint system design for current and future vehicles. Specifically, this improves the automo-
tive safety field’s understanding of the fundamental characteristics that influence lap belt-pelvis in-
teraction and submarining. This research also identified limitations of current safety standards for a
restraint system equipped with modern technologies, and for a reclined seating posture. Finally, the
quantification identified consistencies and differences across different torso angles, providing guid-
ance on potential vehicle environment modifications that need to be made to mitigate submarining
in a reclined posture versus an upright posture.
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Chapter 1

Introduction

A summary of the state of the art and research gaps is first presented to motivate the

dissertation. The specific goals and aims proposed in this dissertation, which will fill these research

gaps, are then presented. Finally, an overview is provided as a road map to navigate through this

dissertation document.

1.1 Motivation

This section provides an overview of the state of the art and motivations for the content

of this dissertation. Topics covered include (i) the complexity of the submarining phenomenon,

(ii) the link between a reclined torso angle and automotive occupant injury risk, (iii) the use of

computational human body models in a reclined posture, (iv) the existing evidence for lap belt-

pelvis interaction to be affected by abdominal soft tissue compliance, and (v) the lack of available

data quantifying the relative effects of environment- and occupant-related factors on submarining.

Finally, the implications of the proposed work on the automotive safety field will be presented.

1.1.1 Submarining is linked to increased injury risk to nearly every body region, and
its prevalence in the field is underestimated.

Submarining is qualitatively defined as the mechanism in which the lap belt, initially posi-

tioned superficial to the anterior superior iliac spines (ASIS), fails to engage the pelvic bone during

occupant forward excursion, and translates superior and posterior relative to the ASIS, loading the

abdominal soft tissue [1, 2] Figure 1.1. Submarining poses a high risk of abdominal injuries, partic-
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Figure 1.1: The submarining phenomenon, defined as the lap belt, initially placed favorably relative

to the pelvic bone (t0) translates superior to the pelvis and loads the abdominal soft tissue during

the crash (t).

ularly for hollow organs inferior to the transumbilical plane, as these injuries are a direct result of

lap belt loading [3, 4, 5, 6].

The frequency of abdominal injuries in the automotive field has historically been rela-

tively low [2, 7, 8]; however, the majority of these injuries are severe. An analysis of frontal impact

crashes from the National Highway Traffic Safety Administration’s (NHTSA) National Automotive

Safety System (NASS) database (1988-1994; front seat, belted, frontal impact) indicated that with

increasing abbreviated injury scale (AIS) severity score, abdominal injuries became more promi-

nent: abdominal injuries constituted 8% of all AIS 3, 16.5% of AIS 4+, and 20.5% of AIS 5+

injuries [9]. Additionally, for frontal and side impact crashes (NASS 1998-2004; front seat, belted),

the risk of AIS 4+ abdominal injury ranks behind only the risk of AIS 4+ head and thorax injuries

[10]. Generally, the frequency of abdominal injuries ranks low relative to other body regions [4, 11];

however, in addition to the abdomen, submarining poses a risk of injury to the skeletal thorax, cervi-

cal and lumbar spine, and lower extremities, as the mechanism affects overall occupant kinematics

and subsequent interaction with the vehicle environment [12, 13, 14]. Additionally, submarining

does not always result in abdominal injuries: alternative load paths, such as impact of the knees

with the knee bolster, can decrease lap belt force and thus decrease likelihood of abdominal injury,

while still posing risk of injury to other body regions [1]. Conversely, abdominal injuries can oc-
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cur without submarining through interaction with the vehicle compartment (e.g., steering wheel) or

initial malplacement of the belt above the ASIS, which makes the submarining diagnosis further

convoluted [4, 10]. Thus, it is difficult to discern injuries resulting from submarining without a rig-

orous accident analysis of both the vehicle (e.g., evidence of impact with knee bolster or front seat

back, markings on the seat belt webbing, seatback position, etc.) and the occupant (e.g., occupant

position, initial position/placement of belt, “seat belt sign”, etc.) [15, 16]. It is therefore likely

that the frequency of submarining is currently underestimated in the field. As Adomeit and Heger

state: “failure to find abdominal injuries resulting from submarining in the usual sense has led to an

underestimation of the problem” [1].

1.1.2 Submarining is predicted to become more prevalent in the field.

Epidemiology data shows an increase in the likelihood of injury (fatal and non-fatal) for

a reclined occupant relative to an upright occupant [17, 18]. Most recently, a thorough statistical

analysis of reclined position with regard to crash injury severity showed an increased odds ratio for a

reclined occupant relative to an upright occupant for every body region, with high effect sizes in the

head-face-neck body region (MAIS 4+), the pelvis-hip-lower extremity body region (MAIS 3+), and

the thorax, abdominal, and upper extremity body regions (MAIS 2+) [14]. Case studies on reclined

occupants show resulting injuries at the regions of the cervical spine [12, 19, 20], thorax [21],

and abdomen [16, 20]. Four cases explicitly identified submarining as a leading injury mechanism

[16, 20, 21].

Level 3 Autonomous Driving Systems (ADS) will liberate the occupant from having to

control the vehicle [22]. With the introduction of ADS Level 3, a reclined posture is predicted

to become more prevalent [23, 24]. Thus, the automotive industry has been researching reclined

occupant kinematics such that the design of safety systems and interior compartments can mitigate

potential injury [25]. Future interior compartment designs show vehicle seats will be placed further

from the knee bolster and instrument panel thus placing a higher reliance on the seatbelt for restraint.

However, prior to this study, no human or cadaveric studies had been performed to examine how

effectively novel restraint systems can mitigate submarining for reclined occupants. Thus, it is

critical that research on reclined occupants in novel restraint systems be conducted to guide the

industry towards successful mitigation of submarining and resulting injuries in future vehicles.
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CHAPTER 1. INTRODUCTION

1.1.3 Submarining is affected by a multitude of factors, and their effects have not
been quantified.

Submarining is a complex problem because its occurrence is associated with several pa-

rameters, including environmental (e.g., lap belt angle, boundary conditions), crash-related (e.g.,

delta-V, impact direction), and occupant-related (e.g., posture, pelvic orientation) factors [8, 2]. The

most comprehensive way to quantify individual and interaction effects of factors on submarining

occurrence is through a sensitivity study, in which the influence of an input (e.g., lap belt angle)

on an output (e.g., submarining occurrence) is quantified through controlled variation of that input.

Sensitivity studies can be conducted experimentally or computationally.

A substantial amount of research in understanding the submarining mechanism and its

causal factors took place during the 1970’s and 1980’s, prior to the advancement in computational

resources. Thus, these possible submarining-causing factors were primarily identified experimen-

tally without a rigorous, statistical quantification of parameter effects. Additionally, this research

occurred prior to more recent advancements in restraint design. Restraint technologies, including

pyrotechnic pretensioners and load limiters, which are now known to affect occupant kinematics and

hence, occupant-restraint interaction, have substantially advanced since their industry-wide appli-

cation in 1998 [26]. Thus, the understanding of submarining-causing factors originally developed

from 1970-1990 requires further research using both modern restraint technologies and modern

tools.

1.1.4 Computational human body models can be used to increase our understanding
of the submarining phenomenon.

To enhance the safety of vehicles, the automotive industry, government, and academia use

computational finite element (FE) full human body models (HBMs) as a tool to study blunt impact

and injury in motor vehicle crashes. Geometry for current state-of-the-art average male (M50)

seated whole-body models- based on medical imaging data (e.g. computed tomography data)- are

made up of approximately two million elements [27, 28]. These HBMs, largely validated at the

component and full-body model levels, have been used extensively for evaluation of kinematics

in multiple automotive crash loading modes. The kinematic response of these HBMs in reclined

seating posture has been investigated [29, 30, 31, 32, 33, 34]; however, the models have not been

evaluated relative to post-mortem human surrogate (PMHS) data. This study aims to utilize the

HBM as a tool to evaluate how parameters affect submarining. Therefore, the response of the HBMs

4



CHAPTER 1. INTRODUCTION

will be compared to PMHS to evaluate the HBM’s ability to capture the fundamental mechanics of

lap belt-pelvis interaction.

Additionally, HBMs can be used as tools to understand submarining sensitivity relative

to various parameters. Experimental sensitivity studies are generally not as comprehensive as com-

putational studies due to physical and financial limitations; though, they are useful as they provide

a dataset for model validation and a hypothesis of which parameter has the greatest effect on re-

sponse. Currently, sensitivity studies are most always done computationally. Several computational

submarining sensitivity studies exist that investigate the effects of various parameters on submarin-

ing occurrence [29, 30, 31, 32, 35, 36, 37]. These studies are useful for evaluating HBM biofidelity;

however, the variation in occupant and vehicle design parameters was limited, focusing on a small

subset of simulations. Further, these studies do not contain statistical analyses to quantify the rela-

tive effects of these parameters. This research aims to conduct a robust, quantifiable analysis on a

large dataset of simulations using a HBM.

1.2 Scope of Research

1.2.1 Goal of dissertation.

The current research gaps lead to the goal of this dissertation, which is to determine

how vehicle environment and occupant-related characteristics affect lap belt-pelvis kinematics and

submarining occurrence.

1.2.2 Specific aims.

This research was divided into four aims to evaluate and quantify the effects of various

extrinsic (vehicle environment-related) and intrinsic (occupant-related) factors on lap belt-pelvis

kinematics and submarining occurrence. The first aim was to identify the extrinsic and intrinsic

factors that have been hypothesized to affect lap belt-pelvis interaction and submarining occurrence

by performing a comprehensive review of the literature. The second aim was to determine the effect

of a reclined torso angle on lap belt-pelvis interaction through dynamic sled tests using PMHS, and

then to evaluate how well computational HBMs replicate the PMHS response (model biofidelity

evaluation). The third aim was to determine the effect of the lap belt-pelvis angle on lap belt-pelvis

interaction through seated belt pull tests using PMHS, and again, evaluate HBM biofidelity. The sec-

ond and third aims used two different state-of-the-art HBMs (mid-sized, or 50th percentile, males)
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that are frequently used in the automotive safety field to replicate and study human body response

or injury. Based on the results of the biofidelity evaluations performed in the second and third aims,

the model that best replicated the PMHS response (superior biofidelity) was chosen for use in the

fourth aim. The fourth aim determined the relative effects of the intrinsic and extrinsic factors on lap

belt-pelvis interaction and submarining occurrence through a large-scale parametric study of frontal

impact simulations. Through this parametric study, the relative effect of each factor were quantified

using statistical analysis, and the outcome informed the automobile safety community of potential

vehicle environment modifications that could improve lap belt-pelvis engagement.

The specific aims of this research are outlined here:

‚ Aim 1: Identify intrinsic and extrinsic factors that may affect lap belt-pelvis interaction and

submarining occurrence.

‚ Aim 2: Evaluate the effect of a reclined torso angle on lap belt-pelvis interaction and the

ability of HBMs to predict this interaction.

‚ Aim 3: Evaluate the effect of lap belt-pelvis angle on lap belt-pelvis interaction and the ability

of HBMs to predict this interaction.

‚ Aim 4: Determine the relative effects of intrinsic and extrinsic factors on lap belt-pelvis

interaction and submarining occurrence.

1.2.3 Dissertation overview.

This dissertation was divided into eight chapters addressing the specific aims, in addition

to an introduction and conclusion chapter Figure 1.2. Chapter 2 described the methods and results

of the comprehensive literature review performed for Aim 1, which identified the intrinsic and ex-

trinsic factors that have been hypothesized to affect lap belt-pelvis kinematics. These factors were

evaluated in the remainder of this dissertation. Chapters 3 and 4 described the experimental and

computational studies performed for Aim 2, which evaluated how a reclined torso angle influenced

lap belt-pelvis interaction and assessed the computational model’s ability to predict this interaction.

Chapters 5 and 6 described the experimental and computational studies performed for Aim 3, which

evaluated the effect of lap belt-pelvis angle on lap belt-pelvis interaction and assessed the compu-

tational model’s ability to predict this interaction. Chapter 7 described an additional analysis which

justified the selection of the computational model used in the remainder of the dissertation. Chap-

ters 8 and 9 described the parametric study and subsequent statistical analysis performed to support
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Figure 1.2: Overview of dissertation.

Aim 4, which determined the relative effects of intrinsic and extrinsic factors on lap belt-pelvis

interaction and submarining occurrence.

The results from this work improved the field’s understanding of the individual and rela-

tive effects of intrinsic and extrinsic factors on lap belt-pelvis interaction, particularly in a reclined

posture, and thus aided the automotive safety field in restraint design targeted at mitigating sub-

marining in current and future vehicles. This study started with a comprehensive literature review

on factors that have been predicted to affect lap belt-pelvis interaction and submarining (Chapter 2),

such that the subsequent aims could be specifically tailored to address these factors and meet the

goal and aims of the study.
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Chapter 2

Hypothesized Factors Affecting

Submarining Occurrence: A Review

2.1 Executive Summary

2.1.1 Relevance and goal

In Chapter 1, the complexity of the submarining phenomenon, identification of factors

that affect lap belt-pelvis interaction, and feasibility of using computational HBMs to evaluate the

effect of intrinsic and extrinsic factors on lap belt-pelvis interaction was briefly introduced. As

this dissertation aimed to evaluate the effect of intrinsic and extrinsic factors on lap belt-pelvis in-

teraction, with the ultimate goal of quantifying these effects through a parametric study using a

computational HBM in Aim 4 (Chapters 8 and 9), a comprehensive literature review that identifies

such potential influencing factors was required. Thus, the main objective of chapter was to survey

the current knowledge of all environmental (extrinsic) and occupant-related (intrinsic) factors that

have been hypothesized to affect lap belt-pelvis interaction and subsequent submarining occurrence.

These factors were organized in their relationship to each other and their contribution to the sub-

marining phenomenon, then categorized through a series of steps, which dictated whether, or how,

they would be carried through the remainder of this dissertation.

The literature review consisted of nearly 220 articles, including epidemiological, analyt-

ical, experimental, and computational studies. This chapter outlines the literature search method-

ology and findings by first identifying the potential factors and how they were hypothesized. The

main outcomes of this analysis of the literature were a free body diagram and a causal model, which
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summarized these factors.

The context of this review was guided by the following research questions:

1. Which factors have been hypothesized to affect lap belt-pelvis interaction and submarining

occurrence?

2. What do we currently know about how these potential factors relate to each other (e.g., de-

pendencies, correlations, etc.)?

3. What areas require further HBM evaluation in order to use the HBM as a tool to evaluate

the effect these factors have on lap belt-pelvis interaction and submarining occurrence, and to

trust the HBM’s predictions?

2.1.2 Key conclusions

The full list of conclusions can be found in Section 2.6 below. In summary, ten extrinsic

and intrinsic factors were selected for further study in the remainder of this dissertation, as these

factors were deemed the most critical and useful for understanding how they affect lap belt-pelvis

interaction Table 2.1. Narrowing down to these factors also allowed for a more controlled sensitivity

study that was feasible to accomplish using computational HBMs.

Table 2.1: The final factors chosen for further study in this dissertation.

2.1.3 Contributions

This chapter describes a comprehensive review of several factors that have been postulated

to affect lap belt-pelvis interaction and submarining occurrence. This research defined the current
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knowledge of the field and identified areas in which further study was required, thus providing the

impetus for this dissertation.

2.2 Introduction

This section is divided into three subsections aimed to form the foundation of knowledge

on pelvis anatomy, advancement in automotive restraint technology, and the current state-of-the-

art computational HBMs for automotive biomechanics applications. This provides the background

background knowledge which contextualizes the results of the literature review.

2.2.1 Pelvic-abdominal anatomy overview in relation to lap belt interaction

The bony pelvis is a basin-shaped complex of bones that serves a variety of functions

including the support and balance of the upper torso, the motion of the legs, hips, and trunk, the

containment and protection of soft, internal abdominal organs, and, for females, forms a ring which

functions as the birth canal. The upper torso and lower extremities are conjoined at the bony pelvis

through a multitude of muscular and ligamentous connections, all of which aim to promote bipedal

mobility. The pelvis consists of bilateral coxal bones, each of which are comprised of three bones

that join together in development: the ilium, the ischium, and the pubis (Figure 2.1a). These coxal

bones are joined together anteriorly at the pubic symphysis and posteriorly at the sacral-iliac joint.

The ilium is a blade-shaped bone, which accounts for the width of the hips (referred to as the

“hip bones” in colloquial terminology). In an automotive environment, the lap belt is designed

to be placed superficial to the ilium, ideally engaging the notch between the anterior inferior iliac

spine (AIIS) and anterior superior iliac spine (ASIS) during the occupant’s forward displacement

(Figure 2.1b). When the lap belt translates superior to the ASIS, it can load the abdominal organs

just superior to the pelvis. The ischium bone, in addition to the sacrum and coccyx, provides support

postero-inferiorly; this is typically where the weight falls in sitting and leaning backwards. The

pubis bone provides support antero-inferiorly; this is typically where the weight falls in sitting

leaning forwards. All three bones – the ilium, ischium, and pubis – join at the acetabulum, a socket

that contains the femoral head.
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(a) (b)

Figure 2.1: (a) Bony pelvis anatomy [38]. (b) Proper positioning of lap belt with respect to bony

pelvis anatomy [39]

The abdominal cavity is a hollow space between the diaphragm and the pelvis which

contains several organs (Figure 2.2a). These organs can be divided into four quadrants, where the

upper quadrants are separated from the lower quadrants at the transumbilical plane, a transverse

plane at the area of the umbilical, or the belly button. The solid abdominal viscera is the collective

term for the organs above the transumbilical plane, which are solid in nature; these include the

liver, pancreas, spleen, adrenals, and kidneys. In contrast, the hollow organs of the lower abdominal

cavity encompass the large intestine, small intestine, and mesentery. The stomach, another hollow

organ, is above the transumbilical plane. Injuries to these organs represent approximately 50% of

abdominal organ injuries in belt-restrained occupants in frontal collisions [4]. While injuries to

the organs above the transumbilical plane are often attributed to the steering wheel, door, or other

internal automotive structure, injuries to the organs inferior to this plane are almost always due to

loading from the lap belt [4] (e.g., Figure 2.2b). This direct loading from the lap belt is attributed to

submarining, as it indicates a failure of bony pelvis engagement.
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(a) (b)

Figure 2.2: (a) Abdominal organ anatomy [40]. (b) Example of abdominal lap belt loading due to

submarining.

2.2.2 Restraint system advancement over the years

A brief history of automotive seatbelt restraint system advancement, particularly the lap

belt, will now be introduced to contextualize the restraints installed in the current vehicle fleet.

A substantial amount of research in understanding the submarining mechanism took place during

the 1970’s and 1980’s, after lap belts were required in U.S. vehicles in 1966 [41], and prior to

the NHTSA’s first mandate of Federal Motor Vehicle Safety Standard (FMVSS) 210 in 1990 [26,

42]. For a complete timeline of U.S. automotive restraints, see Appendix A. Lap belt anchorages

were originally required to be installed such that the lap belt angle relative to the horizontal was

between 20° and 75°; this mandate adopted a 30° minimum. NHTSA claimed the change would

“decrease the likelihood of submarining [..] even though the interrelationship of [submarining]

factors [was] not yet quantified” [42]. NHTSA’s 1988 study, which prompted this amendment,

included a literature review of accident data and research studies using analytical and experimental

models to predict several environmental and occupant-related parameters that affect submarining

[43, 44].

While useful, these studies were conducted prior to the advancement in restraint design.

Restraint technologies, including pyrotechnic pretensioners and load limiters, have substantially

advanced since their industry-wide introduction in 1998 [26]. Pretensioners remove slack in the

shoulder and/or lap belt just after the time of impact (approximately 3-10 ms), thus increasing the

likelihood of engagement with the ASIS and subsequent mitigation of submarining [45, 46]. Load
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limiters are effectively a yielding mechanism, as they prevent a predefined threshold of occupant

load from being exceeded through a plastic deformation in the retractor mechanism (e.g., torsion

bar) and/or a gradual release of the seatbelt webbing [47]. Both pretensioners and load limiters are

targeted to improve injury outcomes and have a substantial effect on occupant kinematics. Addition-

ally, early analytical models were over-simplified, not accounting for the effect of flesh compliance

on belt-pelvis interaction, which has a known effect on belt-pelvis interaction [35, 48]. Thus, criteria

for a vehicle’s restraint system geometry (FMVSS 210), which plays a critical role in occupant kine-

matics, are based on research conducted prior to the advancement in restraint design and research

tools.

A collection of research that encompasses both studies that occurred prior to and after the

advancement in restraints was necessary to gain a clear understanding of the current knowledge of

the factors proposed to have an influence on belt-pelvis interaction. The research conducted prior

to restraint advancement is still useful, though the degree, or magnitude, of influence the proposed

factors have on submarining occurrence may be different with modern restraints. Sensitivity studies

that use modern restraints also use modern tools (i.e., computational HBMs), which likewise have

their own limitations. Thus, this literature review was necessary to a) collect all factors hypothesized

to influence belt-pelvis interaction and, for those proposed prior to restraint advancement, under-

stand how these may have an influence using a modern restraint, and b) identify areas in which more

recent research, which uses modern restraints and modern computational tools, required further val-

idation in order to trust the conclusions drawn from the models.

2.2.3 Current state-of-the-art computational HBMs

From the literature review, several different surrogates were used to increase understand-

ing of human kinematics and injury tolerance. Here, human body models are introduced as these

are tools used most commonly today and were used extensively throughout this dissertation.

To enhance the safety of vehicles, the automotive industry, government, and academia use

computational finite element (FE) full human body models (HBMs) as a tool to study blunt impact

and injury in motor vehicle crashes. Geometry for current state-of-the-art mid-sized male (M50)

seated whole-body models- based on medical imaging data (e.g. computed tomography data)- are

made up of approximately two million elements [27, 28]. The two most recently developed and up-

dated state-of-the-art HBMs are the Global Human Body Models Consortium detailed M50 seated

model v.6 (GHBMC-O M50 v.6) and the Total HUman Model for Safety (THUMS AM50 v.6.1)
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(Figure 2.3). These HBMs have different geometric, material, and mathematical formulations, but

are both classified as an average, or mid-sized male anthropometry. The geometry of the GHBMC

was measured from a living male volunteer, 26 years old, 174.9 cm, and 78.6 ˘ 0.77 kg [28]. The

THUMS geometry was designed to fit a mid-sized male occupant based on data reported by Schnei-

der et al. [49], with a height of 179 cm and mass of 79 kg [50]. These HBMs, largely validated at

the component and full-body model levels, have been used extensively for evaluation of kinematics

in multiple automotive crash loading modes and have been shown to exhibit different kinematic and

kinetic responses.

(a) (b)

Figure 2.3: Computational M50 human body models: (a) GHBMC-O M50 v.6 and (b) THUMS

AM50 v.6.1.

2.3 Methodology

2.3.1 Search strategy

The search for literature articles was conducted using internal and external data sources.

The internal data source, known as the Center for Applied Biomechanics (CAB) Library, which

encompasses several thousand biomechanics-focused articles from various journals, conferences,

theses and dissertations, textbooks, and government documents. External sources included PubMed,
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Engineering Village, and Google Scholar. The following key words were used to identify relevant

papers of interest: “submarining”, “lap belt pelvis interaction”, “lap belt abdomen loading”, and

“pelvis kinematics”. This resulted in nearly 220 articles, including epidemiological, analytical,

experimental, and computational studies.

2.3.2 Data extraction methods

The 220 articles were used to investigate the phenomenon of submarining, describe the

history of automotive restraints and how modern advancements have come about, and to identify

common themes and factors that have been proposed to influence belt-pelvis interaction and sub-

marining occurrence.

Once all the factors were collected, a process was followed to specify how these factors

would be used in the parametric study in Aim 4 (Figure 2.4).

Figure 2.4: Process in identified potential factor classifications and their use in the remainder of this

dissertation.

15



CHAPTER 2. HYPOTHESIZED FACTORS AFFECTING SUBMARINING OCCURRENCE: A REVIEW

2.4 Identified Factors

Several factors that have been hypothesized to affect submarining occurrence were iden-

tified in this literature review (Figure 2.5). These were divided into three categories based on four

stages of the crash event. First, the input parameters are those that set up the initial conditions of the

crash event, such as those that pertain to the type of crash, the vehicle environment, the occupant,

and the restraint system. Next, the parameters that arise during the crash event which are influenced

by the input parameters, including occupant kinematics and seat and restraint system interaction.

These kinematics and interactions affect the final stage, coined as the critical time in which sub-

marining does or does not occur. The final factors influencing this occurrence pertain to the lap

belt-pelvis geometry and surrounding boundary conditions.

Figure 2.5: Causality diagram depicting the three categories of factors based on four stages of the

crash event, including the determination of the submarining outcome.

A subset of factors was chosen from the input parameters for further study in this disserta-

tion for two reasons. First, these factors were deemed the most critical and useful for the automotive
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safety field to understand in how they affect lap belt-pelvis interaction. Second, narrowing down to

these factors allowed for a more controlled sensitivity study that was feasible to accomplish using a

computational HBM in Chapter 8.

To have a narrower scope on the causality of submarining, only one HBM was used in

the parametric study of Chapter 8. The HBMs have been shown to exhibit different belt-pelvis

interaction responses due to differences in their geometric and material formulations. Thus, Aims

2 and 3 (Chapters 3-6) will not only be used to evaluate the HBM responses relative to the PMHS

data, but also to compare the biofidelity of these HBMs to each other which will aid in the choice of

HBM to use in Chapter 8. Choosing a single HBM to use in Chapter 8 eliminated many occupant

variables, as they are dependent on the occupant model.

To further simplify the parametric study, the surrounding boundary conditions, including

the seat, impact direction, and restraint, will also be held constant. As mentioned, it is important to

evaluate the effect these factors have on submarining using a modern restraint system, as much of

this research was conducted prior to restraint advancement. Thus, a novel restraint system, incor-

porating dual lap belt pretensioners which are targeted to mitigate submarining,was used in Chapter

8’s parametric study. This restraint system is discussed in Section 3.3.1. Additionally, a semi-rigid

seat that is simple to model physically and computationally and is repeatable was used and is also

discussed in Section3.3.1. Finally, only a frontal impact is studied, as this causes forward motion of

the pelvis relative to the seat and lap belt, and is thus most relevant to the submarining phenomenon.

After eliminating factors pertaining to occupant sex and anthropometry, crash mode, re-

straint type, and seat, ten were chosen for further study in this dissertation (Table 2.1). These are

discussed in the following sections.

2.4.1 Extrinsic factors

Extrinsic factors pertain to the restraint, vehicle, and crash environment; namely, all fac-

tors that do not pertain to the occupant.

2.4.1.1 Lap belt angle

One identified potential extrinsic parameter was fore-aft lap belt angle, or the angle of the

lap belt relative to the horizontal, which FMVSS 210 requires to be between 30-75° in U.S. vehicles

[51]. A more horizontal lap belt angle fails to provide sufficient downward force to resist upward

motion of the belt which occurs prior to submarining and is thus less likely to engage the notch
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between the ASIS and the AIIS [2, 8]. Several other studies have hypothesized a more horizontal

lap belt will increase likelihood of submarining [2, 8, 46, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61]. A

more vertical lap belt angle was predicted to not provide adequate restraint of the torso; however,

this hypothesis was geared toward lap belt-only restraints and was developed prior to invention and

integration of pretensioners and thus, needs further evaluation [1, 43]. Additionally, the angle of

the lap belt relative to the seat structure in the overhead view, or the lateral lap belt angle, was

also hypothesized to affect submarining outcome: as the notch between the ASIS and AIIS is a

3D structure, anchorage attachment from both the fore-aft and lateral directions affect restraint

interaction [8, 62].

2.4.1.2 Lower extremity support

Support of the lower extremities, through either a knee bolster or toe pan, has been shown

to affect submarining, as this affects the inertial force of the lower extremities: unconstrained lower

extremities have been linked to rearward pelvis rotation due to the increased inertial force of the

lower extremities, thus increasing submarining risk [63, 54, 64]. Details on how a rearward pelvis

rotation increases submarining risk is discussed below.

2.4.1.3 Crash severity

While impact speed, or crash severity, has not been explicitly linked to increased risk

of submarining, a higher acceleration increases the inertial force of the occupant and subsequent

reaction forces of the restraint; risk of abdominal injury, a potential consequence of submarining,

increases for a higher crash severity [65].

2.4.1.4 Friction

Frictional forces between the occupant and the seat structure and the lap belt (e.g., due

to occupant clothing) have been hypothesized to affect effective lap belt restraint, and subsequent

submarining outcome [62, 63, 54].
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2.4.2 Intrinsic factors

2.4.2.1 Torso angle

Occupant-related factors include all those directly associated with the occupant. Occupant

torso angle has been shown to affect belt-pelvis interaction and subsequent submarining occurrence

[1, 44, 43, 46, 20, 36, 57]. Adomeit and Heger [1] defined torso angle as the line connecting

the occupant’s hip-point (H-point) and shoulder-point (S-point) relative to the positive horizontal

(anterior to the occupant). “Unfavorable occupant kinematics” results in the H-point displacing

further forward than the S-point (Figure 2.6). These kinematics describe the initial position of an

occupant seated in recline. Additionally, a reclined position initially pitches the pelvis rearward

relative to the lap belt, which further increases the likelihood of submarining as the lap belt cannot

effectively engage the ASIS protuberance during occupant forward excursion [29, 32]. Chapter 3.2

discusses additional details pertaining to submarining risk for reclined occupants. As mentioned

in Section 1.1.2, reclined seating is predicted to become more prevalent with the advancement of

ADS [22]; however, no experimental data exists to investigate the effect of a reclined posture on

submarining. As this posture is predicted to increase submarining likelihood, investigating this

effect through experiments is critical.

Figure 2.6: Unfavorable occupant kinematics, in which the torso is reclined and the H-Point is

anterior to the S-Point [1].
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2.4.2.2 Abdominal soft tissue compliance

Another factor is the compliance, or stiffness, of abdominal tissue in the ASIS region,

which has been shown to affect belt-pelvis interaction [35, 48, 62, 55]. Soft tissue affects belt

engagement with the ASIS due to the material’s incompressibility and low shear stiffness, which

allows the belt to move over the ASIS more easily than it would without this barrier as a result of

the soft tissue’s shear deformation. Human adipose tissue has been shown to have a wide range

of inter- and intra-subject variability in stiffness under compression and shear loading [66]. A

high variability of flesh stiffness response results in variable belt-pelvis interaction and submarining

occurrence: preliminary results comparing belt-pelvis motion using varying soft tissue stiffnesses

show this influences submarining outcome [48]. A higher shear stiffness of abdominal soft tissue

may prevent upward lap belt migration relative to the pelvis, while a lower stiffness may promote

submarining.

2.4.2.3 Computational human body models

Additionally, different computational HBMs have been shown to vary in belt-pelvis kine-

matic and kinetic responses. Most HBMs have been developed to study overall occupant responses

in severe crashes and loads on the skeletal structure, with less focus on the detailed mechanism of

belt-flesh interaction [67]. The Global Human Body Models Consortium HBM (obese GHBMC

version 4.4) was evaluated against the belt pull experiments of Kim et al. [68] and was unable to

replicate the submarining exhibited by the PMHS due to the tissue’s over-stiff response in shear,

which restricted the belt from translating superiorly over the pelvis [35]. The Total HUman Model

for Safety HBM (THUMS) flesh material model is also limited, since the model was calibrated

against experimental tests that did not include shear loading of the soft tissue [50]. In order to

utilize the HBM as a tool to evaluate how parameters affect submarining, a comparison of HBM

and PMHS submarining sensitivities and subsequent evaluation of the HBM’s ability to capture the

submarining mechanism is critical.

2.5 Discussion

One way to graphically illustrate the critical time prior to possible submarining occurrence

(shown in Figure 2.5) in addition to summarizing the factors outlined in Sections 2.4.1 and 2.4.2,

is through a free body diagram which illustrates the belt-pelvis geometry as well as the applied
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forces, moments, and resulting reactions for a given occupant (Figure 2.6). Submarining can result

when the restraining forces acting on the pelvis are not in equilibrium, resulting in a rearward pelvis

rotation and/or an upward translation of the belt relative to the ASIS. The components and features

of this diagram and their associated dependencies are defined in Table 2.2.
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Figure 2.7: Free body diagram of the pelvis, illustrating lap belt-pelvis interaction. (Adapted from

[2, 69, 70, 71])

.

22



CHAPTER 2. HYPOTHESIZED FACTORS AFFECTING SUBMARINING OCCURRENCE: A REVIEW

Table 2.2: Definitions for terms shown in free body diagram of Figure 2.7.

23



CHAPTER 2. HYPOTHESIZED FACTORS AFFECTING SUBMARINING OCCURRENCE: A REVIEW

Seat pan angle and compliance, combined with the inertial force and lumbar spine compli-

ance, will affect resulting pelvis kinematics as these forces act above and below the pelvis center of

gravity. A more compliant seat pan (smaller FSeat) and/or a more compliant lumbar spine (smaller

MyLumbar) relative to the magnitude of the lap belt force (FBelt) will promote rearward pelvis rota-

tion, which increases submarining likelihood.

As mentioned, the lap belt angle relative to the horizontal has been predicted to affect sub-

marining, where a more horizontal lap belt angle increases submarining likelihood. Similarly, the

angle of the lap belt relative to the pelvis (angles α and β, Figure 2.7) will also dictate submarining

occurrence. A large angle θ, indicating a large angle between the normal component of the belt ten-

sion (“Belt Normal”) and the pelvis (or “Pelvis Plane”), will increase the “Belt Slip” force, which

promotes upward translation of the lap belt. If this force is larger than the opposing “Belt Resist”

force, upward translation of the belt occurs. This “Belt Resist” force is affected by belt-occupant

friction in addition to the shear stiffness of the abdominal soft tissue.

Additionally, initial lap belt placement relative to the ASIS (“Belt-ASIS Overlap”) affects

submarining likelihood, as a belt located more superior to the ASIS will have a lesser likelihood

of engaging the ASIS during occupant forward excursion. The “Belt-ASIS Overlap” is likewise

affected by abdominal soft tissue depth - an occupant of higher BMI is typically associated with

larger abdominal soft tissue depth, which places the belt further anterior and superior relative to the

ASIS (larger D and γ, Figure 2.7). This unfavorable position decreases the likelihood of sufficient

belt-pelvis engagement, meaning occupants with a higher BMI are generally at a higher risk of

submarining [72, 73].

2.6 Conclusions

The following conclusions were drawn from this chapter’s analysis:

1. Several factors, and their associated relationships, were identified from this literature review

(Table 2.1). Of these factors, ten were selected for further study in the remainder of this

dissertation, as these factors were deemed the most critical and useful for the automotive

safety researchers to determine how they affect lap belt-pelvis interaction. These factors

included: crash severity, fore-aft lap belt angle, overhead lap belt angle, occupant-to-seat

friction, occupant-to-belt friction, HBM type, torso angle, recline angle, pelvis angle, and

pelvic-abdominal soft tissue stiffness. Narrowing down to these factors also allowed for a
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more controlled sensitivity study that was feasible to accomplish using computational HBMs.

2. Much of the research behind the identification of these factors took place prior to the ad-

vancement of restraint systems. As restraint systems which play a key role in occupant kine-

matics and associated occupant-restraint interaction, understanding how these factors affect

submarining using a modern restraint system is still required.

3. No experimental PMHS data exists to investigate the influence of a reclined seating posture on

lap belt-pelvis interaction and submarining occurrence and to evaluate the HBM’s response

relative to the PMHS data. These tests were conducted, and the methodology and results are

described in Chapter 3. The HBMs were then evaluated relative to the experiments, which is

described in Chapter 4.
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Chapter 3

The Effect of a Reclined Posture on Lap

Belt-Pelvis Interaction

3.1 Executive Summary

3.1.1 Relevance and Goal

In Chapter 2, the comprehensive literature review identified occupant posture, namely,

torso angle, as a potential factor that could affect lap belt-pelvis interaction and submarining oc-

currence. Prior to this dissertation, no reclined occupant kinematic data existed with which to

investigate reclined occupant kinematics, particularly lap belt-pelvis interaction. Further, while

computational HBMs have been evaluated in a reclined posture [33, 34], it was unclear whether

the kinematic and kinetic responses predicted by the HBMs could be trusted as the models were

not validated. Thus, this chapter aims to evaluate the kinematic and kinetic responses of reclined

PMHS in a frontal impact through dynamic sled tests. An additional goal was to generate kinematic

and kinetic data of the PMHS responses for HBM comparison and evaluation in chapter 4. These

experiments utilized a modern restraint system and both the PMHS and surrounding environment

were instrumented to acquire detailed measurement of occupant kinematics, restraint interaction,

and boundary condition loading.

3.1.2 Key Conclusions

The full list of conclusions can be found in Section 3.6 below. In summary, the five PMHS

exhibited variation in lumbar spine and pelvis kinematics which dictated injury and submarining
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outcomes. One of five subjects submarined and exhibited the largest lap belt-pelvis angle (angle

β from Figure 2.7) at the time of submarining onset despite having an initial pelvis and lap belt

orientation within the range of the other subjects (Table 3.1). All subjects exhibited combined

compression and flexion of the lumbar spine during forward torso excursion, though the initial

lumbar spine kinematics (prior to peak pelvis forward displacement) varied based on each subject’s

initial lumbar spine curvature, orientation, and compliance, as well as initial pelvis orientation and

kinematics. These initial kinematics dictated lumbar spine injury outcomes. Finally, in addition

to other factors, initial lap belt placement may have contributed to the direction of pelvis rotation,

which varied among subjects.

Table 3.1: Initial pelvis and lap belt orientations and lap belt-pelvis angle at the time of Subject 5’s

submarining (55ms). The lap belt-pelvis angle is measured as angle β from Figure 2.7 and is also

described in Figure 3.5

The biggest difference between the submarining subject and the non-submarining subjects

was the lap belt-pelvis angle at the time of submarining, where the submarining subject exhibited

the largest angle. As a result, this parameter was explored through experiments and simulations

in Chapters 5 and 6. Evaluating the ability of the HBMs to replicate fundamental mechanisms

exhibited by the PMHS pertaining to lumbar spine compliance and lap belt-pelvis interaction was

conducted in Chapter 4.

3.1.3 Contributions

This work produced the first dataset of mid-sized male PMHS responses to frontal impact

in a reclined environment, with the first ever analysis of lumbar spine kinematics, lap belt-pelvis

interaction, and submarining resulting from this posture. Additionally, several sources of kinematic
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and kinetic data were generated from the PMHS responses, which can be used for evaluation of

computational HBMs, physical anthropomorphic test devices (ATDs, or crash test dummies), and

PMHS of other sex and anthropometry.

3.1.4 Publications

The detailed methods and results of these experiments were published in the open litera-

ture. While the complete methods and results are described in these publications, the details deemed

most critical to this dissertation were included in this chapter.

Richardson R, Donlon J-P, Jayathirtha M, Forman J, Shaw G, Gepner B, Kerrigan J,

Ostling M, Mroz K, Pipkorn B. (2020). Kinematic and Injury Response of Reclined PMHS in

Frontal Impacts. Stapp Car Crash Journal, 64, 85-153.

Richardson, R., Jayathirtha, M., Chastain, K., Donlon, J. P., Forman, J., Gepner, B., ... &

Kerrigan, J. (2020). Thoracolumbar spine kinematics and injuries in frontal impacts with reclined

occupants. Traffic injury prevention, 21(sup1), S66-S71.

Richardson R, Jayathirtha M, Donlon JP, Forman JL, Gepner B, Ostling M, Mroz K,

Pipkorn B, Kerrigan JR. (2020). Pelvis Kinematics and Injuries of Reclined Occupants in Frontal

Impacts. Proceedings of the 2020 IRCOBI Conference, IRC-20-60 (499-515).

Richardson, R., Donlon, J. P., Chastain, K., Shaw, G., Forman, J., Sochor, S., ... &

Pipkorn, B. (2019). Test methodology for evaluating the reclined seating environment with human

surrogates. In Proceedings of the 26th International Technical Conference on the Enhanced Safety

of Vehicles, ESV, Eindhoven, Netherlands, 10th June–13th June.

3.2 Introduction

In Chapter 2, a comprehensive literature review found a reclined torso angle to be a poten-

tial factor that affects occupant lap belt-pelvis interaction and submarining occurrence. Crashes with

reclined occupants are relatively rare but can have severe consequences. Only 0.3% of occupants in

NASS-CDS frontal crashes (1995-2005) were fully reclined, however these occupants had a 77%

higher fatality rate than occupants seated in upright or partially reclined postures (Dissanaike et al.,

2008). A similar incidence (0.1%) of belted reclined occupants was found in more recent crashes

(2000-2015), with a 21% greater risk of MAIS 2+ and a 69% greater risk of MAIS 3+ injuries.

(McMurry et al., 2018).
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The absence of evidence for reclined occupants in car crashes does not demonstrate that

there is evidence of absence: in NASS-CDS, pre-crash occupant posture is assessed based on the

crash investigator’s vehicle inspection, and supported by occupant interviews; in many cases, this

variable is not recorded during crash investigations. For instance, in the aforementioned studies,

cases that had an occupant posture left unrecorded made up 24% and 17.6% of the total, respectively.

Further, non-traditional seating postures (e.g., not seated upright and/or not facing forward) are

predicted to increase with the introduction of highly automated or “self-driving” vehicles. The self-

driving technology of these vehicles may liberate the driver from controlling the vehicle. A reclined

seating position in particular is predicted to become more prevalent with the introduction of highly

automated or “self-driving” vehicles [23, 24].

The limited field data on reclined occupants in frontal crashes suggests that unfavorable

seatbelt engagement may contribute to the increased risk of injury and fatality [17, 18]. Indeed, in

1988, the National Transportation Safety Board (NTSB) conducted a study on the danger of reclined

seats, stating that the protection offered by a three-point pillar-mounted seat belt is compromised

when the seat is reclined, presenting a “potentially dangerous combination in a moving vehicle”

[21]. In particular, a reclined posture may increase the risk of submarining. Likewise, computational

simulations predict unfavorable occupant kinematics, including both submarining and the combined

loading of the lumbar spine in compression and flexion, due to seatback recline angle and altered

seatbelt loading paths [36, 20].

Several vehicle design countermeasures have been investigated to mitigate submarining,

including the use of a seat-pan airbag, knee bolster, and a combination pretensioners and force

limiting retractors [29, 74, 75]. However, with the introduction of Level 3 Automated Driving

Systems (ADS), prototype interior vehicle environment setups show front-seat occupants positioned

away from the knee bolster and airbag, toward the rear of the vehicle [22]. This position increases

the reliance of restraint on the seat and seatbelt. The addition of pretensioners to the seat belts has

been shown to tie the occupant to the deceleration of the car early in an accident, which will reduce

the peak load experienced by the occupant by more than 20% [45]. Additionally, novel restraint

systems that include dual lap belt pretensioners have been investigated [34, 46, 36]. Sled tests

conducted on the reclined THOR anthropomorphic test device (ATD) compared the effectiveness of

different restrain systems on occupant submarining [46]. It was shown that, in comparison to tests

run using a restraint system with either solely a retractor pretensioner or both a retractor pretensioner

and a single lap belt pretensioner (both of which resulted in occupant submarining), a restraint

system that integrated dual lap belt pretensioners resulted in no submarining. Similarly, reclined
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HBM simulations show a restraint system with dual lap belt pretensioning mitigated submarining

in the GHBMC-OS M50 model (v.1.8.4), THUMS SAFER AM50 model (v9), and THUMS AM50

model (v5) [34], even in the absence of a knee bolster. In contrast, the GHBMC-O M50 model

(v4.5) resulted in submarining [34].

Previous simulation studies comparing different HBMs have observed important differ-

ences in lumbar kinematics and pelvis engagement in a reclined seating posture [34]. Further, no

validation dataset exists to verify HBMs in a reclined seating configuration. Therefore, post-mortem

human subject (PMHS) reference data was needed to not only serve as a basis for model evaluation

and improvement, but to investigate the predicted risks associated with this posture. Further, the

restraint system’s effectiveness in mitigating submarining in PMHS must be evaluated, as it has

shown proven effectiveness in submarining mitigation for ATDs and HBMs.

The goal of this study was to describe the response of mid-sized male PMHS in a reclined seating

environment by generating kinematic response and kinetic boundary condition data captured during

the tests. This data was used for HBM validation in Chapter 4. Additionally, injury outcomes and

analyses resulting from this study are reported.

3.3 Material and Methods

3.3.1 Test Environment

The tests were performed on a Seattle Safety (Kent, WA) 1.4 MN ServoSled® (Fig-

ure 3.1a). A 35-g (ΔV = 50 km/h) pulse was used, which has been used in previous sled tests

to assess PMHS submarining [76] (Figure 3.2).

3.3.1.1 Semi-rigid seat

The subjects were seated on a semi-rigid seat designed to reproduce the behavior of a real

vehicle seat, in a front passenger configuration (Figure 3.3). This semi-rigid seat has been used in

previous PMHS studies [76, 77] and consists of both a seat pan and an anti-submarining ramp, each

of which individually articulate as a function of the stiffness and position of corresponding springs.

The orientations of the seat pan and anti-submarining pan were set to 15° and 30°, respectively; the

same orientation has been used in previous sled tests [76, 77]. The maximum allowable seat pan

deflection was set to 50 mm. The stiffness of the springs was tuned to that of a real frontal vehicle

seat; the same stiffness has been used in previous sled tests [76, 77].
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(a) (b)

Figure 3.1: (a) Sled fixture and (b) buck coordinate system.

Figure 3.2: Acceleration pulse used in this test series (CFC 60).
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A simplified seatback supported the subjects while permitting visibility of posterior motion-

capture instrumentation [78]. The simplified seatback consisted of support straps behind the head,

upper torso, and lower torso (Figure 3.1a). The straps were released by a pyrotechnic mechanism at

the start of the test.

(a) (b)

Figure 3.3: (a) Oblique view of the semi-rigid seat in the experimental test setup. (b) Lateral view

of the semi-rigid seat.

3.3.1.2 Restraint system

The seatbelt concept was developed to reduce the risk of submarining in reclined seating

[46]. The subjects were restrained by a seat-integrated three-point belt equipped with dual lap belt

pretensioners, and a shoulder belt pretensioner and shoulder belt load limiter of 3.5 kN (constant

force). The inboard lap belt pretensioner, located at the buckle, activated at 3 ms. The outboard lap

belt pretensioner, located within the outboard retractor, as well as the shoulder-belt retractor pre-

tensioner, simultaneously fired at 10 ms. The belt system also included a crash locking tongue that

mitigated webbing transfer from shoulder-belt to lap belt. The D-ring in each test was positioned to

approximate the position of a seatback-integrated D-ring. The lap belt was positioned by routing it

anterior to the subject’s ASIS landmarks, which were estimated by palpation.

32



CHAPTER 3. THE EFFECT OF A RECLINED POSTURE ON LAP BELT-PELVIS INTERACTION

3.3.1.3 External instrumentation and data acquisition

The tests were recorded using several off-board and on-board high-speed cameras. Addi-

tional single 3D tracking markers were located on the seat pan and anti-submarining ramp, seat-belt

webbing, seat-belt D-ring (positioned to mimic a belt-integrated seat), and lap belt anchorage lo-

cations. The seat-belt webbing was instrumented with two tension gauges located at the upper

shoulder-belt between the subject’s shoulder and the D-ring, and at the lap belt between the sub-

ject’s right hip and the lap belt anchor. Load cells were installed beneath the seat, buckle, and toe

pan.

3.3.2 PMHS Selection

Five male PMHS were tested (Table 3.2). The specimens were selected targeting the

50th percentile male; Subject 2 (test 530) was of lighter mass but similar stature of a mid-sized

male. All tissue donation, testing, and handling procedures were approved by the University of

Virginia Institutional Review Board – Human Surrogate Use (IRB-HSU) Committee. The subjects

were preserved by freezing and confirmed free of infectious diseases including HIV and Hepatitis

B and C. Full body Computed Tomography (CT) scans were taken of each subject prior to testing

to confirm the absence of bony trauma. Dual-energy X-ray absorptiometry (DXA) was performed

to assess bone quality. All subjects’ upper extremities were amputated mid-forearm bilaterally to

allow for full visibility of the occupant’s lap belt and pelvis during the forward excursion.

Table 3.2: Specimen data for the five male PMHS used in the sled tests.
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3.3.3 PMHS Instrumentation

A 3D tracking array was mounted to the head, T1, T8, T11, L1 (in Subjects 1, 2, and 3),

L3, pelvis, and sternum (Figure 3.4b). Multiple 3D tracking markers were located on the surface of

the thorax, shoulders, upper and lower limbs. Pressure transducers were inserted in the intervertebral

discs targeting three locations: T12/L1, L2/L3, and L4/L5 (Richardson et al., 2020b). Strain gauge

rosettes were affixed to the lateral aspect of the left and right iliac wings (two rosettes per wing)

(Richardson et al., 2020a).

(a) (b)

Figure 3.4: (a) Pre-test CT showing the installation locations for the motion-tracking hardware. (b)

Motion-tracking arrays rigidly affixed to the internal hardware at several locations on the specimen.

3.3.4 PMHS Positioning

The subjects were seated in a simulated right front passenger position with the feet fully

constrained (Richardson et al., 2019). The subjects were reclined to a torso angle of approximately

50° relative to the vertical by measuring the angle between the segment connecting the H-point

to the acromion and the vertical in the sagittal plane. The initial positions of the local coordinate
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systems for each of the body segments that were tracked with 3D motion tracking are tabulated in

Table B.1.

3.3.4.1 Initial lumbar spine and pelvis orientation

The pelvis angle was not controlled but rather dictated by both the torso recline angle

and the subject’s natural lumbar orientation and curvature. The pelvis angle was defined as the

angle between the segment connecting the midpoint of the left and right ASIS and the center of

the pubic symphysis (PS) relative to the horizontal axis (X-axis) in the sagittal plane, referred

to as the ”Nyquist angle” in the literature [79] (Figure 3.5). A typical upright occupant’s seated

pelvis (Nyquist) angle is generally just greater than 90°, and a greater pelvis angle corresponds to

a reclined, rearward-rotated pelvis [52]. The lap belt angle was defined as the angle between the

segment connecting the anchorage point and the approximate center of the lap belt relative to the

horizontal in the sagittal plane. The belt-pelvis angle was defined as the difference between these

angles (pelvis angle – lap belt-pelvis angle) (same as angle β, Figure 2.7).

Figure 3.5: Belt-pelvis angle definition.

Initial orientations of the bony local coordinate systems relative to the crash direction were

calculated using reconstructed CT scans from each subject (Figure 3.6). This provided a detailed

representation of the vertebral and pelvic alignment in their pre-test position using each subject’s

specific bony geometry measured in the global coordinate system.

Subject 1’s lumbar spine exhibited an initial lordotic curvature (lumbar extension): T11

was pitched 7° upward relative to L3 (Figure 3.6). In contrast, Subjects 2, 3, and 5 exhibited initial

lumbar flexion, indicated by a downward pitch of T11 toward L3 (11° average). Subject 4 exhibited

35



CHAPTER 3. THE EFFECT OF A RECLINED POSTURE ON LAP BELT-PELVIS INTERACTION

Figure 3.6: Initial position of the five subjects from the five tests. The labelled angles show the

initial pitch angle (rotation about the y-axis) of the measured bones in the spinal column, where the

solid arrows indicate the initial orientation of the x-axis for each vertebral body’s local coordinate

system. The pelvis angle is measured as the Nyquist angle.

minimal initial relative rotation between T11 and L3, indicating a neutral lumbar alignment (neither

flexed nor extended).

The subjects exhibited initial pelvis (Nyquist) angles from 160-179° with Subjects 2 and

5 pitched most rearward (179° and 170°) and Subject 4 pitched most forward (160°) (Figure 3.6).

The initial pelvis angles of all subjects were found to lie within the standard deviation developed

from data on volunteers [80].

3.3.4.2 Initial lap belt positioning

Initial lap-belt angles (defined in Figure 3.5) were 56-66° (inboard) and 60-74° (outboard)

(Table 3.3) and were measured using 3D motion tracking. The buckle was initially positioned more

rearward than the outboard anchorage point, which resulted in a smaller angle at the inboard side.
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Table 3.3: Initial lap belt angles.

The subjects’ abdominal tissue curvature and pelvic orientation dictated the natural place-

ment of the lap belt relative to the pelvis (Figure 3.7). In this figure, the solid black line connects the

motion-capture markers placed in the center (width-wise) of the lap-belt. The dashed line approx-

imates the edges of the lap-belt. The grey pelvis outline represents each subject’s corresponding

pelvis, reconstructed from the subject’s CT-scan. Subjects 1, 2, and 3 had initial low lap belt place-

ments, where the lap belt center is closer to the pubic symphysis. In contrast, Subjects 4 and 5 show

higher initial lap belt placements, where the lap belt center was closer to the ASIS and the webbing

is also further up the pelvis. While all subjects exhibit slight asymmetry in lap belt placement,

wherein the inboard side (right column) is initially positioned higher relative to the pelvis than the

outboard side (left column), this is exaggerated for Subject 5. On the inboard side, this Subject’s

lap belt webbing is just below the ASIS.

3.3.5 Data Analysis

3.3.5.1 Motion-capture data

The motions of local coordinate systems (Figure 3.8) defined on the head, vertebrae, and

pelvis were calculated relative to the global coordinate system defined on the buck (Figure 3.1b)

using pre-test CT scans, hardware schematics, and digitization of hardware assemblies (Shaw et al.,

2009). Thus, a positive X-value indicates a forward motion; a positive Y-value indicates motion

towards the occupant’s right; and a positive Z-value indicates a downward motion.

3.3.5.2 Restraint Instrumentation

Uniaxial belt tension gauges were installed both on the shoulder belt, between the sub-

ject’s shoulder and the D-ring, and on the lap belt, between the subject’s right hip and the outboard
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Figure 3.7: Initial position of the pelvis and lap-belt in the buck coordinate system, viewed from the

outboard (left column) and inboard (right column) sagittal planes.

Figure 3.8: Definition of local coordinate systems on the head, vertebra, and pelvis, each defined by

the corresponding bone’s anatomic landmarks.
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retractor. A six-axis load cell was installed beneath the buckle on the subject’s inboard side.

3.4 Results

The resulting kinematic measurements of the five reclined PMHS show a biphasic re-

sponse of the occupant’s pelvis and upper torso. The sequence of kinematics occurred in the fol-

lowing order: (i) pelvis initial forward displacement (5-7ms, pelvis X-dir), (ii) upper torso initial

forward pitch (17-47ms, T8 Z-dir), (iii) pelvis peak forward displacement followed by pelvis re-

bound (57-76ms, pelvis X-dir), (iv) upper torso peak forward displacement followed by upper torso

rebound (104-115ms, head X-dir). The times of maximum force in the lap belt, shoulder belt, and

seat occurred consistently across all five subjects. Maximum lap belt force and seat forces occurred

near the time of maximum forward pelvis displacement (57-76ms). Maximum shoulder belt force

occurred near the time of maximum forward torso (T1) displacement (97-109ms) and remained

near the nominal force-limit value (3.5-3.8kN actual vs. 3.5kN nominal). The kinematic and kinetic

measurements from the test with the lighter mass Subject 2 were smaller in magnitude compared to

the four midsized subjects.

Injuries to the sacrum/coccyx, iliac wing, lumbar spine, and ribcage were identified in

post-test dissections [81, 82]. No injuries to the head, extremities, and viscera were observed. No

injuries to the integumentary system were observed, apart from abrasions attributable to the seatbelt

at the ASIS and clavicle.

3.4.1 Pelvis Kinematics and Injury

The four midsize subjects showed consistent pelvis forward displacement with an average

maximum of 148mm, which occurred between 70ms (Subject 1) and 77ms (Subject 5) (Figure 3.9a).

The magnitude of pelvis forward displacement is similar to sled tests conducted at 56 km/h with a

pelvic-restraint cushion (100-133 mm) [74]. Similar to the dual lap belt pretensioners, which has

been shown to mitigate submarining in four of the five tests, the pelvis-restraint cushion has been

proposed as an avenue for mitigating submarining in the reclined position [46]. In previous tests that

did not use a pelvis-restraint cushion or double lap belt pretensioning, the pelvis reached a higher

magnitude of displacement (200-300 mm) [74, 76]. Subject 2 of lighter mass exhibited a peak

pelvis displacement of 33mm at 58ms. In all tests, the pelvis rotated forward (negative direction,

per Figure 3 5) except Subject 5 which exhibited a rearward rotation of 2-3° (Figure 3.9b).
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(a)

(b)

Figure 3.9: Pelvis kinematics of the five PMHS: (a) forward (X-) displacement, (b) angular dis-

placement. A negative pelvis angle indicates a forward pelvis rotation.
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Subject 5 submarined at the inboard (buckle) side (left iliac wing) at approximately 55ms.

High-speed video was focused on Subject 5’s pelvis during the submarining event (Figure 3.10).

(a) (b) (c)

Figure 3.10: Video stills of Subject 5 submarining.

Subjects 1 and 3 sustained pelvis fractures at the right iliac wing between the ASIS and

AIIS landmarks at approximately 60ms and 53ms, respectively B.2. Subjects 1, 2, 3, and 5 all

sustained injuries at the lower-level sacrum.

3.4.2 Lap Belt Kinematics and Kinetics

The five subjects showed consistent trends in lap-belt angle time-history, with a decreasing

lap belt angle (indicating a shallower lap belt angle) that peaked around the time of peak pelvis

forward excursion (Figure 3.11). Lap belt motion tracking on the inboard side was lost (due to lack

of visibility) just prior to peak pelvis forward displacement for Subjects 1, 3, and 4. On the outboard

side, Subjects 1 and 3 exhibited the most horizontal lap belt angle at the time of peak pelvis forward

excursion, followed by Subjects 4 and 5. Subject 2’s lap belt rotated approximately 15° less than

the other subjects as this subject exhibited far less pelvis displacement (Figure 3.9a).
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(a)

(b)

Figure 3.11: Lap belt angular displacement in the sagittal view up to 100 ms (during pelvic re-

bound): (a) the inboard (buckle) side of the occupant, (b) the outboard side of the occupant. A

negative trend indicates a shallower lap belt angle, or a lap belt angle oriented closer to the horizon-

tal axis.
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Maximum lap belt tension and resultant buckle force occurred near the time of maximum

forward pelvis displacement (56-75 ms) (Figure 3.12). Peak lap belt tension ranged from 4.6kN

(Subject 2) to 8.3kN (Subject 4) and peak resultant buckle force ranged from 6.9kN (Subject 2) to

10.7 kN (Subject 4). The reduction in lap belt tension for Subjects 3 and 5 correspond to iliac wing

fracture timing and submarining, respectively.

(a)

(b)

Figure 3.12: (a) Lap belt tension (outboard side); (b) buckle resultant force (inboard side).
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3.4.3 Lumbar Spine Kinematics and Injury

The four midsized subjects showed similar forward displacements (X-dir) of the T11

(190-240mm, 95-105ms), L1 (165-183mm, 75ms), and L3 (140-187mm, 65-80ms) vertebral bod-

ies (Figure 3.13). Subject 2 exhibited less forward displacement which occurred earlier than the

midsized subjects. While the T11 vertebral body Z-displacements were grossly similar for these

subjects (all trending in the negative direction, indicating an upward motion per Figure 3.8), differ-

ences were seen in the L1 and L3 vertebral body Z-displacements. Subject 1 exhibited more upright

behavior for both L1 and L3, with the spinal column oriented closer to the vertical axis and the

corresponding vertebral bodies displacing up more vertically, whereas the other subjects showed

more lumbar spine compliance, exhibiting a downward behavior at these vertebral body locations.

Subjects 1, 2, and 3 sustained L1 vertebral body fractures, which occurred at 65ms for

Subjects 1 and 3 and 48ms for Subject 2 (Figure 3.14 shows the spine orientation at the time of

fracture). These L1 fractures occurred just prior to peak forward pelvis displacement for the corre-

sponding subjects and were attributed to combined compression and flexion loading of the lumbar

vertebral column due to both the arrested motion of the pelvis (by the lap belt) and the forward

flexion of the torso. Subject 1 exhibited an aligned spinal column at the time of injury, with no rel-

ative pitch between the T11 and L1 vertebrae and the L3 vertebra pitched downward relative to L1.

This aligned lumbar column resulted in a more distributed load across the L1 vertebral body and a

three-column burst fracture occurred. This subject exhibited flexion immediately following time of

injury. In contrast, Subjects 2 and 3 exhibited flexion at the time of injury. Subject 2 sustained a sin-

gle column compression fracture (concentrated anterior loading of the vertebral body) and Subject

3 sustained a two-column burst fracture (less concentrated anterior loading of the vertebral body).
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Figure 3.13: Vertebral body forward (X) and downward (Z) displacements.
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Figure 3.14: Position of the first three subjects at the time of fracture (Subject 1: 65 ms, Subject 2:

48 ms, Subject 3: 65 ms) and Subjects 4 and 5 at 65 ms for kinematic comparison with Subjects 1

and 3, of equal mass. Kinematic tracking of the pelvis of Subject 3 was lost at 30 ms.

3.5 Discussion

The test results gave insight into the responses of PMHS in a reclined seating config-

uration subjected to a frontal impact. The PMHS showed variation in lumbar spine and pelvis

kinematics, which dictated injury and submarining outcomes. This variation resulted in a wide

range of responses for HBM comparison in the biofidelity assessment of Chapter 4. However, it

is critical to first understand how these kinematics inform the underlying fundamental mechanisms

of lumbar spine compliance and lap belt-pelvis interaction in the PMHS and ensure the HBM can

capture these mechanisms, as they have a direct effect on submarining occurrence.

3.5.1 Lumbar Spine Compliance

The kinematics of the lumbar spine were influenced by both the subject’s initial spinal

curvature in relation to the pelvis and the pelvis kinematics (Richardson et al., 2020b). While the

subjects were positioned to a similar gross torso angle (50° in the sagittal plane), the lumbar spinal

columns showed varying levels of kyphosis or lordosis initially due to subject-specific characteris-

tics (Figure 3 7). Recall, motion tracking hardware was installed on the vertebral bodies of Subjects

1, 2, and 3. Thus, information on lumbar spine flexion and extension kinematics can be obtained

by plotting the relative rotations of the L1 vertebral body to the L3 vertebral body (Figure 3 13)

and, for Subjects 1 and 2, relative to the pelvis (recall pelvis motion tracking was lost for Subject 3)
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(Figure 3 14). For Subjects 1, 2, 4, and 5, flexion/extension kinematics can be obtained by plotting

the L3 rotation relative to the pelvis rotation (Figure 3 14).

Subject 1, who exhibited forward pelvis rotation during forward excursion, exhibited a

more vertically-oriented spinal column than the other subjects at the time of injury (Figure 3.14).

While there was distributed loading across the L1 vertebral body superiorly and inferiorly, resulting

in a three-column burst fracture, L1 was pitched upwards relative to L3 and the pelvis, indicating

extension (Figures 3.15 and 3.16). In contrast, Subjects 2 and 3 exhibited pure flexion of L1 rela-

tive to L3 (Figure 3.15a). However, prior to peak forward pelvis displacement, Subject 2 showed

extension of the L1 vertebral body relative to the pelvis (Figure 3.16a) and Subjects 2 and 4 showed

extension of the L3 vertebral body relative to the pelvis (Figure 3.16b). Subject 5, who submarined

exhibited pure flexion of L3 relative to the pelvis.

(a) (b)

Figure 3.15: L1 vertebral body rotation relative to L3 vertebral body rotation (a). A positive value

indicates a rearward rotation of L1 relative to L3, akin to lumbar extension or lordosis (b).
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(a) (b)

(c)

Figure 3.16: L1 vertebral body rotation (a) and L3 vertebral body rotation (b) relative to the pelvis

rotation. A positive value indicates a rearward rotation of L1 or L3 relative to the pelvis, akin to

lumbar extension or lordosis (c).
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3.5.2 Lap Belt-Pelvis Interaction

3.5.2.1 Lap belt placement and pelvis rotation

Prior to peak forward pelvis displacement, the PMHS exhibited different pelvis rotation

polarities. Subjects 1 and 2 exhibited approximately 10-15° of forward pelvis rotation (Figure

3.9b). Subject 4 exhibited less forward pelvis rotation (ă 3°) until just before peak pelvis forward

excursion (60-70ms) when this subject exhibited a slight rearward pelvis rotation. Subject 5, who

submarined, exhibited rearward rotation through the entire duration of pelvis forward excursion.

All subjects exhibited different initial pelvis and lumbar spine orientations based on the subject’s

natural seating posture, however, there are no clear links between these differences in initial position

and the subsequent differences in pelvis rotation polarity.

One clear difference among PMHS was the initial lap belt fit, which was largely dictated

by the subject-specific shape of the abdomen. Subjects 4 and 5, who exhibited a neutral or slightly

rearward pelvis rotation, had the lap belt initially positioned closer to the ASIS (dx) than Subjects

1 and 2, who exhibited a forward pelvis rotation (Table 3.4). This was also seen by looking at the

lap belt webbing relative to the subject-specific pelvises, where Subjects 1 and 2 had the lap belts

positioned lower, below the AIIS, and Subjects 4 and 5 had the lap belts positioned higher, closer

to the notch between the AIIS and ASIS (Figure 3.17, left column). There was also a difference in

subsequent lap belt-pelvis engagement between Subjects 1 and 2 and Subjects 4 and 5, where again

Subjects 1 and 2 had a lower lap belt placement relative to the pelvis (Figure 3.17, right column).
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Table 3.4: Distance between the center of the lap belt and the ASIS in the X-direction (defined in

the right schematic) and resulting pelvis rotation polarities.

Linking the difference in pelvis rotation solely to the lap belt placement relative to the

pelvis is a large simplification. In reality, there are several factors that contribute to pelvis kinemat-

ics, as Chapter 2 demonstrated (Figure 2.7). However, lap belt placement may be one factor that

contributed to the differences in pelvis rotation. Neglecting all other factors and isolating the lap belt

tension vector relative to the pelvis, the resulting pelvis rotation can be visualized by summing the

components of the lap belt tension in relation to the pelvis center-of-rotation (COR) (Figure 3.18).

From this simplified diagram, the lap belt placed anterior relative to the pelvis COR (FBelt1) will

result in a moment that promotes a forward rotation(positive X-component), whereas the lap belt

placed posterior to the pelvis COR (FBelt1) will result in a moment that promotes a rearward ro-

tation (negative X-component). Thus, the more anterior initial position of the lap belt relative to

the pelvis COR seen for Subjects 1 and 2 may be a partial cause for the resulting forward pelvis

rotation. Likewise, the more posterior initial position of the lap belts relative to the pelvis COR seen

for Subjects 4 and 5 may be a partial cause for the resulting rearward pelvis rotation

3.5.2.2 Lap belt-pelvis angle and submarining

Subject 5 was near the average initial pelvis angle for the four midsize male subjects (170°

vs. 166° avg.) (Figure 3.7), inboard lap belt angle (62° vs. 60° avg) (Table 3.3), and thus, initial

lap belt-pelvis angle for the midsize PMHS (108° vs 108° avg); however, this subject submarined

on the inboard side starting at approximately 55ms. Chapter 2’s literature search originally revealed
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Figure 3.17: Position of the lap belt relative to the subjects’ pelvises (segmented CT scans) in the

initial configuration (left column) and during the pelvis forward displacement (right column). See

Richardson IRCOBI paper for details on the selected times of interest in the right column. Subject

3 is omitted as pelvis motion tracking was lost. The solid line connects the motion-capture markers

at the center of the lap belt and the dashed lines approximate the width of the lap belt webbing.
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Figure 3.18: A simplified free body diagram showing the lap belt tension vector relative to the pelvis

COR for two different lap belt placements, inducing two opposing moments.

lap belt-pelvis angle as a potential factor that influences submarining occurrence. The inter-subject

differences in lap belt-pelvis angle at the time of Subject 5’s submarining shows that this as an

important parameter for investigating submarining threshold. At the onset of submarining (t= 55

ms), Subject 5 exhibited a relatively high magnitude of lap belt tension (Figure ??) and the largest

lap belt-pelvis angle of the mid-sized subjects (124° vs 117° avg), indicating the most horizontally-

oriented lap belt angle relative to the pelvis (Figure 3.19, angle β in Figure 2.7). This suggested

a threshold for which, at a given lap belt-pelvis angle, submarining would occur. Evaluating the

submarining sensitivity to this parameter was further investigated in Chapter 5.
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Figure 3.19: Lap belt-pelvis angle on the inboard side. This parameter is defined in Figure 3.5

and is angle β in Figure 2.7. Lap belt motion tracking was lost during the subjects’ forward pelvis

excursion due to lack of visibility of the lap belt markers.

3.6 Conclusions

The following conclusions were drawn from this chapter’s analysis:

1. Lap belt-pelvis angle was shown as a potential parameter that affected submarining occur-

rence, as the subject who submarined exhibited the largest lap belt-pelvis angle (indicating

a more horizontally-oriented lap belt relative to the pelvis) at the time of submarining. This

parameter was further studied in Chapters 5 and 6.

2. In addition to several other factors, the initial lap belt placement relative to the bony pelvis

may have played a role in the resulting direction of pelvis rotation, which varied among

subjects.

3. The PMHS exhibited varying responses in lumbar spine kinematics, particularly flexion and

extension, due to the subject-specific variation in initial lumbar spine alignment and compli-

ance and initial pelvis orientation and kinematics. Some subjects exhibited slight extension

of the lumbar spine during pelvis forward excursion. All subjects exhibited combined com-

pression and flexion loading of the lumbar spine during forward torso excursion.
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Ensuring the models can capture the fundamental mechanisms of lumbar spine compli-

ance and belt-pelvis interaction resulting from this test series is paramount. Several signals will

be compared in the HBM biofidelity evaluation in Chapter 4. These signals were deemed as those

that most comprehensibly illustrate important similarities and discrepancies between the HBMs and

PMHS. These include all boundary kinetic signals (belt, seat, and toe pan forces), seat pan and anti-

submarining pan rotation, restraint system responses (belt pay-in/pay-out), and surrogate kinematic

response.
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Chapter 4

Evaluation of HBM Biofidelity in a

Reclined Posture

4.1 Executive Summary

4.1.1 Relevance and Goal

Prior to executing the parametric study in which a computational model (e.g., HBMs)

was used to draw conclusions for an physical model (e.g., humans), it was critical to first perform

a benchmark biofidelity evaluation, in which the computational model’s kinematic and kinetic re-

sponses are compared to the physical model, to understand existing differences between these mod-

els [83]. Prior to this dissertation, HBMs had not been evaluated in their ability to predict belt-pelvis

interaction exhibited by PMHS in a reclined posture.

Thus, the goal of this chapter was to evaluate the biofidelity of the GHBMC and THUMS

HBMs by comparing their kinematic and kinetic responses to those exhibited by the PMHS from

Chapter 3. This evaluation allows for the assessment of the HBMs’ capabilities and limitations

in a reclined posture, with particular focus on pelvis and lumbar spine kinematics and restraint

interaction. This chapter, in combination with Chapter 6, informed the selection of the HBM for

the evaluation of lap belt-pelvis interaction and submarining occurrence in Chapter 8’s parametric

study.
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4.1.2 Key Conclusions

The full list of conclusions can be found in Section 4.6 below. In summary, the GHBMC

was identified as the more suitable choice for detailed study of lap belt-pelvis interaction as the lap

belt shell elements collapsed in the THUMS simulations during the model’s forward torso flexion.

This phenomenon in the THUMS simulation may be due to either the sliding contact between the

model’s flesh and pelvis, or due to the material stiffness of the flesh itself. The collapse of the

webbing elements affected lap belt-pelvis loading and resulting pelvis kinematics. Additionally, the

THUMS exhibited more lumbar spine compliance than both the GHBMC and the PMHS.

These conclusions, in addition to those drawn from Chapter 6’s simulation study, will be

used to inform the selection of the HBM to use in Chapter 8’s parametric study.

4.1.3 Contributions

This chapter provides the first biofidelity evaluation of HBMs in a reclined seating en-

vironment through a comprehensive comparison of kinematic and kinetic data traces. This signal

comparison, in addition to visual (i.e., video) analysis, allowed for a deeper understanding of the

HBMs’ limitations in this posture, with particular emphasis on lap belt-pelvis interaction and lum-

bar spine compliance. Understanding these limitations informs the field of potential body regions in

which further data and/or research is required to improve HBM biofidelity, which expands beyond

the reclined posture.

4.2 Introduction

In Chapter 2, a comprehensive literature review identified a reclined torso angle to be

a potential factor that affects occupant lap belt-pelvis interaction and submarining occurrence. A

reclined posture is predicted to increase in prevalence with the introduction of Level 3 ADS, so in-

vestigating the mechanism of how this posture may increase risk of submarining is critical. Current

HBM simulations reveal an increased risk of submarining for a reclined posture due to the initial

rearward pitch of the pelvis. However, prior to this dissertation, no PMHS data existed to inves-

tigate reclined occupant kinematics and associated submarining risk or to validate computational

HBM responses in this posture. Thus, Chapter 3 described the methods and results of reclined

midsized male PMHS sled test experiments using a restraint system designed to mitigate occupant

submarining, though one of five subjects submarined. These tests revealed mechanisms in both the
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lumbar spine and lap belt-pelvis regions which were found critical for a computational HBM to be

able to replicate, as these mechanisms influenced pelvis kinematics and subsequent submarining

outcomes.

The two most recently developed and updated state-of-the-art midsized male (M50) HBMs

are the Global Human Body Models Consortium detailed M50 seated model v.6 (GHBMC-O M50

v.6) and the Total HUman Model for Safety (THUMS AM50 v.6.1). These HBMs have different

geometric, material, and mathematical formulations, but are both classified as representing the aver-

age, or mid-sized, male anthropometry. Geometry for these whole-body models is based on medical

imaging data (e.g. computed tomography data) and each model is comprised of approximately two

million elements [27, 28]. These HBMs, largely validated at the component and full-body model

levels, have been used extensively for evaluation of kinematics and injury prediction in multiple

automotive crash loading modes and have been shown to exhibit different kinematic and kinetic

responses.

As the final aim of this dissertation is to use a computational HBM to evaluate the effect of

extrinsic and intrinsic factors, including a reclined seating posture, on lap belt-pelvis interaction and

submarining occurrence (Chapters 8 and 9), it is critical to use a model that exhibits biofidelity in

representing these mechanisms. Neither the GHBMC nor the THUMS model have been evaluated

in a reclined seating posture. Thus, this chapter performed the biofidelity evaluation necessary to

assess the performance of both models relative to the PMHS responses, and, in combination with

Chapter 6, aided in determining the superior model to select for the final parametric study in Chapter

8.

4.3 Materials and Methods

4.3.1 Software and Hardware Used

The simulations in this chapter were performed using LS-DYNA (R11) Massively Parallel

Processing (MPP) explicit FE solver. The simulations were performed on the high-performance

computational cluster (Intel Xeon64/sse2). All jobs were run on two nodes.

4.3.2 FE Environment

The simulation environment matched the setup used in the tests presented in Chapter 3,

featuring a semi-rigid simplified seat, a 50° torso recline angle, and a prototype 3-point restraint
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system. No knee bolster was used. The semi-rigid seat was based on a design developed by [76]

which was used in Chapter 3. The FE model of the semi-rigid seat was developed by Laboratory of

Accidentology and Biomechanics/Centre Européem d’Etudes de Sécurité et d’Analysis des Risques

(LAB/CEESAR) in cooperation with Partnership for Dummy Technology and Biomechanics (PDB)

and was further improved by Autoliv Development AB in Sweden (Figure 4.1). The gravity was

applied to all parts of the model through the *LOAD BODY Z keyword and no global damping was

used.

Figure 4.1: FE model of the semi-rigid seat.

As in Chapter 3, the restraint system used consisted of a three-point belt equipped with

dual lap belt pretensioners, a shoulder belt retractor pretensioner, a crash locking tongue, and

a shoulder belt load limiter of 3.5 kN. Anchorage points geometry was designed to represent a

seatback-integrated belt configuration. Belt webbing was created using shell seatbelt elements and

a 2D slip-ring formulation to facilitate stable and unobstructed belt payout. The FE model of the

restraint system, which was developed by Autoliv Development AB and used with permission here,

comprised of validated component models of production parts. System model was validated by

means of sled tests using THOR-50M. The occupant to the environment contact was modelled with

the static and dynamic friction coefficient of 0.35 for the seat pan and 0.30 for the belt, which are

default friction values for automotive impact simulations and have been used in similar studies using

this seat and restraint system [34].
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4.3.3 HBMs

Two mid-sized male HBMs – the GHBMC v.6.0 and the THUMS v.6.1 – were used in this

chapter. These HBMs represented gross 50th male anthropometry, however they differed in specific

local geometry, e.g., pelvic shape and lumbar spine alignment. The GHBMC v.6.0 is the newest

iteration of the GHBMC mid-sized male occupant model, made publicly available in late 2021. It

features, among other updates, new softer definition for the adipose tissue and detailed ligamentous

lumbar spine model [84] . THUMS v.6.1, released in early 2019, was developed based on previously

developed THUMS v.4 model. It features internal organ model and an implementation of active

musculature [85]. Both HBMs were validated by means of component tests, table-top experiments

and whole-body sled tests. All models feature injury prediction capabilities in several body regions

[84, 85].

4.3.4 HBM Positioning

The HBMs were positioned based on the initial positions of the four mid-sized PMHS

(Subjects 1, 3, 4, and 5) from the tests described in Chapter 3 (Appendix C.1). The rigid body

positioning was carried out in three sequential steps (Figure 4.2). In the first step, the HBMs were

initially aligned by their hip points (or H-points) relative to the PMHS average, defined based on

the center of the acetabulum (note that the THUMS v.6.1’s acetabulum needed to be shifted forward

25mm to account for an apparent smoothing in the local curvature of the acetabulum) (Figure 4.2,

Step 1). Recall that Chapter 2 introduced both initial lumbar spine and pelvis orientation as potential

factors that affect lap belt-pelvis interaction. From positioning the PMHS relative to two different

pelvis angles measured at different locations on the pelvis geometry(the Nyquist angle and the

Notch angle or the segment connecting the ASIS and anterior inferior iliac spines relative to the

horizontal as in [86]), the resulting lumbar column orientation differed between the two HBMs

(Figure 4.2, Intermediate Step). Thus, the HBMs were positioned to effectively split the difference

between both the lumbar spine and pelvis alignment by aligning the vector passing between the

center of the sacrum and the L5 superior endplate (Figure 4.2, Step 2). Finally, the HBMs were

reclined and aligned with the PMHS using average PMHS: L1, L3 and pelvis H-point and iliac

crest positions (Figure 4.2, Step 3). To have a better approximation of the range in initial pelvis

and lumbar orientations observed in the PMHS tests, the HBMs were also positioned at pelvis

orientations ˘ 12° relative to this nominal angle. These steps were achieved using rigid body

transformations of the HBMs.

60



CHAPTER 4. EVALUATION OF HBM BIOFIDELITY IN A RECLINED POSTURE

The 12° value was derived based off the difference in the two different pelvis angles ex-

plored in the Intermediate Step. Thus, the end result was three pelvis angles per model for a total of

six positioned HBMs (three GHBMC and three THUMS). In this Chapter, these positioned models

will be coined as the “Nominal”, “Ant12deg”, and “Pos12deg” models based on their corresponding

pelvis orientations.

Following the rigid body transformations, the models were positioned with respect to

the average PMHS position of L3, L1, T11, T8, T1, head, knee, and calcaneus obtained from

Chapter 3’s experiments. Throughout this process, the pelvis was constrained to maintain its rigid

body alignment from previous steps. Positioning was carried out using the Oasys PRIMER HBM

positioning module (Arup, London, England), using a displacement-based cable approach. Finally,

the HBMs were settled onto the seat by driving a positioned model into the seat to the desired depth

of posterior flesh compression (matching top of the iliac crest with the PMHS), with the skeleton

constrained so that the bones could not move relative to each other. Gravity settling was initially

attempted but was ultimately not used since it resulted in HBM H-point positions above the average

PMHS position (presumably due to the stiffness of the posterior pelvis flesh). Consequently, initial

stress and strain in posterior flesh tissue that resulted from the settling procedure was not considered.

The final posture and its comparison with PMHS targets are found in Appendix C.1.

4.3.5 Initial Lap Belt Placement

The belts were individually routed across each HBM using an automated belt routing

program developed in-house. The purpose of this seatbelt routing was to generate a natural or

realistic seatbelt position using pre-defined anchorage points. This automated method was stress-

tested in this chapter prior to being used in Chapter 8, in which multiple belt anchorage positions

were defined for both reclined and upright postures. More details on this method can be found

in Chapter 8. Both the lap and chest belt sections were stretched across each HBM individually

to form the shortest belt path. Even though the same restraint anchorage points were used for

all simulations, the lap belt routing differed across the models due to differences in external body

shape. The abdominal tissue curvatures were the main driving factor behind observed differences.

The GHBMC had a higher initial lap belt placement relative to the pelvis than the THUMS for all

pelvis orientations (Figure 4 3).
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Figure 4.2: Outlined process of HBM alignment relative to PMHS position.
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Figure 4.3: Belt fit for the positioned HBMs relative to the pelvis orientations and abdominal cur-

vature. Left to right are the different pelvis angles: 12° posterior rotation, nominal, and 12° anterior

rotation.

4.3.6 Data Analysis

Of all the kinematic and kinetic data acquired from the PMHS experiments in Chapter 3,

specific signals were chosen as those that most comprehensibly illustrate the important similarities

and discrepancies between the HBMs and PMHS. These included the head (X,Y,Z), T1 (X,Y,Z),

T8 (X,Y,Z), T11 (X,Z), L1 (X,Z), L3 (X,Z) and pelvis (X,Z) displacement time histories; head

(Y) and pelvis (Y) rotation time histories; L1, L3 and pelvis relative rotation time histories (to

understand lumbar spine flexion and extension kinematics); semi-rigid seat and foot pan boundary

forces and deflections; and restraint system forces and displacements. This chapter discusses those

signals pertaining to lumbar spine compliance and lap belt-pelvis interaction specifically; however,

all signal comparisons between the PMHS and the HBMs (nominal pelvis angle) can be found in

Appendix C.2. The HBM responses were compared to the PMHS signals qualitatively to ensure the

HBM captured the fundamental mechanisms exhibited by the PMHS in this condition. Additionally,

video time-stills were used for qualitative evaluation.

4.4 Results

All signal comparisons between the PMHS and the HBMs (nominal pelvis angle) can

be found in Appendix C.2. This section highlights the signals found most important both in their

contribution to lap belt-pelvis interaction and in identifying differences among models: pelvis kine-

matics, lap belt kinetics, and lumbar spine kinematics. The HBMs initially positioned with the

nominal pelvis orientation are first compared to the PMHS signals, followed by a discussion of how

the modified initial pelvis orientations affected the responses.
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4.4.1 Pelvis Kinematics

Neither HBM, including all three initial pelvis orientations, submarined in the simulation.

As discussed in Chapter 3, one PMHS submarined (Subject 5).

The pelvis forward displacements (X) of both the GHBMC and THUMS were of simi-

lar magnitude to the PMHS (approximately 150mm), with the time of peak occurring slightly later

(2-4ms) than Subjects 1, 3, and 4 (70ms) but prior to Subject 5 who submarined (77ms) (Fig-

ure 4.4). Around the time of peak pelvis displacement and early pelvis rebound (60-80ms), both

HBMs exhibited an upward pelvis displacement (Z), whereas the PMHS exhibited a downward

pelvis displacement at this time (Figure 4.5).

Figure 4.4: Pelvis forward (X) displacement. A positive value indicates anterior, or forward, motion.
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Figure 4.5: Pelvis downward (Z) displacement. A positive value indicates downward, or inferior,

motion (towards ground).

Prior to peak forward pelvis displacement, the THUMS exhibited a more forward pelvis

rotation which is consistent with Subjects 1 and 4 (Figure 4 6). In contrast, the GHBMC exhib-

ited a rearward rotation which was of similar magnitude as Subject 5 who submarined (2-3°) prior

to approximately 60ms, when the GHBMC’s pelvis increased in rearward rotation. Both models

exhibited a rearward rotation at the time of peak pelvis forward displacement (7° for GHBMC; 3°

for THUMS). At this time, Subject 1’s pelvis began to pitch rearward, though the pelvis was still

oriented forward, and Subject 4’s pelvis exhibited nearly no change in pitch relative to the initial

orientation. Subject 5 exhibited approximately 3° rearward pelvis rotation. Like the PMHS, both

models exhibited forward rotation during pelvis rebound (after approximately 70ms).
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Figure 4.6: Pelvis pitch, or rotation about the Y-axis. A positive value indicates a rearward rotation.

Early in the simulation, the THUMS exhibited a forward pelvis rotation for the three

pelvis angle positions, which better aligns with Subjects 1 and 4 (Figure 4.7). In contrast, only the

GHBMC Pos 12° model exhibited this forward rotation (Figure 4.8). However, upon closer look

at the THUMS Ant12deg model simulation, the flesh behind and below the pelvis interacted with

the seatpan during the forward pelvis displacement (Figure 4.9). This artifact affected total body

kinematics for the THUMS Ant12deg model (Appendix C.4). All models exhibited a rearward

pelvis rotation during pelvis rebound (after 70ms), though the THUMS Ant12deg model exhibited

less than the others.
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Figure 4.7: Pelvis pitch, or rotation about the Y-axis for the three THUMS models with different

initial pelvis orientations. A positive value indicates a rearward rotation.

Figure 4.8: Pelvis pitch, or rotation about the Y-axis for the three GHBMC models with different

initial pelvis orientations. A positive value indicates a rearward rotation.
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Figure 4.9: THUMS Pos12deg model forward pelvis displacement. The flesh at the back edge

of the seatpan interacts with the seatpan during the forward displacement, which affected pelvis

kinematics. Top-down: 0ms, 20ms, 50ms.
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4.4.2 Lap Belt Kinetics

Peak lap belt tension was similar for both HBMs (approximately 7kN), which was ap-

proximately the same magnitude as Subject 3, which had lower lap belt tension due to iliac wing

fracture (Figure 4.10). The THUMS exhibited a sharp reduction in lap belt tension between 50-

60ms. This occurred for the THUMS models with all three pelvis positions (Figure 4.13) and was

also noticeable in the buckle resultant force time history (Figure 4.11). The THUMS’s peak lap belt

tension and buckle resultant force also occurred approximately 10ms later than both the GHBMC

and the PMHS (approximately 62ms).

Figure 4.10: Lap belt tension, measured on the outboard side, for the GHBMC and THUMS nominal

pelvis angle models.

The different pelvis orientations did not have a substantial effect on resulting lap belt

tension for the GHBMC (Figure 4.12). In the THUMS however, the alternative pelvis orientations

(Ant12deg and Pos12deg) resulted in lower magnitudes (1kN) of peak lap belt tension (Figure 4.13).

The sharp decrease in lap belt tension was also seen for the THUMS positioned with alternative

pelvis orientations.
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Figure 4.11: Buckle resultant force, measured beneath the buckle on the inboard side, for the

GHBMC and THUMS nominal pelvis angle models.

Figure 4.12: Lap belt tension, measured on the outboard side, for the three GHBMC models with

different initial pelvis orientations.
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Figure 4.13: Lap belt tension, measured on the outboard side, for the three THUMS models with

different initial pelvis orientations.

4.4.3 Lumbar Spine Kinematics

Generally, both HBMs exhibited less forward displacement (X) of the T11, L1, and L3

vertebral bodies than the PMHS, with the GHBMC exhibiting less forward displacement than the

THUMS (Figure 4.14). This is most evident for the L1 vertebra forward displacement. Addition-

ally, both HBMS generally exhibited more downward (Z) displacement than the PMHS, with the

GHBMC exhibiting more downward displacement than the THUMS (Figure 4.15). The alterna-

tive pelvis orientations bounded the nominal response, where the Ant12deg models exhibited less

forward displacement (X) and more downward displacement (Z) than the nominal pelvis position

(Appendix C.4), and vice versa for the Pos12deg models (Appendix C.3).

Prior to peak pelvis forward displacement (approx. 70ms), the GHBMC and THUMS

lumbar spine flexion and extension responses bounded the PMHS responses, where the THUMS

exhibited a higher degree of lumbar spine extension and the GHBMC exhibited a higher degree of

flexion (Figures 4.16 and 4.17. During torso forward excursion (approx. 70-100ms), the HBMs

exhibited approximately 15-30° more lumbar spine flexion than the PMHS.
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Figure 4.14: Vertebral body forward (X) displacements. Top-down: T11, L1, and L3 vertebral body

displacements.

72



CHAPTER 4. EVALUATION OF HBM BIOFIDELITY IN A RECLINED POSTURE

Figure 4.15: Vertebral body downward (Z) displacements. Top-down: T11, L1, and L3 vertebral

body displacements.
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(a) (b)

Figure 4.16: L1 vertebral body rotation relative to L3 vertebral body rotation (a) comparisons be-

tween the PMHS and the HBMs (nominal pelvis angle). A positive value indicates a rearward

rotation of L1 relative to L3, akin to lumbar extension or lordosis (b).

For both HBMs, the Ant12deg and Pos12deg model flexion and extension responses

bounded the Nominal model’s response (Figure 4.18). In all cases for the GHBMC, the Pos12deg

model exhibited more lumbar extension prior to peak pelvis displacement whereas the Ant12deg

model exhibited more lumbar flexion. This pattern held for the THUMS’s L1/Pelvis and L3/Pelvis

rotations; however, in the L1/L3 rotation, the Pos12deg model exhibited more flexion prior to peak

pelvis displacement and the Ant12deg model exhibited more extension. The time of peak forward

flexion also varied in the THUMS model, unlike the GHBMC model, likely as a result of lumbar

“buckling” (Figure 4.19).
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(a)

(b) (c)

Figure 4.17: L1 vertebral body rotation (a) and L3 vertebral body rotation (b) relative to the pelvis

rotation comparisons between the PMHS and the HBMs (nominal pelvis angle). A positive value

indicates a rearward rotation of L1 or L3 relative to the pelvis, akin to lumbar extension or lordosis

(c).
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Figure 4.18: Left-right: GHBMC, THUMS Nominal, Ant12deg, and Pos12deg model comparisons.

Top-down: L1/Pelvis, L3/Pelvis, and L1/L3 rotations.
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Figure 4.19: THUMS Ant12deg model lumbar spine buckling during forward pelvis displacement.

4.5 Discussion

4.5.1 Lumbar Spine Compliance

As discussed in Chapter 2, the compliance and orientation of the lumbar spine are hy-

pothesized to influence lap belt-pelvis interaction. Thus, it is important to understand how the HBM

lumbar spine compliance compares to the PMHS. Assuming equal load is being applied to the lum-

bar column, both the GHBMC and the THUMS showed more compliance than the PMHS, generally

exhibiting less forward and more downward motion in the sagittal plane (Figures 4.14 and 4.15).

From these signals, the GHBMC exhibited more lumbar spine compliance, with less forward dis-

placement and increased downward displacement of the vertebral bodies, than the THUMS and the

PMHS.

However, interpreting solely the vertebral body X- and Z-displacements is limiting as

lumbar spine flexion and extension, which are key mechanisms that describe lumbar spine stiffness

or compliance, cannot be discerned. The flexion and extension responses were better interpreted

through the relative vertebral body rotation responses (Figures 4.16 and 4.17) in addition to the video

stills of the simulation (Figure 4.20). This data confirmed the HBM lumbar spines sustained more

deformation than the PMHS, exhibiting a higher degree of lumbar spine flexion (in the GHBMC) or

extension (in the THUMS) prior to peak pelvis forward displacement (Figure 4.18). Additionally,
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at peak forward torso excursion, both models exhibited more lumbar spine flexion than the PMHS.

Figure 4.20: Lumbar spine kinematics shown during forward excursion for the GHBMC (top row)

and THUMS (bottom row) Nominal models. Left-right: 0ms, 30ms, 60ms, 90ms.

Of the five PMHS subjects, Subject 1 exhibited more extension than the other PMHS

prior to peak pelvis forward displacement and prior to sustaining a three-column burst fracture at

the L1 vertebral body. However, this extension was of less magnitude than the THUMS and also

transitioned into forward flexion at an earlier time. The GHBMC showed more forward flexion than

the PMHS prior to peak pelvis displacement for the L1/L3 and L1/Pelvis rotations but exhibited a

similar flexion response for L3/Pelvis rotation.

During forward torso excursion, both models exhibited more lumbar spine flexion than the

PMHS. However, the GHBMC showed a magnitude of bending (range of motion, or ROM) that was

generally more similar to the PMHS than the THUMS. Measuring the change in angle from peak

extension to peak flexion, the GHBMC had on average approximately 10-15° more ROM than the

PMHS, whereas the THUMS had approximately 15-30° more ROM. Thus, while the formulation

of both HBMs’ lumbar spines showed more ROM than the PMHS, the GHBMC exhibited a more

biofidelic lumbar spine flexion and extension response than the THUMS .

4.5.2 Lap Belt-Pelvis Interaction

One conclusion drawn from Chapter 3 was that the initial lap belt fit may have partially

contributed to resulting pelvis rotation polarity: Subjects 1 and 2 had lower initial lap belt place-

ments relative to the pelvis and exhibited forward pelvis rotation, and Subjects 4 and 5 had higher

initial lap belt placements relative to the pelvis and exhibited a neutral and slight rearward pelvis

rotation, respectively. In this chapter, the GHBMC had a higher initial lap belt placement relative

to the pelvis than the THUMS as a result of the subject’s abdomen shape (Figure 4.3), and also
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exhibited a rearward pelvis rotation during pelvis forward displacement (Figure 4.6). In contrast,

the THUMS had a lower initial lap belt placement and exhibited a forward pelvis rotation. Thus, it

is possible that, in addition to the initial orientation and compliance of the HBMs’ lumbar spines,

the initial lap belt fit may also have affected the resulting pelvis rotation exhibited by these models.

In the THUMS simulations, the lap belt roped substantially, which effectively collapsed

the belt webbing shell elements and resulted in a reduction in lap belt tension that occurred at the

time of roping. This roping did not occur in the PMHS tests and the resulting reduction in tension

is an artifact of the simulation that would not occur in reality. This artifact will substantially affect

submarining occurrence, as the lap belt migration relative to the pelvis may not be possible with the

collapsing of the lap belt webbing elements. This is likely attributed to both the compliance and

mechanical nature of the THUMS’s flesh, which is disconnected from the internal musculoskeletal

structure of the model and thus fits over the model as a glove would over one’s hand. One likely

resulting mechanism is that, during the model’s forward pelvis displacement, the flesh is sliding

relative to the internal structure, resulting in a non-realistic gathering of this tissue anteriorly, which

crimps down on the lap belt (Figure 4.21). Curiously, while this disconnect between the flesh and

musculoskeletal system is inherently non-biofidelic, a gross comparison of the flesh-belt interaction

between the THUMS model and the PMHS looks more similar than the GHBMC model and the

PMHS, as the PMHS’s flesh also protrudes out anteriorly and folds over the lap belt during forward

torso flexion (Figure 4.22). This is interesting since the GHBMC’s tied contact between the flesh

and the musculoskeletal structure is inherently more biofidelic. It is also worth mentioning that

no substantial migration of the lap belt relative to the pelvis occurred for either HBM, which is

consistent with what was seen in the PMHS tests other than the inboard side of Subject 5 who

submarined.

Chapter 2 introduced the compliance of the adipose tissue as a potential factor that affects

lap belt-pelvis interaction. The non-realistic lap belt roping seen in the THUMS simulations, the

visible differences of belt-flesh interaction between the HBMs, and the lack of lap belt-pelvis mi-

gration all point to this flesh compliance as a factor affecting the belt-pelvis interaction. This factor

will be further explored in Chapter 6.
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Figure 4.21: The THUMS model’s flesh sliding contact permitting the anterior gathering of this

tissue, which collapses the webbing (See Figure 4.20).

Figure 4.22: Lap belt-flesh interaction during forward pelvis displacement. Left-right: GHBMC,

THUMS, PMHS.
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4.6 Conclusions

The following conclusions were drawn from this chapter’s analysis:

1. The GHBMC and THUMS HBMs exhibited more range of motion in the lumbar column than

the PMHS, resulting in increased downward vertebral body displacements, decreased forward

vertebral body displacements, and increased flexion during forward torso excursion.

2. Prior to peak forward pelvis displacement, the THUMS lumbar spine exhibited more exten-

sion than the PMHS, whereas the GHBMC exhibited more flexion than the PMHS. Both

models exhibited increased flexion after peak pelvis displacement, during forward torso ex-

cursion.

3. While both HBMs exhibited more lumbar spine ROM, the GHBMC showed a level of com-

pliance that was more like the PMHS than the THUMS, where the GHBMC exhibited an

average of 10-15° more range of motion than the PMHS and the THUMS exhibited 15-30°

more range of motion.

4. The THUMS’s flesh interaction with the lap belt resulted in lap belt roping not seen in the

PMHS tests, with a subsequent decrease in lap belt tension which would not occur in reality.

This artificially affected the lap belt-pelvis interaction and resulting pelvis kinematics.

5. Abdominal soft tissue compliance was again found to be a potential factor that affected lap

belt-pelvis interaction as the belt-flesh interaction is visibly different between HBMs. This

will be further explored in Chapter 6.

The results from this chapter show the THUMS as the less biofidelic HBM in this condi-

tion. These results, combined with the results of Chapter 6, will be used to inform the selection of

which HBM to use in Chapter 8’s parametric study.
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Chapter 5

The Effect of Lap Belt-Pelvis Angle on

Lap Belt-Pelvis Interaction

5.1 Executive Summary

5.1.1 Relevance and Goal

Chapter 2 first introduced the lap belt-pelvis angle (Figure 2.7), which encompasses both

the pelvis and lap belt angle parameters, as a factor that was hypothesized to affect submarining

occurrence. This factor was identified in the reclined frontal impact sled test experiments of Chapter

3, in which the subject who submarined exhibited the largest lap belt-pelvis angle (indicating a

shallow lap belt angle relative to the pelvis) at the time of submarining (Figure 3.19). This finding

suggested a threshold at which, for a given lap belt-pelvis angle, submarining would occur. While

this mechanism has been described as lap belt “unhooking” from the ASIS, this underplays the

contribution of soft tissue, of which the curvature has been shown to dictate initial lap belt position

(Figure 4.3) and the material formulation has been shown to influence lap belt-pelvis interaction

(Figure 4.22). Thus, the goal of this chapter was to evaluate the effect of lap belt-pelvis angle on

submarining occurrence in both an upright and reclined posture. As the soft tissue curvature will

change for a given torso angle, investigation of the contribution of abdomen shape on initial lap belt

fit and submarining occurrence will also be performed.
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5.1.2 Key Conclusions

The full list of conclusions can be found in Section 5.6 below. In summary, both torso

angle and lap belt-pelvis angle affected initial lap belt placement. Generally, the lap belts were

positioned higher and further forward in the upright condition versus the reclined condition due to

the forward protrusion of the abdominal soft tissue in the upright posture. A smaller lap belt-pelvis

angle also positioned the lap belt further forward from the pelvis. One of four tests, with an upright

torso angle and a small lap belt-pelvis angle (indicating a more vertical lap belt angle with respect

to ground) did not result in submarining. In this test, the lap belt was also positioned most forward

relative to the pelvis, and the additional abdominal soft tissue between the belt and the pelvis may

have aided in mitigating submarining for this subject as the tissue’s volumetric expansion (resulting

from the belt pull) formed a physical barricade above the lap belt that prevented upward lap belt

migration.

The results of these tests provided a wealth of information, including how varying lap

belt-pelvis and torso angle contribute to initial lap belt fit and submarining occurrence, as well as

highlighting potential contributions of abdominal soft tissue stiffness on these outcomes. Chapter 6

evaluated the response of the HBMs relative to these outcomes and aid in determining a model that

demonstrates better biofidelity, which was used in Chapter 9.

5.1.3 Contributions

This chapter presents the first experiments conducted to examine the effect of lap belt-

pelvis angle on submarining occurrence for both and upright and reclined posture. This dataset

can be used for validating the response of the HBM’s abdominal soft tissue during lap belt-pelvis

interaction of the HBM, as HBMs have been shown to exhibit differences in these responses based

on differences in abdominal soft tissue compliance [35].

5.1.4 Publication

Richardson, R., Donlon, J. P., Forman, J., Gepner, B., Kerrigan, J. (2022). The Effect of

Recline Angle and Restraint Geometry on Lap Belt-Pelvis Interaction for Automotive Occupants of

High BMI. Annals of Biomedical Engineering. (Submitted).
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5.2 Introduction

Chapter 2 first introduced the lap belt-pelvis angle (Figure 2.7) as a factor that was hy-

pothesized to affect submarining occurrence in the literature. The lap belt-pelvis angle is at the

intersection of an intrinsic and an extrinsic parameter hypothesized to influence submarining occur-

rence and thus may serve as a useful metric in understanding submarining compared to lap belt or

pelvis angle alone. The results of the experimental sled tests discussed in Chapter 3 indicated the

influence of lap belt-pelvis angle as a factor that affected submarining occurrence: the subject that

submarined exhibited the largest lap belt-pelvis angle at the time of submarining (Figure 3.19). A

larger magnitude of the belt-pelvis angle metric indicates a more rearward pitch of the pelvis and/or

a shallower lap belt angle in the global reference frame. This finding suggested a threshold at which,

for a given lap belt-pelvis angle, submarining will occur.

The most comprehensive way to quantify individual and interaction effects of factors on

belt-pelvis interaction is through a sensitivity study, in which the influence of an input (e.g., torso

recline angle and belt-pelvis angle) on an output (e.g., resulting belt fit and submarining occurrence)

is quantified through controlled variation of that input. Sensitivity studies can be conducted experi-

mentally or computationally; however, they are most always conducted computationally due to the

physical, ethical, and financial limitations of experiments. To perform a computational sensitivity

study, one must use a model that has been validated for the evaluated conditions, meaning the model

has been validated relative to experimental (e.g., PMHS) data and has shown sufficient biofidelity.

Most HBMs have been developed to study overall occupant responses in severe crashes and loads

on the skeletal structure, with less focus on the detailed mechanism of belt-flesh interaction. In

comparing to belt-pelvis kinematic response data obtained from seated belt pull tests using PMHS,

a state-of-the-art HBM lacked biofidelity due to the pelvic-abdominal tissue’s over-stiff response

in shear, which restricted the belt from translating superiorly [35]. Thus, understanding the role

of torso angle and lap belt-pelvis angle on submarining occurrence via a sensitivity study was best

understood through experiments using PMHS prior to evaluating how well the HBMs predict the

PMHS response.

Furthermore, understanding the role of soft tissue curvature and compliance on lap belt-

pelvis interaction remains to be understood. In a frontal motor vehicle collision (MVC), the lap belt

loading the abdomen can occur due to two different conditions: 1) initial lap belt malplacement or

2) submarining. The first case is when the lap belt is originally (unfavorably) placed superior to

the occupant’s ASIS and fails to engage with the pelvis during the occupant’s forward excursion.
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Studies on occupant-related factors that contribute to seatbelt fit show that obesity is one of the

predominant reasons that proper lap belt fit is altered [61, 59, 60, 87]. For obese occupants, the lap

belt is initially positioned further anterior-superior to the ASIS compared to non-obese occupants

[59, 55]. In the second case, submarining, the lap belt is originally favorably placed inferior to the

occupant’s ASIS but translates superior and posterior to the ASIS during the occupant’s forward

excursion, loading the abdominal soft tissues. In lap belt-pelvis interaction tests conducted on

different cadavers wherein the lap belt was initially positioned favorably, a lack of belt “hooking”

by the pelvis was observed in cases for pelvises that had a relatively thick layer of soft tissue over

the iliac crests [52]. One proposed reason for this mechanism is that the soft tissue covering the

ASIS is more compliant in shear rather than in compression when engaged with the lap belt, which

leads to the upward translation of the lap belt and eventually its disengagement from the ASIS [35].

One resulting physical indicator of lap belt motion relative to the occupant’s pelvis during an MVC

is the “seat belt sign”: contusion and ecchymosis seen on the surface of the occupant’s abdomen

due to the high force of the belt in restraining the occupant during the crash [88]. One study, which

examined real-world MVC case studies with corresponding CT scans of the automotive occupant’s

abdomen, found that the lap belt, as indicated by the “seat belt sign”, was located further anterior

to the ASIS for occupants of higher body mass index (BMI), as abdominal girth typically increases

with BMI [16]. However, other factors were also hypothesized to contribute to lap belt position (and

thus, submarining risk) during an MVC, including lap belt pretensioners, occupant pelvis pitch, and

lap belt angle [16].

Seated belt pull tests can be used to investigate the potential contribution of soft tissue

curvature and compliance on a submarining threshold through controlled variation of lap belt-pelvis

angle, as these tests remove the complex factors of a dynamic sled test environment. In belt pull

tests, the lap belt is dynamically pulled over the fixed surrogate’s pelvis and thus, isolates the de-

formation response of the soft tissue. Such tests have been conducted and published in the open

literature [68, 86, 89]. This chapter not only evaluated how lap belt-pelvis angle and soft tissue cur-

vature affected initial belt fit and submarining occurrence in the PMHS, but also provided a dataset

to evaluate the biofidelity of the HBM response in Chapter 6.
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5.3 Materials and Methods

5.3.1 Test Matrix

To achieve this study’s aim, a test matrix was designed a priori with the intention of

investigating intra-subject differences in initial lap belt fit and submarining occurrence (Table 5.1).

Four tests were conducted in both recline (two tests) and upright (two tests) conditions at varying

lap belt-pelvis angles. The lap belt-pelvis angle varied from “large”, indicating a more horizontal

or shallower belt angle (first test), to “small”, indicating a more vertical or steeper belt angle (fourth

test). The large lap belt-pelvis angle was predicted to increase submarining risk, which was reduced

with decreasing angle. A lap belt-pelvis angle between the large and small bounds, coined “mid”,

was held constant for both torso angles (second and third tests), permitting intra-subject comparison

of torso angle effect.

Table 5.1: Initial (template) test matrix.

5.3.2 Test Environment

5.3.2.1 Test rig

Seated belt pull tests were conducted using a combined pneumatic-hydraulic system (Dr.

Steffan Datentechnik Advanced Side Impact System, Linz, Austria) (Figure 5.1). This system,

which dynamically pulls a lap belt over a fixed surrogate and thus, isolates the kinematics of the lap

belt relative to the pelvis, has been used in previous research [86].

An acceleration pulse displacement was input into a feedback-controlled air over hy-

draulic impactor software to generate a similar lap belt displacement relative to the pelvis as was

seen in the dynamic tests of Chapter 3. This was done by analyzing the 3-D motion of the lap belt

(tracked with motion tracking markers) relative to the pelvis local coordinate system from these

tests. The impactor was then attached to a drive cable wrapped around two sheaves to transfer the
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Figure 5.1: Test rig setup.

pushing force into a pulling force. The impactor system attempts to match the acceleration of the

impactor as well as the hydraulic brake pressure pulse; it is not force controlled. Each end of the lap

belt was connected to a steel cable which attached to the main drive cable. The generated accelera-

tion pulse was a 120 mm nominal displacement over 80 ms (1.5 m/s), tuned at a low force limit (2

kN total, 1 kN per side of the lap belt). As a result of this impactor’s feedback-loop learning system

to tune the system’s output to the target acceleration pulse, the resulting displacement of the drive

cable (output pulse) varied among tests (Figure 5.2).
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Figure 5.2: Output displacement pulse of the drive cable and lap belt for each test.

5.3.2.2 Kinematic motion tracking

Kinematic data were collected at 1000Hz using an optoelectronic motion capture sys-

tem consisting of 20 cameras (Vicon MXTM, Centennial, CO, USA). These cameras tracked the

positions of retroreflective spherical markers in a calibrated 3D space lying within the cameras’

collective field of view. Single markers were affixed to several points on the surrounding test rig,

the belt, and the spine support (seat back) attached to the subject. A mount containing four-marker

clusters was rigidly installed to the pelvis posteriorly at the location of the posterior superior iliac

spines (PSIS) to measure the initial pelvis orientation and track any pelvis motion, as the pelvis was

not rigidly constrained. All motion was measured in the global reference frame (Figure 5.1). Initial

lap belt position was measured in the local pelvis coordinate system (Figure A1). High-speed video

(500Hz) recorded the full duration of the test.

5.3.2.3 Kinetic data acquisition

To measure lap belt tension, uniaxial belt tension gauges were installed on the belt web-

bing between the subject and the belt anchorage on both sides of the subject. Due to the viscoelastic

properties of the abdominal soft tissue, a prescribed initial belt force was not possible: the measured

belt force returned to zero after manually tightening the belt cables. Thus, the belt cables were tight-
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ened enough to remove visible slack in the webbing and maintain initial belt placement, but without

causing substantial initial deformation of the soft tissue.

5.3.3 PMHS Selection

These tests were conducted on an obese male PMHS (Table 5.2). All tissue donation,

testing, and handling procedures were approved by the University of Virginia Institutional Review

Board – Human Surrogate Use (IRB-HSU) Committee. The subject was frozen until testing and

screened for blood-borne pathogens including HIV and Hepatitis B and C. A full body computed

tomography (CT) scan confirmed the absence of bone injury, and dual-energy X-ray absorptiometry

(DXA) was used to measure bone mineral density (BMD), an indicator of bone quality.

Table 5.2: Subject information.

5.3.4 Initial Positioning

5.3.4.1 PMHS positioning

The subject was seated on a rigid seat pan (angled at 15°) with the feet constrained. The

height and position (fore-aft) of the seat pan, seat back, and toe pan were adjustable. The belt

anchors (pulleys) were adjustable in the fore-aft direction to allow for varying lap belt angles. A

spinal fixation technique was implemented to rigidly fix the thoracic (four vertebrae) and lumbar

(two vertebrae) spines to an aluminum bar, which was connected to the seatback (Figure 5.3). This

fixation technique has been used in previous studies [68, 86]. The pelvis was supported posteriorly

to restrict pelvis motion and was independent from the spine support.

The subject was positioned in a semi-reclined (45°) or upright (23°) posture, defined as

the segment connecting the center-points of the first thoracic vertebra (T1) and first lumbar vertebra

(L1) relative to the vertical. After torso positioning, the lower extremities were positioned such that

the femurs were at 15° (parallel to the seat pan), tibias at 50°, and the feet constrained to the toe pan

angled at 45° (all relative to the horizontal). The pelvis was permitted to move orientation as the
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Figure 5.3: CT scan of subject 993M’s spinal and pelvic instrumentation.
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subject was positioned on the seat. This was the natural pelvis orientation for that subject, but was

partially pre-determined by the level of lordosis present in the lumbar spine after spinal fixation.

The lap belt-pelvis angle definition is the same as that defined in Chapter 2 (Figure 2.7).

The pelvis angle was defined as the angle between the segment connecting the midpoint of the left

and right ASIS and the center of the pubic symphysis (PS) relative to the horizontal in the sagittal

plane, referred to as the Nyquist angle in the literature [79] (Figure 5.4). The lap belt angle was

defined as the angle between the segment connecting the end of the lap belt webbing to the center

of the lap belt relative to the horizontal in the sagittal plane (average of left and right). Thus, the

lap belt-pelvis angle was defined as the difference between these two angles (pelvis angle – lap belt

angle).

Figure 5.4: Lap belt-pelvis angle definition.

5.3.4.2 Lap belt positioning

The lap belt anchorage points were moved fore-aft to modify lap belt angle (see Appendix

D.1). The target initial lap belt placement was a balance between a favorable position, such that the

top edge of the belt webbing was just inferior to the ASIS (identified through palpation), and a

position ensuring both the motion tracking of the lap belt and the deformation response of the soft

tissue were captured. Thus, the belt was routed superficial to the pelvic-abdominal soft tissue and,

where applicable, superior to the abdominal fold (Figure 5.5).
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Figure 5.5: Test setup showing the lap belt routed superficial to the abdominal soft tissue.

5.3.5 Data Analysis

5.3.5.1 Coordinate System

The global reference frame was positioned anterior to the subject (origin at subject’s lat-

eral midline), with the X-axis pointing anterior and parallel to ground, Y-axis pointing right of the

subject and parallel to ground, and Z-axis pointing inferior (Figure 5.1).

5.3.5.2 Submarining detection

Submarining was determined through 3D motion tracking of the markers located on the

lap belt and corroborated by a sharp decrease in lap belt tension. In this study, submarining was

defined as the lap belt marker (positioned along the midline of the belt webbing, widthwise) closest

to the left or right ASIS passing posterior to the corresponding ASIS by more than 25 mm (half the

width of the lap belt webbing) in the global reference frame (Figure 5.6). This would indicate the

full width of the belt webbing moved posterior to the ASIS (since the markers were in the middle

of the lap belt webbing). In the submarining cases, a sharp decrease in belt tension occurred prior

to the time at which the lap belt markers passed posterior to the ASIS, as the latter measurement

occurred when half of the webbing already surpassed the ASIS. Thus, the time at which the tension

in the lap belt decreased was used as the time of submarining onset.
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Figure 5.6: Submarining definition: when the belt is positioned above (-Z) and also behind (-X) the

pelvis by 25 mm (approximate half-width of lap belt webbing), as the motion tracking markers were

placed on the center of the lap belt webbing. Thus, the markers moving posterior to the pelvis by

a distance greater than 25 mm indicates the full width of the webbing passed over and behind the

pelvis.

5.4 Results

5.4.1 Initial Positioning

The lap belt anchorages were positioned such that the resulting LBP angle followed the

target test matrix (Table 5.3), where test D1589 had a large lap belt-pelvis angle; tests D1591 and

D1592 had mid lap belt-pelvis angles of approximately the same value (˘5° tolerance); and test

D1594 had a small lap belt-pelvis angle (Table 5.1). The large lap belt-pelvis angle of 109° was

decided upon as an initial target postulated to induce submarining as this was approximately the

initial lap belt-pelvis angle of the subject who submarined in the reclined dynamic sled tests (Table

3.1).

The lap belt-pelvis and torso angle influenced the initial position of the lap belt midpoint

relative to the pelvis (Figure 5.7). The fore-aft lap belt distance relative to the pelvis (dx) increased

with decreasing lap belt-pelvis angle (large to small angles); thus, a smaller lap belt-pelvis angle,

indicating a more vertical lap belt angle relative to the horizontal, placed the lap belt further away

(in X) from the pelvis. Additionally, the fore-aft lap belt distance relative to the pelvis was larger in

an upright posture.

For the same lap belt-pelvis angle (mid angle), the lap belt was initially placed higher
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Figure 5.7: Initial lap belt midpoint (width- and lengthwise) relative to the ASIS midpoint in the

global reference frame (see Figure 5.1). The colors indicate the size of the lap belt-pelvis angle:

red indicates the large angle, yellow indicates mid angle, and green indicates the small angle. The

shapes correspond to the torso angle: diamonds indicate the reclined torso angle and circles indicate

the upright torso angle.
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Table 5.3: Final test matrix.

(-dz) in the upright posture than in the reclined posture (Figure 5.7). The effect of lap belt-pelvis

angle on vertical lap belt placement was dependent on the torso angle. In the reclined condition,

a larger lap belt-pelvis angle (mid versus small) positioned the belt higher relative to the pelvis;

however, in the upright condition, a larger lap belt-pelvis angle (large versus mid) positioned the

belt lower relative to the pelvis.

Accounting for the full width of the lap belt webbing, the top edge of the webbing was at

the location of the ASIS in the sagittal plane (Figure 5.8).
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Figure 5.8: Initial position of the lap belt relative to the 3D segmented pelvis CT scans of subject

993M. The solid black line is the midline (widthwise) of the belt webbing, instrumented with 3D

motion tracking markers. The dashed lines are the approximated width of the lap belt webbing.

5.4.2 Submarining Occurrence

Submarining occurred in all tests except D1594, which had an upright torso angle and

small lap belt-pelvis angle, indicating a lap belt angle oriented more upright relative to ground

(Figures 5.9 and 5.10). Test D1594 showed a higher magnitude of lap belt tension than the other

tests (1.5-1.6 kN relative to 0.9-1.4 kN) with a peak occurring approximately 10 ms later than the

other tests. While the approximated lower belt webbing edge was near the submarining threshold (X

= -25 mm), the higher magnitude and delayed peak lap belt tension, combined with the high-speed

video, resolved that the belt did not pass posterior to the ASIS (Figure 5.11).
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Figure 5.9: Lap belt trajectory (tracked at the lap belt marker positioned closest to the left ASIS) and

lap belt tension time histories of the reclined tests D1589 (left column) and D1591 (right column).
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Figure 5.10: Lap belt trajectory (tracked at the lap belt marker positioned closest to the left ASIS)

and lap belt tension time histories of the upright tests D1592 (left column) and D1594 (right col-

umn).
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Figure 5.11: Photo of test D1594, which did not result in submarining, taken at the time of maximum

lap belt displacement. The ASIS protuberance can be seen behind the lap belt webbing.

The lap belt-pelvis angle changed during the belt pulling as a result of increased lap belt

tension combined with the interaction between the lap belt and the abdominal soft tissue curvature.

For tests D1589, D1591, and D1592, submarining occurred at a larger lap belt-pelvis angle than the

initial lap belt-pelvis angle by 3-12°, indicating a more horizontal belt relative to the pelvis and the

ground (Table 5.3). Submarining occurred at nearly the same lap belt-pelvis angle for both reclined

tests.

Submarining occurred between 61-70 ms, prior to peak lap belt displacement, which oc-

curred at approximately 100 ms (Figure 5.2). The belt force-time histories showed a bimodal be-

havior in many instances (Figures 5.9 and 5.10). This is due to the lap belt interacting with (com-

pressing) the subject’s abdominal soft tissue (first peak) followed by contact with the pelvic bone

(second peak) (Figure 5.12). This response has been seen in other belt pull tests conducted on obese

cadavers [89], and is likely a result of the low force limit (1 kN) in the lap belt. For all tests, the lap

belt tension on the right side of the subject was higher (by approximately 200 N) than the left side.

As this trend is consistent for all tests, this may be a result of the lap belt gauge insensitivity at low
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levels of belt tension.

Figure 5.12: Lap belt interaction with abdominal soft tissue for subject 993M’s test (D1592) at 55

ms, 70 ms (time of initial peak in lap belt tension), 85 ms (second peak), and 100 ms.

5.5 Discussion

5.5.1 Lap Belt-Pelvis Angle

5.5.1.1 Lap belt-pelvis angle and initial lap belt placement

In addition to the subject’s abdominal soft tissue, the lap belt-pelvis angle influenced

initial lap belt placement; however, how lap belt-pelvis angle affected lap belt placement was de-

pendent on the torso angle. In the upright condition, the belt was placed more anterior-inferior for a

decreasing lap belt-pelvis angle (mid to small). This same effect has been seen in upright volunteer

tests for varying lap belt angles, where a more vertical belt angle (indicating a corresponding smaller

lap belt-pelvis angle) placed the belt more anterior-inferior relative to the ASIS [59]. However, in

recline, the lap belt was positioned 23 mm higher for the smaller lap belt-pelvis angle (mid versus

large). In recline, the subject’s natural soft tissue curvature may have played a more dominant role

in dictating belt placement relative to the ASIS than the lap belt-pelvis angle (see Section 5.5.2

below).

5.5.1.2 Lap belt-pelvis angle and submarining occurrence

Lap belt-pelvis angle was the primary factor that affected the submarining outcome in

these experiments, as the test that did not result in submarining (D1594) was prescribed the smallest

initial lap belt-pelvis angle. This confirms the findings of the studies identified in Chapter 2 which

claimed a more vertical lap belt-angle and/or a more upright pelvis will decrease the likelihood of
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submarining. This also confirms the finding from the reclined frontal impact sled test experiments

discussed in Chapter 3, which showed a larger lap belt-pelvis angle for the subject who submarined.

5.5.2 Abdominal Soft Tissue

5.5.2.1 Soft tissue curvature and initial lap belt placement

The subject’s high BMI resulted in a substantial amount of soft tissue in the pelvic-

abdominal region, and the distribution (or curvature) of this tissue was affected by the torso angle.

Since the lap belt was placed anterior to this tissue (rather than beneath an existing fold), the exte-

rior curvature affected the initial belt placement. The upright condition caused the abdominal soft

tissue to protrude out more anteriorly, which forced the belt to be positioned more anterior-superior

relative to the ASIS (Figure 5.7). A more anterior-superior position of the belt with respect to the

ASIS has been seen in obese volunteers relative to volunteers of normal BMI, which is likely due to

this increased amount of soft tissue between the belt and pelvis [59, 60]. Similarly, an increase in

seatback recline angle positioned the belt closer relative to the ASIS in the horizontal direction (dx)

which has also been seen in volunteer studies [80].

5.5.2.2 Soft tissue compliance and lap belt-pelvis interaction

As mentioned in Section 5.5.2, the non-submarining test (D1594) had the most anterior

(+X) initial belt placement relative to the ASIS out of all other tests; thus, for this test, there was an

increased depth of abdominal soft tissue between the pelvis and the belt. This increased depth has

been associated with a decreased likelihood of the belt “hooking” the pelvis in other experiments

[52]; however, in an analysis of rear-world MVCs with obese occupants, the belt was shown to be

able to potentially “hook” the pelvis during a forward collision, even if the belt was initially placed

anterior-superior relative to the ASIS [16]. This resulting pelvis engagement was attributed to a

combination of potential factors. In this study, the increased abdominal soft tissue depth between

the pelvis and the belt may have aided in maintaining a low belt position in test D1594, thereby

mitigating submarining.

The belt-flesh-pelvis interaction has been described as a combination of both compression

and shear force, where the lap belt compresses the flesh inward toward the pelvis then shears the

flesh superior relative to the pelvis [35]. A high shear stiffness resists the belt from migrating upward

and submarining. In the non-submarining cases of this study, with the belt initially positioned more

anterior and inferior relative to both the pelvis and abdominal soft tissue, there is a larger volume
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of tissue (with increased depth) undergoing compression and shear both beneath the surface of and

superior to the lap belt. The lap belt’s compression of this tissue results in an anterior expansion of

the flesh volume above the lap belt as a result of the incompressible nature of adipose tissue (Figure

5.12). This anterior expansion forms a physical barrier above the belt and prevents the belt from

migrating up the pelvis and submarining. While a lower belt placement is typically seen as more

favorable in mitigating submarining due to the increased likelihood of lap belt-ASIS engagement as

the belt migrates upward, in this test series it is likely that the lower belt placement also positioned

the flesh (through combined compression and shearing) to form a physical barrier which prevented

upward belt-pelvis migration (Figure 5.13). Such “barrier-like” behavior of adipose tissue has been

seen in other belt pull studies using obese cadavers [89], though likely to a lesser extent than in

dynamic experiments with the presence of higher inertial forces.

Figure 5.13: Simplified diagram describing the mechanism of abdominal adipose tissue expansion

above the lap belt, which obstructs upward lap belt migration relative to the pelvis.

5.6 Conclusions

The following conclusions were drawn from this chapter’s analysis:

1. The test with the subject seated in an upright torso angle and with the smallest lap belt-pelvis

angle did not result in submarining, whereas the other three tests with larger lap belt-pelvis
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angles, two of which had reclined torso angles, resulted in submarining. This further clarifies

the lap belt-pelvis angle and recline angle as parameters that influence submarining occur-

rence, though their relative effects have not been quantified. In order to quantify these effects

in Chapter 8’s parametric study, the HBM must demonstrate similar submarining sensitiv-

ity as the PMHS to lap belt-pelvis and torso angle. Exploring this sensitivity is included in

Chapter 8.

2. Both lap belt-pelvis angle and soft tissue curvature (which varied based on torso angle) influ-

enced initial lap belt placement. In the upright condition, the lap belt was positioned further

forward (+dx) from the pelvis than in the reclined condition. Additionally, a smaller lap belt-

pelvis angle positioned the belt further forward (+dx) than a larger lap belt-pelvis angle. For

the same lap belt-pelvis angle (mid angle), the lap belt was initially placed higher (-dz) in the

upright posture than in the reclined posture (Figure 5.7). The effect of lap belt-pelvis angle

on vertical lap belt placement was dependent on the torso angle. In the reclined condition, a

larger lap belt-pelvis angle (mid versus small) positioned the belt higher relative to the pelvis;

however, in the upright condition, a larger lap belt-pelvis angle (large versus mid) positioned

the belt lower relative to the pelvis. As Chapter 2 highlighted initial lap belt placement as a

potential factor that affects submarining, understanding the HBM sensitivities regarding the

effect of lap belt-pelvis and torso angle on initial lap belt placement relative to the PMHS

sensitivities is critical. This was evaluated in Chapter 6.

3. In the test that did not result in submarining, the additional soft tissue between the lap belt and

the pelvis (dx) may have aided in submarining as the tissue’s volumetric expansion formed a

physical barricade that prevented upward lap belt migration. It is unknown to what extent this

“barricade-like” behavior has for occupants of normal BMI or in dynamic conditions. The

stiffness of soft tissue was first identified as a potential submarining-affecting factor in the

literature review discussed in Chapter 2 and identified in the sled test simulations in Chapter 4,

where the THUMS’s abdomen flesh motion affected the resulting belt-flesh-pelvis interaction.

Understanding the role of abdominal soft tissue compliance on submarining occurrence will

be evaluated in Chapter 6.
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Chapter 6

Evaluation of HBM Submarining

Sensitivity to Lap Belt-Pelvis Angle

6.1 Executive Summary

6.1.1 Relevance and Goal

In the literature described in Chapter 2, lap belt-pelvis angle was identified as a factor

that affects submarining occurrence, where a larger lap belt-pelvis angle (shallower lap belt angle)

increases submarining likelihood (Figure 2.7). This factor was then investigated in the dynamic

reclined sled test experiments described in Chapter 3, in which the subject that submarined exhibited

the largest lap belt-pelvis angle at the time of submarining (Figure 3.19). The effect of lap belt-pelvis

angle on submarining occurrence in both a reclined and seated condition was investigated through a

controlled experimental sensitivity study described in Chapter 5. The test which had the smallest lap

belt-pelvis angle (steeper lap belt angle) resulted in no submarining, again confirming the hypothesis

of a large lap belt-pelvis angle increasing submarining risk (Figure 5.10). Additionally, lap belt-

pelvis angle was found to affect initial lap belt placement, which was identified as another factor

that contributes to submarining risk in the literature.

The effect of lap belt-pelvis angle on initial lap belt placement and submarining occur-

rence has been investigated experimentally, but it is unknown whether computational HBMs exhibit

similar submarining sensitivity to this parameter. As Chapter 8 aimed to evaluate the effect of sev-

eral parameters, including lap belt and pelvis angle, on submarining using an HBM in a dynamic

sled test condition, ensuring the HBMs follow the similar trend as the PMHS in a controlled seated
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condition was critical. Thus, the goal of this chapter was to evaluate the sensitivities exhibited by

the HBM regarding lap belt pelvis angle’s effect on initial lap belt fit and submarining occurrence

compared to the PMHS. This chapter, in addition to Chapter 4, compared the responses of two dif-

ferent mid-sized HBMs and together present the analysis which determined the choice in model for

the parametric study in Chapter 8.

6.1.2 Key Conclusions

The full list of conclusions can be found in Section 6.6 below. In summary, both HBMs

exhibited grossly similar sensitivities to the effects of torso and lap belt-pelvis angle on initial lap

belt placement; however, the HBMs showed a more favorable (lower) lap belt placement in the

upright condition compared to the reclined condition for the same lap belt-pelvis angle. Addition-

ally, the HBMs exhibited similar submarining sensitivity to lap belt-pelvis and torso angle, though

compared to the PMHS, more force was required to pull the lap belt over the ASIS in the upright

condition due to the difference in anthropometry between the models and the PMHS. Variation in

soft tissue compliance had negligible effect on lap belt-pelvis motion. Finally, the THUMS showed

a higher sensitivity to lap belt-pelvis angle than the GHBMC, exhibiting a bifurcation effect at the

ASIS: a larger lap belt-pelvis angle resulted in increased lap belt penetration into the abdomen and

a smaller lap belt-pelvis angle resulted in downward lap belt motion relative to the bony pelvis. Ad-

ditionally, the THUMS model’s lap belt-pelvis angle was more vertical at the time of submarining

than the PMHS and the GHBMC. Both the increased sensitivity and change in lap belt-pelvis angle

were attributed to the model’s flesh - either the compliance of the material or the sliding contact

relative to the pelvis.

These conclusions, in addition to Chapter 4’s conclusions, were summarized in Chapter 7,

which included additional analysis to verify the choice in model for the parametric study described

in Chapter 8.

6.1.3 Contributions

This chapter presented the first simulation sensitivity study that investigated and compared

computational HBM submarining thresholds (i.e., submarining or no submarining) to PMHS data

for varying lap belt and torso angles. This analysis identified important model-specific outcomes

that aided in HBM biofidelity evaluation.
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6.1.4 Publication

Richardson, R., Gepner, B., Kerrigan, J. (2023). Evaluating the Effect of Recline Angle

and Restraint Geometry on Lap Belt-Pelvis Interaction for Computational Human Body Models.

Traffic injury prevention. (Planned).

6.2 Introduction

Chapter 5 described the results of the seated belt pull test, in which the lap belt-pelvis

angle was found to dictate initial lap belt placement and submarining occurrence. A larger lap belt-

pelvis angle, obtained by a lap belt oriented more horizontal relative to the ground and/or a pelvis

pitched rearward, increases the likelihood of submarining as the lap belt is less likely to engage the

ASIS. This parameter’s affect on submarining was investigated in the parametric study presented in

Chapter 8, in which the lap belt angle (achieved by lap belt anchorage positioning) and pelvis angle

(achieved through model positioning) were separately evaluated in a dynamic sled test condition

using a computational HBM. Thus, it was critical to ensure that the models demonstrated similar

sensitivity to lap belt-pelvis angle as the PMHS.

Comparing the HBM and PMHS sensitivities to lap belt-pelvis angle is best done in a

controlled seated condition as it removes the complexity and potential confounding factors of a

dynamic condition. Computational studies have investigated the effect of varying lap belt angle

on lap belt-pelvis interaction in a dynamic environment [37, 29, 30, 31, 32]; however, the HBM

responses were not evaluated relative to PMHS data. Other computational studies have investigated

the effect of varying lap belt angle on submarining occurrence in a seated condition using morphed

obese HBMs and compared the responses to PMHS data [35, 68]. These studies showed that the

models’ abdominal soft tissue compliance plays a critical role in dictating submarining occurrence.

The adipose tissue of the obese GHBMC v4.4., in particular, was shown to exhibit a stiffer response

in compression and shear than human adipose tissue [35, 48]. When the pelvis flesh is overly stiff

in shear, the belt is more likely to remain below the ASIS and will not replicate submarining seen

in PMHS [35].

Abdominal soft tissue compliance was identified as a potential factor that influences sub-

marining in the literature review of Chapter 2. Additionally, abdominal soft tissue compliance

was qualitatively observed to affect lap belt-pelvis interaction in the dynamic simulations (Section

4.5.2) and seated experiments (Section 5.5.2). Evaluating how different levels of abdominal soft
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tissue compliance in computational HBMs was important as it may address HBM biofidelity issues.

Additionally, this may also help explain how lap belt-pelvis interaction varies across a more diverse

population, as experimental studies on human tissue show a wide range of inter- and intra-subject

variability in stiffness under compression and shear loading [48].

This chapter describes the evaluation and comparison of the submarining sensitivities

exhibited by the HBMs, for varying lap belt-pelvis and torso angles, to the PMHS sensitivities

described in Chapter 5. Additionally, soft tissue compliance was investigated to understand how

this variation affected lap belt-pelvis interaction and model biofidelity. This chapter, with Chapter

4, aided in the selection of the HBM to use in the parametric study of Chapter 8.

6.3 Methodology

6.3.1 Software and Hardware Used

The simulations in this chapter were performed using LS-DYNA (R11) Massively Parallel

Processing (MPP) explicit FE solver. The simulations were performed on the high-performance

computational cluster (Intel Xeon64/sse2). All jobs were run on the same number of nodes (2).

6.3.2 Test Matrix

Four simulations per HBM were performed to match the four experimental tests described

in Chapter 5 (Table 5.1). This included two tests with a reclined torso angle (D1589 and D1591),

and two tests with an upright torso angle (D1592 and D1594). Three different levels of lap belt-

pelvis angle were evaluated, including a large lap belt-pelvis angle (D1589), a mid lap belt-pelvis

angle (D1591 and D1592) and a small lap belt-pelvis angle (D1594).

6.3.3 FE Environment

The FE environment mimicked that of the experiments documented in Chapter 5 (Fig-

ure6.1). The global reference frame matched that of the PMHS tests: positioned anterior to the

subject (origin at subject’s lateral midline), with the X-axis pointing anterior and parallel to ground,

Y-axis pointing right of the subject and parallel to ground, and Z-axis pointing inferior (Figure5.1).

An FE model of the test fixtures used in the tests was developed using 3D computer-aided design

(CAD) drawings of the original test fixture. All parts were modeled as rigid bodies. A belt pulling

107



CHAPTER 6. EVALUATION OF HBM SUBMARINING SENSITIVITY TO LAP BELT-PELVIS ANGLE

piston along with the 1D belt routed through a series of sliprings was connected to the 2D belt web-

bing positioned on the occupant. The lap belt anchorage points (sliprings) were positioned fore-aft

to match each test-specific position from the experiments documented in Chapter 5. The length of

lap belt webbing was prescribed based on the length measured in each of the tests.

Figure 6.1: Finite-element environment for the simulations, which matches the belt pull experiments

from Chapter 5. The model’s upper and lower extremities were fully constrained.

While not graphically illustrated, the HBM was fully constrained using the

CONSTRAINED EXTRA NODES SET material card in LS-PrePost. Every other vertebral body

and the sacrum were constrained to the spine mounts. The upper extremities and lower extremities

were also fully constrained. A prescribed displacement time history, recorded from each experi-

ment, was applied to the belt pulling piston in order to force the belt into the model’s abdomen

(Figure 5.2). As the experiments incorporated a mechanical lap belt load limiter (honeycomb), a

load limit was also prescribed based on the peak lap belt load recorded from each test (0.9-1.6 kN).

6.3.4 Initial Positioning

6.3.4.1 HBM positioning

As in Chapter 4, two mid-sized male computational HBMs – the THUMS v.6.1 and

GHBMC v6.0 – were used in this chapter. These HBMs were positioned to closely match the torso
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recline angle and pelvis angle from the experiments documented in Chapter 5 (Table 6.1), though

differences in anthropometry (mass and stature) resulted in some variability. As the goal was to

investigate lap belt-pelvis angle and its effect on submarining occurrence, matching the pelvis angle

(defined as the Nyquist angle, see Figure 5.4) was a priority.

Table 6.1: Initial positioning for each test and surrogate – the PMHS measurements are from the

experiments conducted in Chapter 5. Each measurement is rounded to the nearest degree.

The positioning procedure was similar to that which was conducted for the dynamic sim-

ulations, outlined in Section 4.3.4. First, the pelvises of the HBMs and the PMHS were aligned by

aligning the H-points, then oriented to match the pelvis angle (Figure 6.2). After matching the initial

pelvis position and angle, the torso angle was oriented to match the angle of the PMHS within a 5°

tolerance. This was done by aligning the segment connecting the center of the T1 and L1 vertebrae

relative to the vertical in the sagittal plane (Figure 6.3). The femurs were positioned to match the

approximate angle of the PMHS (15° relative to horizontal, in the sagittal plane).

While the pelvis was not rigidly constrained in the PMHS experiments, the pelvis was

constrained externally by foam blocks which resulted in minimal pelvis rotation during the test

(Figure 6.4). Thus, in addition to the spine, the sacrum was fully constrained in these simulations
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Figure 6.2: Outline of the HBM pelvises relative to the PMHS pelvis for the four different tests

(left: reclined tests; right: upright tests). The light gray outlines show the left side of the PMHS

pelvis (far view) and the dark gray outlines show the right side of the PMHS pelvis (near view).

Figure 6.3: T1 and L1 vertebral body alignment of the two HBMs. Angle α matched the position of

the reclined (45deg) or upright (22deg) torso angles from Chapter 5’s experiments.
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to improve simulation stability and allow for a more controlled analysis of the simulation results.

Figure 6.4: Total pelvis Y-rotation, or pitch, from the PMHS belt pull experiments.

6.3.4.2 Lap belt positioning

The belts were individually routed across the HBMs with the belt anchorage points po-

sitioned to match the fore-aft position from each PMHS test. Thus, the HBM’s resulting lap belt

angle (Table 6.1) and placement was dictated by the HBM’s abdominal shape and anthropometry,

which differed from the PMHS. As the PMHS was obese, this resulted in more soft tissue in the

pelvic-abdominal region, with an increased depth between the bony pelvis and the surface of the

abdomen (and lap belt) than the mid-sized HBMs. The resulting lap belt angles of the HBMs were

approximately the same value for each test when rounded to the nearest degree (Table 6.1).

To route the belts, the LS-PrePost manual belt routing feature was used. Initially, the lap

belt was routed across three points: the left and right anchorage points, and the node on the HBM

that was closest to the center point of the lap belt from the experiments for that test in the sagittal

plane (Figure 6.5, Steps 1-3). The lap belt section was then stretched across the HBM to form the

shortest belt path using the LS-PrePost stretch feature (Figure 6.5, Step 4). During the stretching,

the lap belt webbing takes the shortest distance from routing around the HBM’s abdominal surface

to connecting to the anchorage point. As a result, the lap belt migrated up the pelvis relative to the

initial prescribed point. This final step was dictated by the model’s abdominal shape.

The initial lap belt paths of the HBMs relative to the PMHS reflected the differences in

abdominal soft tissue depth and curvature among the surrogates (Figure 6.6). As the HBMs were
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Figure 6.5: Procedure to route the lap belts of the HBMs using the LS-PrePost manual belt routing

tool

mid-sized and the PMHS was obese, the lap belt center of the PMHS was generally positioned more

anterior-superior relative to the pelvis than that of the HBMs due to the PMHS’s excess abdominal

soft tissue, which increased the depth between the bony pelvis and the lap belt. Details regarding

how the lap belt placement was affected by the lap belt-pelvis and torso angle, which varied between

tests, is discussed in Section 6.4.1.

6.3.4.3 Lap belt-pelvis angle

The lap belt-pelvis angle was defined as in Chapter 5 (Figure 5.4). The lap belt anchorages

of the HBMs were positioned to match the anchorage positions from the PMHS tests; however, the

HBMs’ initial lap belt angles, and resulting lap belt-pelvis angles, differed from the PMHS due

to their different anthropometries. However, the trends in target lap belt-pelvis angle size from

test to test (i.e., large, mid, and small lap belt-pelvis angles) remained the same (Table 6.1). As the

initial pelvis orientations and lap belt angles were approximately equal between HBMs, the resulting

initial lap belt-pelvis angles were also equal between HBMs. As the lap belts of the HBMs were all

oriented more horizontal relative to ground for each test’s specific lap belt anchorage point location,

the resulting lap belt-pelvis angles were larger than that of the PMHS for each test. Additionally,

the mid lap belt-pelvis angles of the HBMs differed between the reclined (test D1591) and upright

(test D1592) condition by 6-7° versus 3° for the PMHS.
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Figure 6.6: Initial lap belt paths relative to the pelvis in the global reference frame (Figure 6.1) for

each test (top-down) and for each surrogate. The left column shows the approximated belt width (˘

25mm) along the centerline of the lap belt. The right column shows solely the centerline of the lap

belt.
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6.3.5 Soft Tissue Compliance

Modifying the soft tissue compliance required different implementation for each of the

models due to the differing parts, contact definitions, and model-specific formulations. The goal

was to change the stiffness of the soft tissue in the pelvic-abdominal region to represent a wider

spread of subsequent lap belt-pelvis interactions. For the GHBMC, this involved scaling the mate-

rial load curves (LCID) by 50% or 200% for several parts in the pelvic-abdominal region, which

encompassed the gluteal tissue and the thorax (Figure 6.7a). See Appendix E.1 for additional details

on the scaling of load curves. For the THUMS, as the connection between the flesh and the internal

body structure is a sliding contact, the friction values of this contact were adjusted to 50% or 200%

of the nominal value (0.1) 6.7b).

(a) (b)

Figure 6.7: Soft tissue compliance modifications. (a) GHBMC pelvis and abdomen flesh parts and

corresponding materials, whose load curves (LCID) were scaled (SFO) by either 50% or 200% for

decreased and increased levels of stiffness. (b) THUMS internal body contact, where the friction

between the internal anatomical structure and external flesh was changed through scaling the friction

coefficient by either 50% or 200% for decreased and increased levels of stiffness.
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6.3.6 Data Analysis

This chapter, with Chapter 4, aids in identifying the computational HBM that demon-

strates superior biofidelity by comparing to the PMHS responses from the experiments documented

in Chapter 5. Specifically, determining if the HBM can demonstrate the sensitivities of initial lap

belt fit and submarining to lap belt-pelvis and torso angle, identified in the PMHS tests, is the goal.

Qualitative comparisons of initial lap belt placement, lap belt-pelvis trajectories, lap belt

tension, and resulting submarining occurrence were conducted. As in Chapter 5, the global ref-

erence frame was positioned anterior to the subject (origin at subject’s lateral midline), with the

X-axis pointing anterior and parallel to ground, Y-axis pointing right of the subject and parallel to

ground, and Z-axis pointing inferior (Figure 5.1). Additionally, comparisons were performed after

modifying the soft tissue compliance to understand how this influenced biofidelity.

As in Chapter 5, submarining was determined by tracking the trajectory of the lap belt

relative to the pelvis. Submarining was defined as the lap belt node (positioned along the midline of

the belt webbing, widthwise) closest to the left or right ASIS passing posterior to the corresponding

ASIS by more than 25 mm (half the width of the lap belt webbing) in the global reference frame

(Figure 5.6. This indicated the full width of the belt webbing moved posterior to the ASIS. As the

differences in HBM abdominal soft tissue compliance affect lap belt tension time histories, motion

tracking of the lap belt relative to the pelvis was used as the primary measurement for submarining

detection.

6.4 Results

6.4.1 Initial Lap Belt Placement

The lap belts were positioned in the same manner for both HBMs; thus, any differences

in lap belt placement were due to the differences in abdomen shape between the two models. As

mentioned in Chapter 5, the placement of the lap belt was dependent on both torso angle and lap

belt-pelvis angle in the PMHS belt pull experiments (Figure 5.7). Largely, the HBMs’ resulting lap

belt placement in the fore-aft direction (dx) was similarly dependent on torso angle and lap belt-

pelvis angle as the PMHS (Figure 6.8). The PMHS showed an increase in lap belt-pelvis distance

(dx) from a reclined posture to an upright posture (e.g., from test D1591 to test D1592), and from a

larger lap belt angle to a smaller lap belt angle (e.g., from test D1592 to D1594) (Figure 6.8b, also

visible in Figure 6.6). The HBMs followed this trend except for the THUMS in recline, where a
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smaller lap belt-pelvis angle resulted in decreased lap belt-pelvis distance (dx) (from test D1589 to

D1591).

The HBMs were only able to replicate the PMHS trend in both vertical (dz) and horizontal

(dx) directions in the upright condition: the smaller lap belt-pelvis angle resulted in the lap belt

placed further forward (+dx) and downward (+dz) (from test D1592 to D1594) (Figure 5.7). For the

HBMs, a smaller lap belt-pelvis angle also positioned the lap belt more downward (+dz) in recline

(test D1589 to test D1591), which was not seen in the PMHS. Additionally, changing only the torso

angle (test D1591 to test D1592) positioned the lap belt more downward (+dz), unlike the PMHS.

(a) (b)

Figure 6.8: Lap belt midpoint (length- and width-wise) relative to the midpoint of the left and right

ASIS for each test and surrogate. (a) Scatter plot showing the initial lap belt midpoint position

relative to the ASIS midpoint (x = 0, z = 0), where the colors indicate the test number and the

symbols indicate the surrogate type. (b) The lap belt midpoint coordinates relative to the ASIS

(tabulating the left figure’s graphic).

6.4.2 Submarining Occurrence

6.4.2.1 Kinematics and Kinetics

Like the PMHS, the HBMs submarined in both reclined tests (D1589 and D1591); how-

ever, neither model submarined in the upright tests (D1592 and D1594) (Figure 6.9), whereas the

PMHS submarined in test D1592. For those tests that resulted in submarining, the HBMs exhibited

similar lap belt penetration (into the abdomen) as the PMHS. In tests D1589 and D1591, a decrease
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in lap belt tension near the time of peak magnitude, in addition to the lap belt marker passing over

and behind the ASIS by 25 mm (approximately half the belt width) indicated submarining occur-

rence. Neither outcome (lap belt-pelvis migration or reduction in lap belt tension) occurred in tests

D1592 and D1594.

6.4.2.2 Change in lap belt-pelvis angle

The lap belt-pelvis angle of the HBMs changed during the belt pull due to the increase

in lap belt tension and interaction with the abdominal soft tissue during the belt pull, though not

to the scale of the PMHS (0-2° change in HBMs versus 3-18° in PMHS) (Table 6.2). In part, this

difference in magnitude between the PMHS and the HBMs is due to the differences in abdominal

soft tissue girth and curvature. The excess abdominal soft tissue of the PMHS allows for more

interference with the lap belt than the minimal abdominal soft tissue of the HBMs. Because of the

greater soft tissue depth and resulting increased compliance of the PMHS soft tissue, it is possible

the lap belt could more easily get wedged in between folds of soft tissue, which would decrease the

rate of lap belt migration over the anterior abdominal surface relative to the lap belt migration at

the lateral ends of the webbing. In contrast, the decreased abdominal soft tissue depth and higher

stiffness of the HBMs’ soft tissue results in less opportunity for the lap belt to get wedged anterior to

the pelvis (e.g., in between folds of tissue) and thus the rate of lap belt migration on the abdominal

surface and the lateral ends are better coupled. Additionally, the initial level of lap belt tension in the

FE environment is more controllable than in the physical environment. Thus, it is also possible there

was more initial slack in the lap belt in the experiments, which would result in a greater change in

lap belt angle as the belt is being pulled due to increased tension (i.e., straightening of the webbing,

permitting the shortest path).

Although the initial lap belt-pelvis angles differed between the HBMs and the PMHS

(Table 6.2), the lap belt-pelvis angle at the time of submarining was within 1-3° of the PMHS.
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Figure 6.9: Lap belt initial position, kinematics, and tension time histories for each test (top-down)

and surrogate. Left-right: the lap belt centerline initial position (left column), trajectory of the

point on the lap belt located nearest to the right ASIS in the sagittal plane (middle column), and the

tension time history (right column).
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Table 6.2: Submarining occurrence, and resulting change in lap belt-pelvis angle, for each test and

surrogate.

6.4.3 Soft Tissue Compliance

Modifications to soft tissue compliance resulted in no difference in submarining occur-

rence and negligible differences in lap belt-pelvis motion and lap belt tension (Figure 6.10). In the

reclined tests (D1589 and D1591), the more compliant soft tissue condition (“Soft”, 50% nominal

stiffness) resulted in approximately 3-5 mm more inward displacement (-X) relative to the pelvis

than the nominal soft tissue condition (“Nominal”) for both HBMs. Additionally, the less compliant

condition (“Stiff”, 200% nominal stiffness) resulted in approximately 3-5 mm less inward displace-

ment (-X) relative to the pelvis than the nominal case in the reclined tests for both HBMs. However,

these differences were not visible in the upright tests.
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Figure 6.10: Variation in lap belt-pelvis trajectory for the HBMs with the different prescribed soft

tissue stiffnesses, where “Soft” indicates 50% of the nominal stiffness and “Stiff” indicates 200% of

the nominal stiffness. The red dashed line indicates marks where submarining did or did not occur.

Top-down: the four different tests. Left-right: GHBMC (left column) and THUMS (right column).
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6.5 Discussion

6.5.1 Initial Lap Belt Placement

The effects of torso and lap belt-pelvis angle on initial lap belt placement were similar

between HBMs but differed from the PMHS in some cases. For the PMHS, a smaller lap belt-pelvis

angle positioned the lap belt further anterior, which was seen in all HBM cases but the THUMS in

recline, in which the lap belt was positioned 1.6 mm rearward for the smaller lap belt-pelvis angle.

This is a result of the THUMS’s abdominal shape, which is smoother than the GHBMC and thus the

lap belt is more prone to migrating up the abdomen and rearward to the pelvis, along the abdomen

slope, as it is routed and stretched (Figure 6.12).

(a) (b)

Figure 6.11: Lap belt placement of the GHBMC (a) and the THUMS (b) after stretching the belt

using the LS-PrePost stretch tool.

In maintaining lap belt-pelvis angle and changing torso angle (D1591 reclined torso and

mid lap belt-pelvis angle to D1592 upright torso and mid lap belt-pelvis angle), the PMHS had a

2.3 mm increase in lap belt vertical placement (-dz) (Table 6.2). In contrast, the HBMs had a larger

decrease in lap belt vertical placement (9 mm dz for GHBMC; 4mm dz for THUMS) from recline to

upright. This is a result of the differences in the amount of soft tissue between the mid-sized HBMs

and the obese PMHS. Effectively, the abdominal soft tissue is better coupled to the pelvis in the

HBMs, as these models have a smaller abdominal flesh depth between the surface of the abdomen

and the pelvis. For the PMHS, the soft tissue is less coupled as there is an increased volume,

and associated depth, of soft tissue between the surface of the abdomen and the pelvis. Thus, the

PMHS pelvis angle is largely independent of the orientation of the soft tissue, and associated lap

belt placement, unlike the HBMs (Figure 6.6).

This difference in vertical lap belt placement trend from test D1591 and D1592 between
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the HBMs and the PMHS is worth noting, as the HBMs lower initial lap belt placement in test

D1592 (relative to test D1591) placed the lap belt more favorably relative to the pelvis than the

PMHS, who had a higher initial lap belt placement in test D1592. This may be a partial cause

for the difference in submarining occurrence between these surrogates. The decreased abdominal

depth (dx) between the HBMs and the pelvis may have also contributed to a decreased likelihood of

submarining, as the lap belt could more easily engage the bony pelvis.

6.5.2 Submarining Sensitivity

Both HBMs showed similar submarining sensitivity to lap belt-pelvis and torso angle:

submarining occurred in the reclined condition but not in the upright condition. The submarining

occurrence in both recline tests matches the outcomes from the PMHS tests, however the PMHS

also submarined in one upright test with the more horizontal lap belt-pelvis angle (D1592), which

was not exhibited by the HBMs.

While the lap belt-pelvis geometry at the time of submarining is critical in dictating sub-

marining outcome, this is not the only factor at play (Figure 2.7) - lap belt tension plays a critical

role as well. While maintaining the lap belt load limit prescribed in the experiments ensures a

one-to-one comparison of the experimental setup, the anthropometries between the HBMs and the

PMHS are different. The obese PMHS has additional abdominal soft tissue and associated increased

depth between the surface of the abdomen and the bony pelvis, whereas the mid-sized HBMs have

minimal abdominal tissue depth. This results in different levels of lap belt penetration for the same

load: the PMHS will have greater depth of penetration at a given load limit than the PMHS due to

the increased abdominal tissue depth. As a result, the lap belt requires more force to induce sub-

marining for the HBM than for the PMHS. Thus, an additional simulation was run to understand

how increasing the lap belt load limit affected submarining outcome in the HBMs. The setup of this

simulation was the same configuration as test D1592, which resulted in submarining for the PMHS

and no submarining for the HBMs. The lap belt load limit was increased to 5 kN instead of the 0.9

kN peak lap belt tension achieved in the experiment, which resulted in submarining for both models

(Figure 6.12). The 5 kN load limit was chosen as it is high enough to determine whether lap belt

load limit plays a factor in submarining occurrence; however, the threshold load limit required to

induce submarining in these models may be lower. Additionally, unlike the PMHS, who exhibited

an 18° change in lap belt-pelvis angle prior to submarining in this test (Table 6.2), the models ex-

hibited minimal change (GHBMC: 0°; THUMS: -2°). This is again likely a result of the differences
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in anthropometry, soft tissue-pelvis interaction, and initial lap belt tension, as described in Section

6.4.1. Nonetheless, the models exhibited a similar submarining to lap belt-pelvis angle as the PMHS

in the upright condition; however, more force was required to induce submarining as a result of the

increased stiffness in the pelvic-abdominal region.

(a) (b)

Figure 6.12: Simulation results from increasing the lap belt load limit of test D1592, which resulted

in submarining for both HBMs, matching the PMHS response. (a) Lap belt trajectories relative to

the pelvis in the sagittal plane. (b) Lap belt tension time histories.

As discussed in Section 6.4.3, varying the stiffness factor (via scaling of the material load

curve) had no effect on submarining outcomes and negligible effects on lap belt migration. However,

there are several other parameters that contribute to the model’s stiffness behavior, including the

stiffness of the abdominal content (e.g., organs), flesh-pelvis friction (for THUMS), and element

stiffening at large strains (for GHBMC).

Further, to ensure the models could demonstrate sensitivity to solely lap belt-pelvis angle

in the upright condition, an additional case was run in which the lap belt anchorages were positioned

approximately 60 mm more rearward relative to D1592 (upright torso; more horizontal lap belt-

pelvis angle), which was less than the anchorage position step size between tests (Appendix D.1).

This resulted in submarining for both models, though the THUMS showed more sensitivity, with

increased lap belt penetration relative to the GHBMC (Figure 6.13). This demonstrated that, though

these models exhibit different submarining thresholds than the PMHS when prescribed the same
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load limit, the HBMs showed sensitivity to lap belt-pelvis angle in the upright condition.

Figure 6.13: Simulation results from moving the anchorage points approximately 60mm rearward

from test D1592 (same lap belt load limit): Lap belt trajectory relative to the pelvis in the sagittal

plane. Both models submarined in this condition, with the THUMS showing higher sensitivitiy.

6.5.3 Lap Belt Migration

While there was a substantial difference in abdominal soft tissue depth between the HBMs

and the PMHS, the lap belt trajectories of the HBMs generally followed a similar trend to the

PMHS. However, one key difference was observed for the THUMS model in test D1594 (upright

torso; vertical lap belt-pelvis angle). While the lap belt of the GHBMC maintains position after

pelvis engagement, the THUMS shows a downward migration of the lap belt relative to the pelvis.

Qualitative video analysis of the simulations shows this may be a result of the disconnect between

the exterior soft tissue and the bony pelvis in the THUMS model, which promotes sliding of the

flesh, and subsequently lap belt, relative to the pelvis (Figure 6.14). Additionally, the THUMS

model was the only surrogate that exhibited a more vertical lap belt-pelvis angle at the time of

submarining (Table 6.2), which shows that the abdominal soft tissue is not interacting with the
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lap belt (e.g., providing resistance) in the same manner as the PMHS or GHBMC. This limited

resistance may again be attributed to the flesh sliding relative to the pelvis during the belt pull.

Figure 6.14: Photos from the THUMS simulation of test D1594 (at 30ms, 60ms, and 90ms), which

shows the belt migrating down the pelvis as a result of the flesh sliding relative to the pelvis.

This downward lap belt displacement resulting from the abdominal soft tissue of the

THUMS was also seen in Chapter 4, wherein the dynamic simulation showed the THUMS flesh

“pockets” the lap belt and collapses the webbing elements (Figure 4.21). To confirm this effect is

exaggerated at a higher level of belt tension, another simulation was run with the same configuration

as test D1594 (upright torso; vertical lap belt-pelvis angle), but with a higher lap belt load limit of

8 kN, similar to the peak lap belt tension magnitude seen in the dynamic tests (Figure 4.10). This

resulted in an increased downward displacement of the lap belt relative to the pelvis for the THUMS

(Figure 6.15).

The sliding contact between the THUMS external soft tissue and the pelvis may have been

the cause of the model’s higher sensitivity to lap belt-pelvis angle, where inward lap belt penetration

resulted from a larger lap belt-pelvis angle (e.g., Figure 6.13), and downward lap belt migration

occurred due to a smaller lap belt-pelvis angle (e.g., Figure 6.14). This bifurcation effect has been

seen in other studies [55]. Although this mechanism does not necessarily pose the THUMS as a

less biofidelic model, this high sensitivity may risk simulation instability in a dynamic environment

with higher inertial forces.
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Figure 6.15: Simulation results from increasing the lap belt load limit of test D1594: Lap belt tra-

jectory relative to the pelvis in the sagittal plane. The THUMS model shows increased downward

displacement relative to test D1594 (nominal lap belt load limit). The GHBMC did not show down-

ward lap belt motion.

6.6 Conclusions

The following conclusions were drawn from this chapter’s analysis:

1. The effects of torso and lap belt-pelvis angle on initial lap belt placement was similar between

the GHBMC and THUMS, but these differed from the PMHS in some cases:

(a) For the PMHS, a more vertical lap belt-pelvis angle positioned the lap belt further for-

ward relative to the pelvis, which was also seen in all HBM cases but the THUMS in

recline.

(b) The HBMs showed a lower lap belt placement in the upright condition relative to the

reclined condition for the same lap belt-pelvis angle, unlike the PMHS tests.

2. Likewise, the submarining sensitivity to lap belt-pelvis angle and torso angle was similar

between HBMs and the PMHS, though the threshold was different than the PMHS.
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(a) Specifically, the HBMs were able to exhibit submarining in the upright test with a mid

lap belt angle (D1592) as the PMHS did; however, an increase in force was necessary

to do so as the models soft tissue depths were smaller than the PMHS.

(b) Positioning the anchorage points further back and maintaining the original lap belt load

limit also resulted in submarining for the models.

3. Modifying abdominal soft tissue compliance resulted in negligible effects on lap belt-pelvis

trajectory and no effect on submarining occurrence.

4. The THUMS showed a higher sensitivity to lap belt-pelvis angle than the GHBMC, exhibiting

a bifurcation effect at the ASIS: a larger lap belt-pelvis angle resulted in increased lap belt

penetration into the abdomen and a smaller lap belt-pelvis angle resulted in downward lap

belt motion relative to the bony pelvis. Additionally, this model’s lap belt-pelvis angle was

smaller at the time of submarining relative to the initial time, whereas this angle increased

between the initial time and the time of submarining for the PMHS and the GHBMC. Both

the increased sensitivity and change in lap belt-pelvis angle were attributed to the model’s

flesh-pelvis sliding contact, though this may also be due to the model’s flesh material stiffness.

The results from this chapter showed that, while both HBMs exhibited similar sensitivities

regarding the effect of lap belt-pelvis angle and torso angle on initial lap belt placement and sub-

marining occurrence, the THUMS exhibited higher lap belt migration sensitivity to lap belt-pelvis

angle than the PMHS and GHBMC as a result of the model’s flesh-pelvis sliding contact. This

behavior may increase risk of simulation stability in dynamic test conditions. Thus, this Chapter, in

addition to Chapter 4, supported using the GHBMC in the parametric study described in Chapter 8.

The results from these two chapters were summarized in Chapter 7, which included an additional

analysis to confirm these chapters’ conclusions.
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Chapter 7

Selection of HBM for Submarining

Analysis

7.1 Executive Summary

7.1.1 Relevance and Goal

Chapters 4 and 6 described the biofidelity limitations and simulation stability concerns for

the THUMS model, which were largely attributed to either the model’s sliding interface between the

flesh and the internal musculoskeletal system or the flesh material stiffness. In the dynamic reclined

simulations described in Chapter 4, the anterior compression of the abdominal flesh resulting from

the forward torso excursion collapsed the lap belt shell elements which would not occur in the

physical world and affected belt-pelvis loading. In Chapter 6’s seated belt pull tests, the migration

of the lap belt in the THUMS simulations showed higher sensitivity to lap belt-pelvis angle than the

PMHS and GHBMC: a larger lap belt-pelvis angle (horizontally oriented lap belt relative to ground)

resulted in increased lap belt penetration into the abdomen, whereas a smaller lap belt-pelvis angle

resulted in downward lap belt migration relative to the pelvis. Additionally, the model exhibited

a negative change in lap belt-pelvis angle at the time of submarining relative to the initial time,

indicating a smaller lap belt-pelvis angle at the time of submarining. This disagrees with previous

studies which link a larger lap belt-pelvis angle with increased risk of submarining, and both the

GHBMC and PMHS exhibited a larger lap belt-pelvis angle at the time of submarining. Both of

the THUMS model’s limitations described in Chapter 4 were also largely attributed to the model’s

sliding interface between the flesh and the pelvis.
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While the results described in Chapters 4 and 6 suggested the GHBMC as the more suit-

able model for detailed study of lap belt-pelvis interaction relative to the THUMS, it remained to be

seen whether the concerning behaviors exhibited by the THUMS model were still visible in other

configurations. This was particularly relevant as the model that was chosen for use in the final para-

metric study was evaluated in a dynamic condition with varying intrinsic and extrinsic parameters.

Thus, the goal of this chapter was to understand if the identified limitations of the THUMS model

remained in the targeted parametric study conditions. Through this analysis, the conclusions drawn

from the simulations of Chapters 4 and 6 were challenged and contextualized, which provided a

more robust determination of HBM choice for this dissertation’s remaining analysis.

7.1.2 Key Conclusions

The full list of conclusions can be found in Section 7.6 below. In summary, the THUMS

exhibited less instances of submarining than the GHBMC for varying configurations. Instead, the

THUMS showed several cases in which the lap belt remained low on the pelvis (toward the pubic

rami), particularly for cases with a vertically oriented lap belt. Thus, the downward lap belt mi-

gration resulting from a vertically oriented lap belt in the seated belt pull simulations of Chapter 6

was also identified in dynamic conditions with varying configurations and parameters. Addition-

ally, the collapsing of the lap belt shell elements identified in Chapter 4’s THUMS simulations was

again seen for various conditions. Both of these behaviors, attributed to either the THUMS sliding

interface between the flesh and the pelvis or the flesh material stiffness, confirmed that the previ-

ously identified biofidelity limitations and stability concerns for the THUMS model were relevant

for the final parametric study’s conditions. Thus, the GHBMC model was selected for the remaining

analysis of this dissertation.

7.1.3 Contributions

This chapter advances the automotive safety field’s knowledge on the consistencies and

differences in lap belt-pelvis interaction - specifically, submarining occurrence and lap belt-pelvis

loading - for two state-of-the-art computational HBMs under varying restraint and posture config-

urations. Additionally, novel HBM-specific instrumentation was developed to measure load at the

ASIS/iliac wing cross-sections. In this application, this information was utilized to determine the

feasibility of using a given HBM to predict kinematic and kinetic outcomes under these various

conditions in addition to identifying areas of potential stability risk.
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7.1.4 Publications

Richardson, R., Gepner, B., Kerrigan, J., Forman, J., (2023). Evaluation of Lap Belt-

Pelvis Load Transfer in Frontal Impact Simulations. Traffic injury prevention. (Planned).

Gepner, B., Richardson, R., Kerrigan, J., Forman, J., (2023). Modification of THOR

Sacral Geometry to Improve Biofidelity in a Reclined Posture. IRCOBI Short Communication.

(Planned).

7.2 Introduction

The dynamic reclined sled test simulations conducted and analyzed in Chapter 4 showed

that both the GHBMC and THUMS computational HBMs exhibited more lumbar spine range of

motion (ROM) than the PMHS. In particular, the lumbar spine of the THUMS model exhibited

the most ROM, exhibiting 15-30° higher ROM (peak extension to peak flexion) than the PMHS,

whereas the GHBMC exhibited 10-15° higher ROM. Additionally, due to either the sliding contact

between the external flesh and the pelvis or the flesh material stiffness, the THUMS abdominal soft

tissue compressed the lap belt during forward excursion, which collapsed the lap belt elements.

Both models exhibited similar submarining sensitivity to the PMHS in the seated belt pull condition

(Chapter 6), though it took more lap belt pulling force to submarine the HBMs for the same lap

belt-pelvis angle that caused submarining in the PMHS in the upright condition. The THUMS

exhibited a higher lap belt migration sensitivity to lap belt-pelvis angle, where a larger lap belt-

pelvis angle increased the level of lap belt penetration into the abdomen (more than the GHBMC

and the PMHS) and a smaller lap belt-pelvis angle resulted in downward lap belt migration relative

to the pelvis (not seen in the GHBMC or the PMHS). Additionally, the THUMS model exhibited

a negative change in lap belt-pelvis angle between the initial angle and the angle at the time of

submarining, indicating the model submarined at a smaller lap belt-pelvis angle than the initial

setup. In contrast, the GHBMC and PMHS submarined at a larger lap belt-pelvis angle. The high

sensitivity to lap belt-pelvis angle, and the difference in lap belt-pelvis angle from the initial time

to the time of submarining, were again attributed to the THUMS model’s flesh - either the sliding

contact between the flesh and the pelvis or the flesh material stiffness.

The areas of vulnerability described in Chapters 4 and Chapter 6 concluded that the stiff-

ness of the THUMS model’s exterior flesh, and its sliding contact with the pelvis and internal

structures, resulted in choosing the GHBMC as the better choice for further study. Hence, the re-

130



CHAPTER 7. SELECTION OF HBM FOR SUBMARINING ANALYSIS

sults from these chapters pointed towards the GHBMC model as the superior choice to proceed

forward with in the parametric study in Chapter Chapter 8. However, as this parametric study was

designed to vary several intrinsic and extrinsic variables, the simulation setups (e.g., configurations,

boundary conditions, etc.) differed from those of Chapters 4 and 6. It was important to ensure that

the conclusions deduced from these chapters’ results were not solely specific to those simulation

configurations but were also relevant for the parametric study.

Prior to proceeding forward with the GHBMC for use in Chapter 8’s parametric study,

two questions first needed to be addressed:

1. Was the collapsing of the lap belt shell elements seen in the THUMS simulations (Chapter

4) solely seen in that chapter’s specific configuration (i.e., reclined torso, specific restraint

geometry, 51 km/h pulse, etc.)?

2. Was the downward migration of the lap belt relative to the pelvis resulting from a small lap

belt-pelvis angle (test D1594 of Chapter 6) only seen for a constrained surrogate?

Thus, the goal of this chapter was to understand if the identified limitations of the THUMS

model, which were concluded to result from the model’s sliding flesh contact, remained in the

targeted parametric study conditions. To achieve this, both HBMs would be evaluated through a

pilot parametric study, in which the varying intrinsic and extrinsic parameters, previously identified

in Chapter 2 (Table 2.1) and selected for the final parametric study in Chapter 8, would stress test

the performance of these models. As the concerns with the THUMS model are focused on the lap

belt-pelvis interaction, instrumentation was designed to quantify this interaction and understand if

the limitations of Chapters 4 and 6 (i.e., the collapsing of the lap belt elements and the downward

migration of the lap belt) were present under varying conditions. The quantifiable metrics of lap

belt-pelvis interaction were compared across both HBMs. Through this analysis, the conclusions

drawn from Chapters 4 and 6 were challenged and contextualized, which provided a more robust

determination of HBM choice for this dissertation’s remaining analysis.

7.3 Methodology

As this chapter’s sensitivity study was a small-scale version of the study conducted in

Chapter 8, the methods are briefly introduced herein. The full details on these methods can be

found in Chapter 8.
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7.3.1 Study Overview

As before, the GHBMC and the THUMS mid-sized male computational HBMs were

used in this evaluation. For each HBM, 120 matched frontal impact simulations were setup and run,

each with a unique and randomly sampled set of parameters. The lap belt-pelvis interaction was

quantified as lap belt-pelvis load transfer. Specifically, the maximum amount of load measured by

the pelvis (for two different cross-sections) under an applied lap belt load (see Section 7.3.2).

7.3.1.1 FE environment

The FE environment was the same as that described in Chapter 4 (see Section 4.3.2t),

which included a semi-rigid seat, toe pan, and a restraint system equipped with dual lap belt pre-

tensioners and a shoulder belt pretensioner and load limiter. The lap belt anchorage points, and

corresponding lap belt geometry, was modified based upon the specified lap belt angle parameter

(see next section). The lap belt routing procedure iss fully described in Section 8.3.5.

7.3.1.2 Parameters

Several parameters were varied to stress test the HBMs under different restraint config-

urations, postures, and boundary conditions. These parameters were randomly sampled using a

stochastic sampling method described in Section 8.3.3. The extrinsic parameters included impact

pulse (three levels), fore-aft lap belt angle (five levels), lateral lap belt angle (three levels), torso

angle (two levels), foot pan contact (two levels), pelvic-abdominal flesh stiffness (three levels),

belt/occupant friction (three levels), and seat/occupant friction (three levels). The definition of these

parameters, their associated levels, and the reasoning behind these levels is found in Section 8.3.2.

7.3.2 Instrumentation

7.3.2.1 ASIS load cells

As the aim of this chapter was to understand if the lap belt-pelvis interaction concerns

drawn from Chapters 4 and 6 for the THUMS remained for various dynamic loading conditions, as

well as compare this interaction between the GHBMC and THUMS models, a method was designed

to quantify this interaction. Specifically, instrumentation was designed to measure the level of lap

belt load transferred to the bony pelvis. Through this instrumentation, the quantity of load trans-

ferred from the lap belt to the pelvis provides information on differences in HBM flesh compliance
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behavior. Additionally, the location of this applied load on the bony pelvis during the simulation

provided information on belt-pelvis migration, which was relevant for addressing the previously

observed THUMS limitations.

To measure the section forces at the ASIS location, the LS-PrePost keyword

DATABASE CROSS SECTION was used to define a 3D cross-sectional area in which force could

be measured (Figure 7.1a). This keyword defines the cross section using a selected node set, with

the forces measured by the elements connected to those nodes. The section force was calculated

as the sum of these measured forces; thus, the section only included elements on one side of the

defined cross-section.

A clean cross-section is simple for a hexahedral mesh as the sides of the elements may

be aligned with the cross-section edge (Figure 7.1b). However, the pelvises of the GHBMC and

THUMS are composed of a tetrahedral mesh, which complicated the method of defining a cross-

section, particularly for the 3D structure. Thus, a function was developed in MATLAB which se-

lected all elements connected to the chosen node set to avoid error associated with manual selection.

This automated method also permitted symmetry for the left and right sides.

(a) (b)

Figure 7.1: (a) Keyword *DATABASE CROSS SECTION in LS-PrePost, where the node set, solid

element set, and shell element set are what we defined to define the ASIS cross-section. (b) Dif-

ference in defining this cross-section for a mesh with hexahedral elements (top) versus a mesh with

tetrahedral elements, as is used in the pelvises of the GHBMC and HBMs (bottom).
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Two areas were chosen in design of these cross-sections, which were defined with a cylin-

drical method (Table 7.1). The first area is located at the outer or anterior surface of the ASIS and

is the approximate width of the lap belt webbing (50mm) (‘ASIS Outer’, 7.1). The second area en-

compassed a larger region of the iliac wing, including the upper part of the iliac wing (‘ASIS Inner’,

7.1). This section was defined as the inner cross-section as it is the most interior section.

Verification load cases were performed to ensure the full applied load was being captured

by the ASIS cross-sections (see Appendix F.1).

Table 7.1: ASIS cross sections defined to measure ASIS load for the GHBMC and THUMS models.
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7.3.3 Data Analysis

7.3.3.1 Submarining detection

Several intrinsic and extrinsic parameters were varied in the simulation sensitivity study,

which were hypothesized to affect lap belt-pelvis interaction, lap belt-pelvis loading, and/or sub-

marining outcome. As submarining results in the lap belt loading the abdomen (instead of the

pelvis), simulations that resulted in submarining were flagged and removed from the lap belt-ASIS

load transfer analysis.

All nodes on the upper and lower edges of the lap belt were tracked throughout the dura-

tion of the simulation, in addition to the nodes located at the left and right ASIS. With this, it was

possible to identify exact timing of when the bottom edge of the lap belt translated superior and pos-

terior to the ASIS landmarks, indicating that submarining occurred. As the model moved forward,

three nodes on the bottom edge of the lap belt corresponding to the points closest (in the lateral, or

Y-direction) to the left ASIS (LASIS), right ASIS (RASIS) and the ASIS midpoint, were identified

(Figure 7.2). The closest nodes were iteratively calculated for each timestep. Submarining was

detected if the bottom lap belt edge node passed superior and posterior to the corresponding ASIS

node. Submarining was divided into two categories: pre-submarining and dynamic submarining

(Table 7.2, Figure 7.3).

7.3.3.2 Output metrics

Once the simulations that resulted in submarining were removed, the peak ASIS force

measured at both the inner and outer cross sections was plotted relative to the peak lap belt tension

for both models (Figure 7.4). This allowed for a visual comparison of lap belt-ASIS load transfer

across both models.
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Figure 7.2: Submarining definition. Three nodes are selected on the bottom edge of the lap belt

webbing as those closest (Euclidean distance) to the right ASIS (RASIS), ASIS midpoint (MID),

and left ASIS (LASIS) (top). These are iteratively selected throughout the course of the simulation.

Submarining is detected when the lap belt node moves above (+Z) and behind (+X) the correspond-

ing pelvis node in the global reference frame.
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Table 7.2: Submarining type distinctions and definitions.

Figure 7.3: Pre-submarining versus dynamic submarining example.
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Figure 7.4: Example of output cross-plot showing peak ASIS load (measured at the cross-section)

relative to peak lap belt tension.

7.4 Results

7.4.1 Submarining Occurrence

Submarining was categorized for all simulations that did not error terminate prior to 80 ms

(the averaged approximated time of peak pelvis forward excursion) (Figure 7.5). Of the simulations

that did not error terminate, more cases resulted in submarining for the GHBMC (45 simulations,

43% of non-error cases) than the THUMS (30 simulations, 28% of non-error cases). Additionally,

nearly all (97%) of the THUMS submarining cases were in the reclined condition whereas 40% of

the GHBMC submarining cases were in the upright condition.

As the THUMS exhibited high sensitivity to lap belt-pelvis angle in Chapter 6 (6.13)

showing more abdomen penetration from the lap belt for a shallower lap belt angle relative to ground

(or for a large lap belt-pelvis angle), comparing the model submarining sensitivities to a shallow lap

belt angle was of interest (Figure 7.6). Both models showed a similar submarining sensitivity to a

shallow lap belt angle: approximately 87% of the submarining cases for both models had a shallow

lap belt angle. Additionally, 13-23% of the non-submarining cases for both models had a shallow

lap belt angle.

As noted in Section 7.3.3, submarining was categorized into two groups: 1) pre-submarining,
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Figure 7.5: Submarining occurrence resulting from the GHBMC and THUMS simulations (120

sims each). The light shading (and inset data labels) are reclined simulations. The dark shading

are upright simulations. The top data labels are total simulations (combined upright and reclined).

“Error” marks the simulations that error terminated prior to 80 ms.

Figure 7.6: Submarining occurrence resulting from the GHBMC and THUMS simulations (120

sims each). The light shading (and inset data labels) are the simulations with a shallow lap belt

angle (see Section 7.3.1.2). The dark shading are simulations with the nominal and more vertical

lap belt angles. The top data labels are total simulations. “Error” marks the simulations that error

terminated prior to 80 ms.
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in which the lap belt is initially above and behind the ASIS (resulting from lap belt routing), and 2)

dynamic submarining, in which the lap belt moves above and behind both the left and right ASIS

during the simulation. In categorizing the total submarining cases, most of the THUMS submarin-

ing cases (83%) were pre-submarining cases with only 17% of submarining cases showing true

submarining behavior (Figure 7.7). In contrast, 47% of the GHBMC submarining simulations were

categorized as pre-submarining cases, with 53% of submarining cases showing true submarining

behavior.

Figure 7.7: Submarining distinction, based on the definitions from Figure 7 3. The light shading

(and inset data labels) are reclined simulations. The dark shading are upright simulations. The top

data labels are total simulations (combined upright and reclined).

7.4.2 Lap Belt Tension to ASIS Load

For both models, the inner ASIS cross-section measured higher lap belt tension than the

outer ASIS cross-section, likely due to additional shear force transferred through the pelvis-flesh

attachment (for the GHBMC), or the sliding friction interface (for the THUMS), which contributed

traction force to the inner cross-sections (Figure 7.8). The ASIS cross-sections of the GHBMC

measured more load for a given level of lap belt tension than the THUMS. For the THUMS, there

were several cases in which the lap belt measured a relatively high magnitude of lap belt tension

with negligible load measured at the ASIS. This was particularly apparent in the outer ASIS cross-

section of the THUMS (Figures 7.8c and 7.8d).
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(a) (b)

(c) (d)

Figure 7.8: Peak lap belt tension and measured ASIS load at the time of peak lap belt tension for

the GHBMC (red) and THUMS (blue) HBMs in upright and recline. Inner (a and b) and outer (c

and d) ASIS cross-sections. Left iliac wing (a and c) and right iliac wing (a and c).
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Further investigation was conducted on several of the THUMS cases which measured

relatively high magnitudes of lap belt tension with negligible measured ASIS load. From this in-

vestigation, the lap belt of the THUMS was found to stay generally low relative to the bony pelvis

(closer towards the AIIS) versus the GHBMC (Figure 7.9). As a result, the lap belt was not mi-

grating high enough along the iliac wing to load the ASIS cross-sections, of which the boundaries

were located at the AIIS (Table 7.1). Thus, no lap belt load was being measured by the ASIS of the

THUMS in these conditions as the lap belt effectively bypassed the instrumentation.

A method to flag the cases in which the lap belt never migrated up the bony pelvis was

developed (Appendix F.2). This mechanism was present in 24% of the THUMS non-submarining

cases and 17% of the GHBMC non-submarining cases, with the vast majority occurring in the

upright posture. These flagged simulations were removed from further belt-ASIS load transfer

analysis, as they resulted in a substantial portion of the lap belt load transferring through the lower

pelvis and thighs rather than the ASIS (Figure 7.10 and Figure 7.11).

After removing the cases in which the lap belt remained low on the pelvis, there were

still several cases in which the THUMS measured a negligible level of ASIS force for a high level

of lap belt tension. Further examining cases revealed that lap belt roping occurred frequently in

the THUMS (Figure 7.12). These cases were quantified by measuring the resultant distance of the

nodes on the top and bottom edges of the lap belt webbing and flagging when this distance was

under 5 mm. The THUMS exhibited this behavior four times as frequently as the GHBMC.

Removing these cases from the cross-plot removed several outliers that were present in

the data, in addition to cases in the lower right quadrant of the plot, wherein the lap belt tension

increased with minimal increase in measured ASIS load (Figure 7.13 and 7.14). However, a num-

ber of THUMS cases still showed negligible low being measured at the ASIS cross-section for a

relatively high lap belt load.
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(a) (b)

(c) (d)

Figure 7.9: Approximate time of peak pelvis forward displacement for the occupant models. Top-

down: GHBMC (a and b) and THUMS (c and d). Left-right: Torso kinematics (a and c) and lap

belt-pelvis kinematics (b and d).
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(a) (b)

(c) (d)

Figure 7.10: Outer cross-section ASIS force vs lap belt tension: Top row: the simulations in which

the lap belt remained low on the pelvis are highlighted for both the THUMS (originally in blue)

and GHBMC (originally in red) (a, left ASIS and b, right ASIS). Bottom row: after removal of the

highlighted cases (c, left ASIS and d, right ASIS).
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(a) (b)

(c) (d)

Figure 7.11: Inner cross-section ASIS force vs lap belt tension: Top row: the simulations in which

the lap belt remained low on the pelvis are highlighted for both the THUMS (originally in blue)

and GHBMC (originally in red) (a, left ASIS and b, right ASIS). Bottom row: after removal of the

highlighted cases (c, left ASIS and d, right ASIS).

145



CHAPTER 7. SELECTION OF HBM FOR SUBMARINING ANALYSIS

(a) (b)

Figure 7.12: (a) The number of simulations that were flagged for lap belt roping in the GHBMC

(blue) and THUMS (orange), wherein the resultant distance between the upper and lower edges of

the lap belt close in within 5 mm of each other. The light shading (and inset data labels) are reclined

simulations. The dark shading are upright simulations. The top data labels are total simulations

(combined upright and reclined). (b) An image taken of the lap belt roping in a simulation with the

THUMS model.

7.5 Discussion

7.5.1 Submarining Occurrence

In the seated belt pull simulations described in Chapter 6, the THUMS exhibited a higher

sensitivity to a shallow lap belt-pelvis angle, showing more abdominal penetration from the lap belt

than what was seen for the GHBMC in the same condition. In contrast, this chapter’s dynamic

simulations showed both models were equally sensitive to a shallow lap belt angle, with a simi-

lar distribution of shallow lap belt angle simulations resulting in submarining (Figure 7.6). Thus,

it seemed likely that the identifications described in Chapter 6 regarding THUMS’s higher sub-

marining sensitivity to a shallow lap belt angle was specific to the seated test configuration, with a

constrained surrogate (e.g., lap belt load limit, displacement rate, etc.). Additionally, the THUMS

had less overall submarining cases than the GHBMC (Figure 7.5), with most of these cases being

pre-submarining cases versus dynamic, or true, submarining cases (Figure 7.7). All of the pre-

submarining cases occurred in recline for both models. As pre-submarining specifies the case in

which the lap belt is already above and behind the ASIS initially, it was a direct result of both the

lap belt routing and the HBM-specific abdomen shape. For a very shallow lap belt angle, the lap
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(a) (b)

(c) (d)

Figure 7.13: Outer cross-section ASIS force vs lap belt tension: Top row: the simulations in which

the lap belt roping occurred are highlighted for both the THUMS (originally in blue) and GHBMC

(originally in red) (a, left ASIS and b, right ASIS). Bottom row: after removal of the highlighted

cases (c, left ASIS and d, right ASIS).
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(a) (b)

(c) (d)

Figure 7.14: Inner cross-section ASIS force vs lap belt tension: Top row: the simulations in which

lap belt roping occurred are highlighted for both the THUMS (originally in blue) and GHBMC

(originally in red) (a, left ASIS and b, right ASIS). Bottom row: after removal of the highlighted

cases (c, left ASIS and d, right ASIS).
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belt was positioned higher on the abdomen of the THUMS model versus the GHBMC model in

both upright and reclined cases (Table 7.2). During the belt routing, the occupant was modeled as

a rigid body and the lap belt is modeled as a deformable membrane structure which wraps around

the occupant model with a predefined level of friction. Consequently, the lap belt is routed and

stretched over the abdomen by using the shortest path. As the THUMS model has a shallower ab-

dominal slope with smoother curvature relative to the GHBMC, the belt migrates up the abdomen

more easily on the THUMS model during the lap belt routing and stretching.

Table 7.3: Belt fit of the shallowest lap belt angle (relative to horizontal), with the belt anchorages

positioned 200 mm rearward (in X) from the nominal position. (Columns: posture; Rows: compu-

tational model).

Only 17% of the submarining cases for the THUMS were true submarining, which occurs
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dynamically as the belt migrates above and behind the pelvis during the impact. In contrast, the

GHBMC had 53% of cases that resulted in dynamic submarining. This suggested that the belt

more easily migrated up the bony pelvis of the GHBMC than it did for the THUMS. Additionally,

24% of the THUMS cases without submarining resulted in the lap belt not migrating up the pelvis

(and loading the ASIS cross-section) whereas 17% of such instances resulted in the GHBMC non-

submarining cases. This observation was further expanded upon in the following section.

7.5.2 Lap Belt Tension to ASIS Load

Lap belt roping occurred in several of the THUMS simulations, including the same behav-

ior first identified in Chapter 4, in which the lap belt elements collapsed due to either the THUMS’s

sliding contact between the flesh and the pelvis or the flesh material stiffness (Figure 7.15). Thus,

the limitation first identified in Chapter 4 was not solely attributed to that given configuration but

was also seen in several other cases with varying parameters.

Figure 7.15: The collapsing of lap belt elements seen for several of the THUMS cases (in which lap

belt roping was identified).

Simulations with the THUMS model resulted in more cases in which the lap belt either

did not migrate far enough up the pelvis to load the ASIS cross-section instrumentation or folded

over upon itself (i.e., roping). Despite removing these cases, several THUMS cases still showed

negligible ASIS loading for a relatively high level of lap belt tension (Figure 7.13 and 7.14). In
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order to thoroughly understand this difference in measured ASIS load between models, matched

cases between the GHBMC and THUMS were identified (Figure 7.16). In most cases, the GHBMC

and THUMS showed comparable levels of lap belt tension, but the THUMS was still measuring low

ASIS load relative to the GHBMC.

(a) (b)

Figure 7.16: Matched reclined simulations between the GHBMC (circle) and THUMS (cross), after

removal of cases that submarined, or where the lap belt either did not migrate up the pelvis to load

the ASIS or folded over itself (i.e., roping). which are those that were suitable for the belt-ASIS

load transfer analysis, for the three occupant models. The colors correspond to a given simulation

condition and the shapes correspond to the computational model.

To understand the mechanism behind the THUMS consistently measuring less ASIS load

relative to the GHBMC, two specific simulations were investigated to compare the kinematics and

lap belt interaction. The first simulation (in magenta in Figure 7.16) showed that both the GHBMC

and THUMS measured the same level of lap belt tension (approximately 6 kN on the left and

right), but with differing measured ASIS load (3-4 kN for the GHBMC, 1-2 kN for the THUMS).

The second simulation (in brown in Figure 7.16) showed the same pattern: both the GHBMC and

THUMS measure approximately the same lap belt tension (approximately 7 kN on the left and 8-9

kN on the right), but with differing measured ASIS load (5-6 kN for the GHBMC, 1-3 kN for the

THUMS).

Further investigating these simulations showed that the lap belt still remains relatively

low on the pelvis of the THUMS relative to the GHBMC (Table 7.4). While the top edge of the lap

belt webbing was still located at the AIIS, and thus did not meet the threshold to be flagged as a
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simulation in which the lap belt remained low on the pelvis for the entire simulation, a substantial

portion of the internal stresses (resulting from the lap belt loading) were below the AIIS. Thus, only

a small portion of the lap belt webbing passed through the ASIS cross-sections. In contrast, the

internal stresses of the GHBMC were located on the ASIS.

Table 7.4: Differences in belt-pelvis stress contours for the GHBMC (left column) and THUMS

(right column). Rows: GHBMC and THUMS cross-sections (top), the first matched simulation

(middle), and the second matched simulation (bottom).

Thus, the belt consistently remained low on the pelvis of the THUMS, with little upwards
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migration. This was again likely a result of the sliding contact interface between the flesh and

the skeleton of this model, allowing the belt to migrate downwards as the flesh slides over the

pelvis. While there is an absence of data to validate the lap belt-pelvis interaction behavior in either

the GHBMC or THUMS in these cases, this finding backs the biofidelity limitation identified in

Chapter 6, in which a small lap belt-pelvis angle resulted in a downward lap belt-pelvis trajectory.

Indeed, several of the THUMS cases in which negligible ASIS load was measured for a given level

of lap belt tension had a lap belt angle oriented more vertical relative to ground (or a small lap belt-

pelvis angle) (Figure 7.17). In contrast, the GHBMC measured a higher ASIS load for a vertically

oriented lap belt angle. Thus, the biofidelity limitation for the THUMS identified in the belt pull

experiments in Chapter 6, in which the lap belt angle oriented more vertically (small lap belt-pelvis

angle) resulted in a downward migration of the lap belt relative to the pelvis, was also seen in the

dynamic condition under varying conditions.
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(a) (b)

(c) (d)

Figure 7.17: Cross-section ASIS force vs lap belt tension comparison between the GHBMC (circles)

and THUMS (crosses) for varying lap belt angles. Top row: inner cross-section ASIS forces (a, left

ASIS and b, right ASIS). Bottom row: outer cross-section ASIS forces (a, left ASIS and b, right

ASIS).
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7.6 Conclusions

The following conclusions were drawn from this chapter’s analysis:

1. Despite the THUMS exhibiting more lap belt penetration for a more horizontally oriented

belt (large lap belt-pelvis angle) in the belt pull tests described in 6, the model exhibited less

submarining behavior than the GHBMC. In particular, the majority of the submarining cases

for the THUMS were pre-submarining cases, which resulted from the lap belt routing but not

from the lap belt-pelvis kinematics.

2. The collapsing of the lap belt elements first identified in the THUMS simulation of Chapter 4

was seen in other configurations with varying parameters. Additionally, the THUMS exhib-

ited more lap belt roping behavior than the GHBMC. This behavior affected lap belt-pelvis

loading and was attributed to the sliding interface between the flesh and the pelvis.

3. The downward migration of the lap belt relative to the pelvis for a vertically oriented lap belt

angle (small lap belt-pelvis angle) which was first identified in the belt pull tests described in

Chapter 6, was also seen in the dynamic condition with varying parameters. Additionally, the

lap belt loading lower on the pelvis was seen for other lap belt angles. This behavior affected

lap belt-pelvis loading and was again attributed to the sliding interface between the flesh and

the pelvis.

This sensitivity study confirmed that the THUMS limitations drawn from the simulations

described in Chapters 4 and 6 were not specific to those configurations but were also present for

several configurations and varying intrinsic and extrinsic parameters. As the GHBMC did not show

problematic behavior regarding lap belt-pelvis interaction (i.e., loading) under varying conditions,

this model was selected for use in the final parametric study of this dissertation (Chapter 8).
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Chapter 8

Quantifying Effects of Factors on

Submarining: Simulations

8.1 Executive Summary

8.1.1 Relevance and Goal

The results of the simulations conducted in Chapters 4, 6, and 7 informed the selection of

the GHBMC HBM to use in the execution of the final parametric study and to inform conclusions

on how various intrinsic and extrinsic parameters affect submarining occurrence, pelvis kinematics,

and lap belt kinetics. This parametric study had to have enough data to draw meaningful conclu-

sions. As conducting a full factorial study comes at a high computational cost, metamodeling was

used to interpolate conclusions for a dataset of this size. Thus, an automated cycle was developed

in which batches of simulations were run, neural network metamodels were iteratively trained, and

the model’s prediction error was progressively monitored until convergence was reached. These

batches of simulations were sampled such that they were distributed throughout the full design

space. This chapter discusses the development of this automation cycle and a resulting neural net-

work metamodels that could predict submarining occurrence in addition to continuous outputs, in-

cluding pelvis kinematics and lap belt kinetics. The developed metamodels were used for further

analysis described in Chapter 9.
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8.1.2 Key Conclusions

The full list of conclusions can be found in Section 8.6. In summary, the developed

automation cycle proved to be an effective way of simulating 480 full-scale frontal impact sim-

ulations. This simulation dataset, with several semi-stochastically sampled input parameters (i.e.,

impact pulse, lap belt angle, etc.), was proven sufficient to optimize the NN metamodels’ predictions

of several outputs (i.e., submarining occurrence, pelvis kinematics, etc.). An additional sensitivity

analysis performed using the NNs showed the models exhibited excellent sensitivity, where the pre-

dicted magnitudes of the output metrics correlated with the actual magnitudes. In-depth analysis of

the NN metamodels’ predictions was conducted within the simulated dataset dataset and beyond,

which is described in Chapter 9.

8.1.3 Contributions

The developed automation pipeline is an effective way of simulating large numbers of

frontal impact simulations. While the design and implementation of the automation suite was a

significant investment of time and resources, the result is that the human interaction bottleneck was

removed from the process. Using this method, study size is limited only by the available computa-

tional resources. Future studies with hundreds or thousands of simulations can utilize the methods

outlined herein to draw conclusions on how sampled input parameters affect a given outcome.

8.2 Introduction

The results of the simulations described in Chapters 4, 6, and 7 were used to select the

GHBMC HBM in the execution of the final parametric study and to inform conclusions on how

various intrinsic and extrinsic parameters affect submarining occurrence, pelvis kinematics, and lap

belt kinetics. To inform the relationship between input parameters and lap belt-pelvis interaction,

metamodels were developed and trained based on the results of the parametric study, which con-

sisted of several unique simulations with varying parameters. The parametric study must consist of

enough simulations to explore the entirety of the parameter space and subsequently train the meta-

models to predict outcomes in this space. Manually progressing through each step in the FE model

setup, which includes parameter sampling, HBM positioning, settling, seatbelt routing, and param-

eter modification, is unfeasible. Thus, an algorithm was adapted from previous studies [90, 91]

to automate each step in the process, from the initial parameter sampling to post-processing the
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simulation results. This automated process allowed for a much larger number of simulations to be

executed than could be executed manually, which resulted in a greater understanding of how these

parameters affect lap belt-pelvis interaction and submarining occurrence.

The automation process was designed to work in a cyclical manner, with the results of

each step acting as the inputs for the following step (Figure 8.1). In this manner, the metamodels

could be iteratively trained after each batch of simulations was executed and post-processed (after

each cycle), and the models’ resulting prediction errors could be used to inform when sufficient

simulations have been run to draw accurate predictions. The individual steps of the process were

executed using MATLAB, LS Dyna, and LS PrePost. Steps 1, 2, and 6 utilized local computer

resources, while steps 3, 4, and 5 were executed on computing clusters. The later sections in this

chapter describe the details of each step.

Figure 8.1: Automated simulation cycle.

An FE model response surface, or metamodel, consists of generating a continuous re-

sponse based on a discrete sample of simulations in a multidimension (i.e., multiparameter) space.

Thus, a successful metamodel will predict the entire response surface based on a finite number of
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datapoints, or simulations. In the field of biomechanics, metamodels range in complexity. The

choice in metamodel depends on the complexity of the relationship among input parameters (e.g.,

co-dependencies) and the relationship between the input and output parameters (e.g., linearity or

nonlinearity).

While ordinary linear regressions have been used in the field of biomechanics [92, 93, 94]

to directly quantify the effect that different input factors have on a particular response (through

coefficients), this technique has limitations for its use in the generation of multidimensional re-

sponse surfaces. First, they require the identification and definition of the underlying mathematical

response (i.e., y “ mx ` b). The choice in model is critical as low-order models may overlook

nonlinearities in the data, and a high-order model could lead to over-fitting. This is an issue for this

application as the underlying mathematical response is unknown and the relationship between the

predictors and the response cannot be observed due to the multidimensionality of the problem. In

this case, the approach used to explore the domain needs to be able to converge to the underlying

mathematical model response with no a priori knowledge of the system. Second, as the order of the

regression increases to represent a non-linear or non-continuous response (i.e., a binary output such

as submarining or no submarining), it becomes difficult to interpret the meaning of each regression

coefficient [95].

In addition to Neural Networks, another technique that has been used to estimate re-

gression coefficients is Least Absolute Shrinkage and Selection Operator (LASSO) regularization

[96, 97]. This method is able to reduce the complexity of the model in order to optimize out-of-

sample prediction by eliminating predictors if they do not contribute to a substantial improvement

of the error. This method has been used in the field of biomechanics [98]; however, this method has

recently been shown to rank inferior to the NN model in its ability to predict kinematic outcomes

from a series of intrinsic and extrinsic predictors [90, 91, 99].

NN models have only recently been used in the field of injury biomechanics to quantify

the effects of various inputs on a kinematic output for a large batch of FE HBM simulations [99];

however, this technique has been available for decades. The primary criterion for the evaluation of

model performance is its predictive accuracy on out-of-sample data, rather than goodness of fit on

training data [100]. Thus, correctly trained NNs are able to represent the underlying mathematical

model response of the system. Unlike ordinary regressions or interpolation methods, NNs avoid

under- or over-fitting by varying their complexity (e.g., number of neurons) to optimize out-of-

sample prediction. One of the most used techniques for this optimization is cross-validation (CV)

[101, 102].
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Prior to the CV phase, the dataset of a given iteration is divided into a training subset (e.g.,

67% of the data) and a testing subset (e.g., 33% of the data) (Figure 8.2). During the CV phase,

the training data is divided into k groups, hence the name k-fold CV. Once the groups are created, a

number of NNs with different topologies (i.e., number of neurons, their connectivity and activation

functions) and learning algorithms (e.g., backpropagation algorithms) are trained using k-1 groups

as a training set. The resulting NN performance is based on its error in predicting the responses in

the remaining group (validation set). This process is repeated k times using each group once as a

validation set. At the end of this process, the network with the minimum average validation error is

selected as the final network topology. This procedure generates a NN that generalizes well, as it’s

been rigorously trained with a bulk of the data. The final topology is trained with the totality of the

training set and its prediction error measured using the testing set. This error, as mentioned before, is

the primary criterion for the evaluation of model performance. This training process is conducted in

an iterative manner, where the main dataset is progressively increased. Thus, this process minimizes

the number of simulations run since the prediction error can be checked after each iteration and the

process stopped once the error converges. All these characteristics and methods for NN make very

robust regression techniques, which can manage noisy systems and, with sufficient training data,

converge to the true underlying model response.
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Figure 8.2: Generic training and testing of selected topology (adapted from [90, 100]).

8.3 Methodology

8.3.1 FE Environment

Similar to Chapters 4 and 7, the FE environment consisted of a semi-rigid seat, toe pan,

and restraint system (Figure 8.3). The GHBMC M50-O v.6.0 occupant model was used in this para-

metric study. The restraint system, used in Chapter 3’s reclined sled test experiments and Chapter

4’s matched simulations, included novel technology designed to mitigate submarining and control

overall kinematics. This included a seat-integrated D-Ring, dual lap belt pretensioners, a shoulder

belt pretensioner, and a shoulder belt load limiter. The geometry of this restraint system (i.e., D-Ring

and lap belt anchorage point locations) was modified based on the sampled lap belt angle (fore-aft

and lateral anchorage position modifications) and torso angle (upright or reclined) parameters. The

semi-rigid seat, also used in Chapters 3 and 4, was comprised of an independently articulated alu-

minum seat pan and anti-submarining pan.
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Figure 8.3: FE Environment.

8.3.2 Parameter Selection

The parameters selected were those that were identified in the literature (Chapter 2) as

having a potential effect on lap belt-pelvis interaction and submarining (Table 8.1). Discrete levels

were chosen for each parameter and the justification behind these values is discussed below.

The impact pulse, or crash severity, was discretized at three levels of delta-V. A simplified

trapezoidal 12 g (40 km/h) and a 16 g (56 km/h) pulse were selected based on generic pulses from

exemplar full-frontal crash test simulations for unbelted and belted tests (per FMVSS 208 regula-

tions), respectively (Figure 8.4). The 51 km/h (35 g) pulse was used in the reclined frontal sled test

experiments and simulations described in Chapters 3 and 4.

The geometry of the lap belt was varied by moving the position of the lap belt anchorage

points fore-aft, thus changing the angle of the belt in the sagittal plane, and outward laterally, which

changed the angle of the belt in the overhead view. The fore-aft anchorage positions were varied

relative to the nominal position used in Chapters 3 and 4, which corresponded to a lap belt angle of

approximately 63° relative to the horizontal, as measured by the method described in FMVSS 210:

the angle between the segment connecting the anchorage point to the designated H-point position

on the vehicle seat, relative to the horizontal [103] (Figure 8.5a). As of 1990, the bounds of this

angle, set by FMVSS 210’s standard, is 30-75°. The selected anchorage positions were chosen to

explore the bounds of this range, as well as to explore the potential effects of a more vertical lap

belt anchor outside of this range (87°) (Figure 8.5b).

Laterally, the belt anchorage positions were adjusted to 50 and 100 mm further outward

from the occupant such that the angle in the overhead view was changed (Figure 8.6). Part of this
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(a) (b)

Figure 8.4: The three impact pulses, or crash severities, used in this study: (a) acceleration pulse;

(b) delta V.

(a) (b)

Figure 8.5: a) Lap belt angle measurement as defined in FMVSS 210 [103]. b) The varied belt

anchorage positions in this study and the corresponding lap belt angles, as measured by the method

outlined in a).
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Table 8.1: Selected discrete parameters and their corresponding levels.

decision was based off early research conducted in the 1980’s, which introduced this variable as

one that, in combination with the fore-aft angle, affects submarining occurrence [8]. This research

predicted an increase in submarining risk for lap belt anchorages moved further outward from the

seat and occupant. The lateral belt anchorage position also affected how the pelvis was loaded, as

the iliac wing is a 3D structure.

The foot constraint was varied by either including or excluding the contact definition be-

tween the occupant and the toe pan, which was positioned at the front of the setup. The belt/occupant

and seat/occupant friction levels were varied ± 0.2 relative to the nominal friction level of these con-

tacts (µSeat “ 0.35; µBelt “ 0.30) which has been used in similar studies [104].

Torso angle was varied through occupant positioning (see Section 8.3.4). This intrinsic

parameter included a reclined torso angle of 50° relative to the vertical axis, as in the dynamic

reclined sled test simulations described in Chapter 4 which matched the experiments described in

Chapter 3. Additionally, an upright torso angle of 25° was investigated. Thus, the effects of a

reclined posture, which was previously predicted to increase submarining risk [29, 30, 31], could

be evaluated.
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(a) (b)

Figure 8.6: a) Overhead lap belt angle measurement, looking at the occupant from the top view

where the black semi-circle represents the lap belt. The angle was taken between the segment

connecting the seat reference point (see Figure 8.5a) to the lap belt anchorage point relative to the

X-axis in the overhead view. b) The varied lateral belt anchorage positions and the corresponding

overhead lap belt angles, as measured by the method outlined in a).

The pelvic-abdominal flesh stiffness was varied based on the methods described in Sec-

tion 6.3.5. This involved scaling the material (*MAT SIMPLIFIED RUBBER/FOAM) load curves

(LCIDs) by 50% or 200% for several of the GHBMC model parts, which encompassed the gluteal

tissue and the thorax (Figure 6.7a and Appendix E.1).

Finally, the pelvis angles were varied through HBM positioning based on the methods

described in in Section 4.3.4, which involved a forward or rearward tilt of 12° relative to the nominal

orientation for a given posture. For the reclined posture, these pelvis orientations directly matched

those of Chapter 4. For the upright posture, the pelvis was oriented ± 12° the natural orientation for

the model in that posture.

8.3.3 Sampling

Sampling the parameter space required exploration of a nine-dimensional domain. A

distance-based algorithm that sought to maximize the space between individual data points was

developed by adapting previous methodologies [99]. This algorithm uses a distance-based sam-

pling method known as Simulated Annealing [105, 106]. Simulated Annealing takes random ini-

tial guesses for a set of parameters, then iterates them to minimize a distance-based loss function.

Through this method, each iteration of points maximizes the approximation of the nine-dimensional

parameter space by maximizes the distance between points (Figure 8.7), thus oversampling the
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bounds (Figure 8.8). The result is a unique set of nine parameters per simulation. Each of the

parameter ranges were normalized prior to sampling to remove biases created by larger values.

Figure 8.7: Results from the first sample iteration (for the first batch of simulations) for the lap

belt angle parameters, discretized at specific levels as shown in Table 9.1. As this plot shows only

two parameters, the points are not unique; however, incorporating the other parameters (in a nine-

dimension domain) results in unique points (simulations).

The end result of this sampling process was several sample sets (i.e., iterations or batches)

of simulations with nine parameters uniquely defined for each simulation. Each batch consisted of

15 simulations. As this algorithm maximizes the distance among points in the parameter space, the

bounds of certain parameters are sampled more frequently than the center point. For example, the

most extreme fore-aft lap belt anchorage positions (i.e., -200mm and +100mm relative to nominal)

were sampled more frequently than the mid-points (i.e., -100mm, 0mm, +52mm relative to nomi-

nal). Using MATLAB, the list of parameters for a simulation were used to modify the keyword files

as well as to identify and allocate the appropriate input files into that simulation’s execution folder.
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Figure 8.8: Frequency of the first iteration’s sampled points for the fore-aft lap belt angle location

parameter levels, showing more sampling occurring at the bounds.

8.3.4 Positioning and Settling

The GHBMC was positioned in both an upright (25° relative to vertical) and reclined (50°

relative to vertical) posture (Table 8.2). The hip-points (H-points) between the upright and reclined

position were aligned. As the flesh of the HBM is not validated under gravitational loading, forcing

the model into the seat (thereby compressing the flesh) has been shown to improve the biofidelity

of the pelvis kinematic response [104]. Thus, the GHBMC was first gravity settled then forced

into the seat pan by a distance of 20 mm, with the initial stress and strain states removed prior to

the simulation. As mentioned above, the pelvis orientations of the reclined model directly matched

those of the simulations described in Chapter 4 (nominal ˘12. Comparison of the three prescribed

pelvis orientations within and between postures can be found in Appendix G.

167



CHAPTER 8. QUANTIFYING EFFECTS OF FACTORS ON SUBMARINING: SIMULATIONS

Table 8.2: GHBMC model during positioning and settling in the upright and reclined torso angle.

8.3.5 Seatbelt Routing

The purpose of the seatbelt routing simulations was to generate natural or realistic seatbelt

positions for the various sampled belt anchorage positions in the six different postures (three pelvis

angles per torso angle). This seatbelt position was then added to the model prior to running the final

simulation. This method was used in Chapter 7 but was different from that used in Chapters 4 and

6, which used the LS-PrePost belt fitting feature. The seatbelt routing simulations occurred over a

100 ms timeframe, with various part motions happening over that span. The settled positions of the

corresponding models were used as inputs for the seatbelt routing simulations. The model’s torso,

thighs, left arm, head, and neck were rigidized and used in the simulation (Figure 8.9). The seatbelt

routing pre-positioning consisted of translating the model’s left arm upwards from its initial position

and translating the remaining portions of the model down and away from the initial positions. The

seatbelt was then imported in a ”stock position” (Figure 8.9, left). During the simulation, the model

was moved back into the original position as the belt was being tightened (removing slack), with

the sliprings moving into their designated positions (Figure 8.9, middle). Moving the model into
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the belt as it tightened allowed the belt to find its natural position along the torso and thighs (Figure

8.9, right).

Figure 8.9: Images from the belt fitting simulation. This example is with the GHBMC positioned in

recline, with the belt anchorages positioned outward from the nominal position.

The seatbelt routing was affected by the lap belt anchorage positions and occupant pos-

ture. In total, given two postures (upright and reclined) × five fore-aft belt anchor positions × three

lateral belt anchor positions x three pelvis angles, 90 unique belts could be routed. In altering the

fore-aft lap belt anchorage position, the belt placement along the abdomen also changed (Figure

8.10). For a more rearward anchorage position (shallow lap belt angle), the belt migrated further up

the abdomen – this is particularly exaggerated in the reclined case. As the lap belt anchorage points

were positioned more forward (steep lap belt angle), the belt tended to rest lower on the pelvis. This

coupling between lap belt placement, lap belt angle, and torso angle was first identified in the seated

belt pull experiments of Chapter 5.

While the seatbelts were routed independently for each pelvis angle, the change in pelvis

angle had minimal effect on global lap belt placement relative to the abdomen (Figures 8.11 and

G.1). Instead, the pelvis appeared to orient relative to a constant lap belt angle and placement.

The change in fore-aft position of the lap belt anchorage points not only dictated the lap

belt placement but also the shoulder belt placement (Figure 8.12a). A belt anchor positioned further

rearward (shallow lap belt angle) corresponded with an upward migration of the shoulder belt into

the neck. A forward belt anchor position (steep lap belt angle) corresponded with a downward

migration, positioned lower on the sternum, but this effect was less exaggerated. As with the lap

belt migration, this effect was exaggerated in the reclined posture. Moving the belt anchorage
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Figure 8.10: Lap belt placements based on the five fore-aft lap belt anchorage position definitions

(see Figure 8.5) used in this study. Left: Upright position. Right: Reclined position.

positions fore-aft caused a visibly larger change in shoulder belt fit than moving the belt anchorages

outward laterally (Figure 8.12b).
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Figure 8.11: Lap belt placement (no change in fore-aft or lateral anchorage position) for different

pelvis angles. Left-right: anterior (+12°), nominal, and posterior angle (-12°). See Figure G.1 for

the upright orientations and Table G.1 for the pelvis angle measurements of all prescribed positions.

8.3.6 Final Simulations

8.3.6.1 Inputs

The settled model with the initial stress/strain states removed, semi-rigid seat, toe pan,

and post-processed seatbelt from Section 8.3.5 were used as the starting position for the final sim-

ulations. The remaining input parameters (shown in Table 8.1), including the impact pulse, foot

contact, friction levels, and flesh stiffness scale factors, were specified in the main *INCLUDE

input file. The final simulation had a run time of 150 ms (Figure 8.13).

8.3.6.2 Submarining detection

Submarining was detected using the same method as defined in Section 7.3.3, wherein

three lap belt nodes (bottom edge of webbing) were tracked relative to the left and right ASIS and

the ASIS midpoint (Figure 7.2). Submarining was detected when the lap belt node passed above

and behind the corresponding pelvis node in the global reference frame. Submarining was coded as

a binary output, wherein 0 indicated no submarining and 1 indicated submarining.
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8.3.6.3 Output metrics

Data directly pertaining to the lap belt and pelvis interaction were output from the simula-

tions. This included pelvis kinematics (displacement and rotation), lap belt tension, and submarining

occurrence and distance (Table 8.3). The continuous outputs were chosen based off the results of

the literature review described in Chapter 2 (Figure 2.7): pelvis displacement (a result of FInertia),

pelvis rotation (affecting β), and lap belt tension (FBelt) have all been hypothesized to contribute to

the submarining phenomenon. The justification for selecting the submarining distance parameter is

shown below.

(a) (b)

Figure 8.12: Shoulder belt placement resulting from moving the belt anchorages. a) Effect from

moving the belt anchorages fore-aft (left: upright, right: reclined). b) Effect from moving the belt

anchorages laterally (left: upright, right: reclined).

Figure 8.13: Images of an example simulation taken at 0ms, 50ms, 100ms, and 150ms.
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The submarining occurrence output metric was recorded throughout the entire 150 ms

simulation run. The other continuous metrics were recorded between the initial time and the time

of peak pelvis forward displacement.

Table 8.3: Output metrics from each simulation.

The maximum distance between the lap belt midpoint and the midpoint of the left and

right ASIS was measured to define a quantitative metric of the ”severity” or magnitude of sub-

marining (Figre 8.14). This output, submarining distance, was defined as a continuous output, in

which a positive distance indicated the belt passed behind the ASIS (submarining) and a negative

distance indicated the belt was in front of the ASIS (non-submarining). This measurement was

taken between the initial time and the time at peak forward pelvis displacement.

8.3.6.4 Postprocessing

A MATLAB object was created for each simulation, storing both the inputs and outputs

for each simulation. Information about landmark nodes, section forces, contacts, and coordinate

systems were recorded for each simulation timestep. Additional output metrics could be generated

from this information in future studies. In addition, images were output from each simulation and

reviewed for issues such as lap belt penetration (e.g., Figure 8.13).
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Figure 8.14: Submarining distance output metric. A positive distance indicated the belt passed

behind the ASIS (submarining) and a negative distance indicated the belt was in front of the ASIS

(non-submarining). This measurement was taken between the initial time and the time at peak

forward pelvis displacement.

8.3.7 NN Metamodeling

The final step in the automated simulation cycle was to develop the NN metamodels and

monitor error convergence. The automated simulation cycle was stopped once metamodel error

convergence was achieved. A threshold for this error was not predetermined; rather, convergence

was identified when there was relatively small variation in error after several sequential iterations.

Error convergence was prioritized for the submarining occurrence output metric, but this error was

monitored across all output metrics.

8.3.7.1 Topology

In general, the topology of NN models is made up of nodes organized into an input layer,

some number of hidden layers, and an output layer (Figure 8.15). The input layer feeds information

into the nodes in the hidden layers, which perform weighted calculations and pass the information

on to the output layer. In this dissertation, a NN with one hidden layer and a maximum of ten

neurons was selected as this specification permitted a model that was detailed enough to capture

the response. Such specifications have been used in previous applications of similar size and scope
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[90, 91]. The hidden layers used a sigmoid activation function, while the output layer used a linear

activation function for all metrics other than submarining occurrence. A sigmoid activation function

was used for the submarining occurrence activation function, with the output bounded between 0 and

1. This approach has been used in other applications of metamodeling for the purpose of predicting

submarining occurrence [91]. Similarly, the output for the lap belt tension was bounded such that

no negative magnitudes resulted (minimum at 0).

Figure 8.15: Topology of the NN metamodel.

8.3.7.2 Training and optimization

A new NN model was generated for each output metric of interest upon completion of

each batch of simulations (i.e., iteration). The entire set of available data was divided into a train-

ing data set (80% of available simulations) and a testing data set (20% of available simulations)

(example shown in Figure 8.2). A three-fold CV process was used, which has also been used in pre-

vious applications of similar size and scope [90, 91]. Each model was generated using the available

training dataset, and then performance was evaluated using the remaining testing dataset.

8.3.7.3 Error convergence

The metamodel predictions were used to monitor error convergence. The error between

the actual testing data values and the values predicted by the NNs were tracked across each batch
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of simulations. The metamodels’ predictions for pelvis displacement and rotation, lap belt tension,

and submarining occurrence and distance were all tracked during error convergence, with the sub-

marining occurrence error prioritized. The metamodel error was deemed to have converged when it

no longer decreased as additional simulations were run. At this point, the cycle was stopped and no

more automated simulations were run.

For the continuous output parameters, the model’s performance was measured using the

average absolute error in addition to the normalized root mean square deviation (NRMSD) resulting

from the predictions of the testing dataset. The average absolute error allows for the magnitude

of error to be assessed relative to that particular output metric (e.g., 20 mm of error for predicted

maximum pelvis displacement). The NRMSD allows the error to be quantified as a percentage

relative to that output metric’s range (e.g., 20 mm of absolute error for a 100 mm range of maximum

pelvis displacement = 20% NRMSD). As submarining occurrence was a binary output, the model’s

performance was quantified using accuracy, which identified the fraction of cases that were correctly

identified as either submarining or non-submarining (true positives and true negatives) relative to

the size of the dataset. Accuracy was determined if the model accurately predicted submarining (1)

or non-submarining (0) within a 0.05 tolerance.

8.4 Results

8.4.1 Final Simulations

The automation pipeline resulted in a process that was far faster than a comparable manual

approach. From this cycle (Figure 8.1, steps 3, 4, and 5 utilized cluster computing to allow 12 setups

to be simulated in parallel using 80 CPUs per simulation for steps 3 and 5, and 40 CPUs for step 4.

The finalized automation could move 36 simulations entirely through the pipeline in less than one

day, with the bottleneck being the cluster capacity and not the model setup or pipeline automation

itself. The responses in pelvis kinematics and submarining were variable based on the defined input

parameters (Table 8.4).
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Table 8.4: Four example simulations with different defined input parameters, showing the wide

variability in resulting kinematics.
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8.4.2 Metamodeling

Error convergence, determined when relatively no variation or change in error occurred

after several sequential run batches, was achieved after 36 batches of simulations were executed (15

simulations per batch). Out of these 36 batches, 480 simulations completed successfully (exceeding

80 ms). The metamodels’ error decreased as additional simulations were fed into the models, and

eventually plateaued to steady, low level of error (below 10%, Figure 8.16). The metamodels cap-

tured the lap belt tension responses for the entirety of the range and the pelvis kinematic responses

for most of the range; however, it was less accurate for substantially high magnitudes of forward

pelvis displacement (ą300 mm) and submarining distance (ą200 mm), and substantially low mag-

nitudes of pelvis rotation (ă-25° forward rotation) (Figure 8.16). At these extremes, the kinematics

are uncontrolled and nonlinear. The absolute error for the four continuous output metrics converged

at approximately: 25 mm for pelvis displacement, 3.8° for pelvis rotation, 0.3 kN for lap belt ten-

sion, and 28 mm for submarining distance (Figure 8.17). When normalized relative to the range

of these respective outputs, the error converged at a similar level (approximately 8% error) (Figure

8.18). Appendix H.2 shows the progression of metamodel performance throughout the 36 batches.

The model’s error resulting from prediction of submarining occurrence was also quantified using

AU-ROC (Appendix H.1).
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(a) (b)

Figure 8.16: Metamodel error tracking. a) The progression of the normalized root mean square

deviation (RMSD) of the four continuous output metrics. b) The progression of submarining pre-

diction using accuracy. A value of 0 equates to 0% of the total dataset accurately predicted and a

value of 1 equates to 100% of the total dataset accurately predicted. See Appendix H.1 for details

on AU-ROC.
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Figure 8.17: Predicted and actual values of the training and testing points for the output metrics.

As the metamodel’s prediction of submarining occurrence was evaluated using the area under the

receiver/operator curve (AUROC), the true and false positive rates are shown for this output.
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Figure 8.18: Metamodel error tracking, showing the progression of the absolute error of the four

continuous output metrics.

8.4.3 Data Aggregation

Data aggregation was performed on the simulated results of the set of 480 frontal impact

setups. This initial data analysis demonstrates the bounds of the results observed in the generated

test sample (Table 8.5). Additionally, this analysis demonstrates the submarining rates across the

two different postures (Table 8.6).

Table 8.5: Preliminary data aggregation: Non-submarining metrics.
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Table 8.6: Preliminary data aggregation: Submarining metrics.

8.5 Discussion

This chapter described the development of the automated simulation cycle used to execute

36 batches of simulations, resulting in a total of 480 valid simulations used to develop, train, and

test the NN metamodels. Further analysis was drawn from these models in Chapter 9.

While the evolution of the error showed a convergence at a low level (10%) for all out-

put metrics, additional analysis was performed to test the model’s predictions for another batch of

simulations the metamodel had not been trained nor tested with. This analysis not only tested the

NN metamodels with a new batch of (fifteen) simulations, but also revealed how the results of the

model should be interpreted. These simulations were sampled and setup in the same manner as the

previous batches.

The metamodels showed high sensitivity for all output metrics, where the magnitude of

the predicted outputs correlated with the magnitude of the actual outputs (Table 8.7). In one of

fifteen cases, the metamodel predicted submarining occurred when it was a non-submarining case

(Simulation 4). The model’s predictions for maximum lap belt tension were an average difference

of 0.3 kN from the actual value (8.7% error relative to the range of outputs), with the maximum

difference at 0.9 kN. Thus, the model’s predicted magnitude of lap belt tension was generally close

to the actual magnitude. This was also seen for maximum pelvis rotation, wherein the model’s

predictions were an average difference of 2.8° from the actual value (7.7% error relative to the

range of outputs). The model predictions for pelvis forward displacement and submarining distance

were an average distance of 37 mm and 49.6 mm from the actual values, respectively. Larger

differences were seen at higher magnitudes of both outputs, which confirms the results of the plotted

predictions from the final simulated dataset (Figure 8.17). In these cases, the model over-predicted

the magnitudes of these metrics.
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Table 8.7: The NN metamodel’s predictions versus actual outcomes for the five output metrics for

a new, unique batch of simulations. The green-shaded cells correspond to a difference between

the NN’s predictions and the actual values below the average difference. The orange-shaded cells

correspond to a difference above the average difference.

8.6 Conclusions

The following conclusions were drawn from this chapter’s analysis:

1. The developed automation pipeline was an effective way of simulating large numbers of

frontal impact simulations. Using this method, 480 full-body HBM frontal impact simula-

tions were able to be run, downloaded, post-processed in parallel, in conjunction with the

training and optimization of the NN metamodels.
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2. This dataset, with several stochastically sampled input parameters (i.e., impact pulse, lap

belt angle, etc.), was proven sufficient to optimize the NN metamodels’ prediction of several

outputs (i.e., submarining occurrence, pelvis kinematics, etc.).

3. A sensitivity analysis was conducted using a unique batch of simulations the NN metamodel

had not yet been trained or tested with. The magnitude of the metamodel’s predictions were

assessed relative to the actual magnitude from the simulations. This analysis showed the

model exhibited excellent sensitivity across all metrics, but the model had larger error for

relatively high magnitudes of pelvis displacement and submarining distance. In these cases,

the over-predicted the magnitude of the response. Additionally, the metamodel over-predicted

submarining occurrence in one of fifteen cases.
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Chapter 9

Quantifying Effects of Factors on

Submarining: Analysis

9.1 Executive Summary

9.1.1 Relevance and Goal

A parametric study was designed to achieve the final goal of this dissertation, which was to

quantify the relative effects of the intrinsic and extrinsic factors originally identified in the literature

search results discussed in Chapter 2 on submarining occurrence and lap belt-pelvis interaction

metrics. An automated simulation cycle was developed in Chapter 8 to setup and run several batches

of unique simulations, where each batch was sampled to approximate the full design space. Each

iteration was used in the development, training, and testing of a Neural Network (NN) metamodel,

which served as a useful tool to draw predictions from far more simulations than could be simulated

in a reasonable timeframe. In Chapter 8, the developed NN model showed both good predictability

and sensitivity for all output metrics.

The goal of this chapter was to use this model to predict outcomes on a larger simulation

dataset, which encompassed the full parameter space through a full-factorial design. This model’s

predictions were used to identify the following: 1) the dominating factors that affected submarin-

ing occurrence, and how submarining occurrence was affected by such factors (e.g., positive or

negative correlations); 2) the applicability of current federal motor vehicle safety standards to a

modern restraint system and a reclined seating posture; and 3) potential trade-offs in submarining

and kinematic outcomes based on identified parameter effects.
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9.1.2 Key Conclusions

The full list of conclusions can be found in Section 9.6. In summary, fore-aft lap belt angle

and recline angle were identified as the dominating factors that affected submarining occurrence:

a shallow lap belt angle, in combination with a reclined torso angle, increased the likelihood of

submarining. Submarining risk was decreased for a steeper lap belt angle in both postures, but this

risk was only substantially mitigated (20% risk) at the steepest level of fore-aft lap belt angle (87°)

in the reclined posture.

The range of permitted lap belt angles by FMVSS 210 was shown to be insufficient to

mitigate submarining risk in a reclined posture with a modern restraint system (equipped with dual

lap belt pretensioners). To mitigate risk in a reclined seating posture, the lap belt anchorages needed

to be positioned further forward relative to the occupant to allow for a steeper lap belt angle. Ad-

ditionally, a 35° fore-aft lap belt angle (within FMVSS 210 anchorage specifications) showed an

approximate 65% probability of submarining in an upright posture using this modern restraint sys-

tem. This probability is likely to increase for a restraint system without lap belt pretensioners. Thus,

the lower bound of this regulation should be increased to an approximate 45° angle, which showed

a lower (20%) probability of submarining in the upright condition. Potential trade-offs from mov-

ing the lap belt anchorages further forward included increased pelvis forward displacement (from

63° to 75° in upright and 75° to 87° in recline) and increased lap belt tension (from 46° to 75° in

both postures). Additionally, re-positioning lap belt anchorages may affect upper torso kinematics,

which requires further study.

9.1.3 Contributions

The generated heatmaps from this analysis quantify how lap belt-pelvis interaction kine-

matic and kinetic outputs (including submarining occurrence) are affected by several intrinsic and

extrinsic factors. This provides a wealth of data that can be utilized by the automotive safety indus-

try of current limitations in vehicle restraint design and how current federal motor vehicle safety

standards may need to adapt to improve pelvis restraint for a reclined seating posture.

9.1.4 Publication

Richardson, R., Forman, J., Gepner, B., Kerrigan, J. (2023). Quantifying the Effects

of Intrinsic and Extrinsic Factors on Lap Belt-Pelvis Interaction and Submarining. Traffic injury

prevention. (Planned).
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9.2 Introduction

In Chapter 8, the parametric study was setup using the GHBMC with several varied intrin-

sic and extrinsic factors, which were sampled to approximate the design space for a subset of 480

simulations. These simulations were used to develop, train, and test a Neural Network (NN) meta-

model which predicted submarining occurrence and distance, pelvis kinematic and lap belt kinetic

outputs based on these varied parameters. While a full-factorial simulation study was inefficient to

execute due to the high computational cost, the metamodel could be used to interpolate for these

missing datapoints, as it was trained at the discretized parameter levels. Thus, the metamodel was

used to predict how the previously identified intrinsic and extrinsic factors (Chapter 2) affect lap

belt-pelvis interaction and submarining occurrence for a full-factorial sample of simulations.

This model’s predictions will be used to identify the following: 1) the dominating factors

that affected submarining occurrence, and how submarining occurrence was affected by such factors

(e.g., positive or negative correlations); 2) the applicability of current federal motor vehicle safety

standards to a modern restraint system and a reclined seating posture; and 3) potential trade-offs in

submarining and kinematic outcomes based on identified parameter effects.

9.3 Methodology

The developed NN metamodel was used to predict the outputs for a generated full-factorial

sample using the discretized parameters from Chapter 8 (see Section 8.3.2), for a total of 14,580

simulations (three impact pulses × five lap belt fore-aft angles × three lap belt overhead angles ×

two foot support contacts × three belt/occupant friction levels × three seat/occupant friction levels

× two recline angles × three pelvis angles × three pelvic-abdominal flesh stiffness levels).

9.3.1 Data Aggregation

As with the automated simulation dataset (Section 8.4.3), data aggregation was performed

on the generated full-factorial dataset. This initial data analysis demonstrated the bounds of the

results observed in the full-factorial sample, which was similar to those of the automated simulation

dataset (Table 9.1). Additionally, this analysis demonstrated the submarining rates across the two

different postures (Table 9.2). As with the simulated dataset, the majority of submarining occurred

in a reclined posture.
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Table 9.1: Preliminary data aggregation: Non-Submarining metrics.

Table 9.2: Preliminary data aggregation: Submarining metrics.

9.3.2 Clustering

K-means clustering is a method of separating observations into distinct groups, or clus-

ters, by seeking to minimize the variance within clusters. This method was used to separate the

simulations into distinct groups based on the different output metrics and determine the cutoff point

between two extremes for continuous output metrics (e.g., a low versus high level of pelvis dis-

placement).

First, the input parameters (Table 8.1) and output metrics (Table 8.3) were loaded into a

MATLAB variable. The parameters were normalized so that each category had a minimum value

of 0 and a maximum value of 1. The output values were then multiplied by 10 so that the algorithm

would prioritize the output values during the clustering process. K-means clustering required the

appropriate number of clusters to be determined in advance of the clustering process. Two clusters

were used for the following metrics: submarining occurrence, maximum pelvis rotation, and max-

imum lap belt tension. Two clusters were chosen for submarining as it was a binary output. Two

clusters were chosen for the continuous outputs as there was a smaller distribution for pelvis rotation

and lap belt tension (relative to the other continuous parameters) (see Appendix I.1). For maximum

forward pelvis displacement and maximum submarining distance, a third cluster was added to pro-

vide additional discretization to the data, as these outputs showed a wider range of responses. The

following occurred from the clustering process: (1) each simulation was assigned a given cluster, (2)

the cutoff output value between the clusters was determined, and (3) the average of each parameter

for each cluster was recorded. The most influential parameters were identified using the average pa-
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rameter values from each cluster. The greater the difference between the average parameter values

across the two clusters, the larger of an affect that parameter has on the overall distance between the

clusters.

As an example of the k-means clustering method, in the automated simulation dataset

from Chapter 8 (480 simulations), fore-aft lap belt angle showed the largest effect on submarining

occurrence, with the largest absolute distance (0.594) between cluster groups (Table 9.3). Addition-

ally, recline angle and impact pulse showed substantial effects on submarining occurrence, with the

absolute distance between cluster means (submarining versus non-submarining) above 0.1 (high rel-

ative to other parameters). Pelvis angle and occupant/seat friction showed a moderate effect, with

the absolute distance between cluster means above 0.05. Overhead lap belt angle, occupant/belt

friction, foot support, and pelvic-abdominal flesh stiffness all had negligible effects on submarining

occurrence. The absolute distance between cluster means was contextualized by the illustrated ef-

fects in the plots (see below), where a noticeable effect was seen for parameters that had an absolute

distance 0.05 between clusters.

Table 9.3: Influential parameter determination for submarining occurrence. The parameters in green

showed an absolute distance greater than 0.1 between cluster means (negative versus positive out-

come); the parameters in yellow showed an absolute distance greater than 0.05 between cluster

means (negative versus positive outcome).

All input parameters were then plotted against each other for the given output. Again, an

example is provided from the automated simulation dataset. Figure 9.1 shows the top three most

influential parameters affecting submarining occurrence from the automated simulation dataset gen-

erated in Chapter 8. In the automated simulation dataset, the clustering for submarining occurrence

did not require a cutoff value, as the simulations were clustered into a submarining and a non-
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submarining group. In total, 37.7% of the simulated dataset resulted in submarining (Table 8.6).

Submarining occurrence was most prevalent for a shallower lap belt angle and a reclined torso

angle (Figure 9.1a). Additionally, submarining occurrence was more frequent at a higher impact

pulse (Figure 9.1a). The K-means clustering analysis of the simulated dataset, which includes plots

showing all input parameters relative to each other, in addition to the tables describing their ranked

influence, are shown in Appendix I.2.

(a) (b)

Figure 9.1: Selected submarining occurrence influential parameter plots (automated simulation

dataset).

While clustering the automated simulation dataset was useful starting point in understand-

ing the data, the parameters of the 480 simulations were biased towards the edges of the sample

space as a result of the Simulated Annealing sampling algorithm, which maximizes the distance

among points in the parameter space, thus oversampling at the bounds. The NN metamodel pro-

vided a solution, as it could predict submarining occurrence and other lap belt-pelvis interaction

responses for a much larger dataset than can be simulated, such as a full-factorial design.

As with the automated simulation dataset, K-means clustering was used to cluster the

sample of 14,580 simulations (full-factorial sample). This time, a different plotting strategy was

used due to the much larger sample size: instead of plotting the outcome of each individual sim-

ulation, the predicted outcomes of all simulations in each subset were aggregated and reported as
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a percentage of simulations that generated a poor outcome. This percentage corresponded to the

relative “risk” or “probability” of a negative outcome for those given parameters.

For a given simulation, the NN predicted probability of that simulation resulting in sub-

marining rather than a binary output as was seen in the automated simulations (Figure 9.1). Rather

than always being either zero (no submarining) or one (submarining), the predicted submarining

occurrence could take any value between zero and one. However, the NN generally had high confi-

dence in the prediction, with 95.2% of the submarining predictions being below 0.05 or above 0.95.

Four additional NN metamodels predicted maximum pelvis forward displacement and rotation, peak

lap belt tension, and maximum submarining distance.

9.4 Results

9.4.1 Influential Parameter Ranking

As with the simulated dataset example shown above, the magnitude of influence the input

parameters had on a given output was ranked based on the distance between cluster means (Table

9.4). In general, the parameter influence ranking derived from the generated full-factorial simulation

sample mirrored that of the simulated dataset. The findings for each output metric are discussed in

detail below. In brief, fore-aft lap belt angle, impact pulse, and occupant/seat friction had a large

effect on all output metrics, resulting in an absolute distance greater than 0.1 between cluster means

(negative versus positive outcome). Recline angle was also a highly influential parameter for all

output metrics except lap belt tension. Pelvis angle had a substantial effect (0.1 absolute distance) on

submarining occurrence and a moderate effect (0.05 absolute distance) on submarining distance but

had negligible effects on all other output metrics. Additionally, foot support (presence or absence)

had a substantial effect (0.1 absolute distance) on pelvis forward displacement and a moderate effect

( 0.05 absolute distance) on submarining distance and lap belt tension, but a negligible effect on all

other output metrics. Pelvic-abdominal flesh stiffness, the overhead lap belt angle, and occupant/belt

friction had only moderate effects on a few parameters (flesh stiffness on pelvis rotation; lap belt

angle top on pelvis forward displacement; occupant/belt friction on submarining distance and pelvis

forward displacement) but showed negligible effects otherwise. The tables showing the distances

between cluster means for each output metric can be found in Appendix J.2.
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Table 9.4: Rank of input parameter influence for the generated full-factorial simulation sample. The

parameters in bold font had a substantial effect on the outcome: the parameters in green showed

an absolute distance greater than 0.1 between cluster means (negative versus positive outcome); the

parameters in yellow showed an absolute distance greater than 0.05 between cluster means (negative

versus positive outcome).
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The nature of the effect an input parameter had on a given output metric (e.g., positive,

or negative) was inferred from the cluster plots. Selected plots are shown and discussed below for

each output metric based on the cut-off magnitude determined through the k-means clustering al-

gorithm. Additional plots generated using the k-means clustering algorithm are shown in Appendix

J.2. Additionally, several unique cut-off points were established for the continuous output metrics

based on distribution of the metamodels’ predictions for these outputs and for thresholds of interest

(Appendix J.1). These additional plots can be found in Appendix J.3.

9.4.2 Submarining Occurrence

The submarining occurrence cutoff value between the two clusters was a probability of

0.5, and 32.2% of the simulations clustered in the negative outcome group with predicted submarin-

ing. Fore-aft lap belt angle, recline angle, impact pulse, occupant/seat friction, and pelvis angle

all had substantial effects on submarining occurrence, with a difference greater than 0.1 between

cluster means (Table 9.4). The probability of submarining was higher for a shallow fore-aft lap belt

angle across all other parameters. Submarining risk also increased at a reclined (50°) torso angle:

at the shallowest fore-aft lap belt angle (35°), submarining probability was approximately 65% at

an upright torso angle (25°) and 100% at a reclined torso angle (50°) (Figure 9.2a). Submarining

risk also increased for a higher impact pulse: at the shallowest fore-aft lap belt angle (35°) sub-

marining risk was approximately 60%, 80% and 97% for a 12g, 16g, and 35g pulse, respectively

(Figure 9.2b). Increasing the level of friction between the HBM and the seat pan decreased sub-

marining risk (Figure 9.2c). Finally, submarining occurrence was dependent on the HBM’s initial

pelvis angle, where a pelvis angle initially pitched 12° more rearward increased submarining like-

lihood relative a nominal and forward-pitched pelvis angle (Figure 9.2d). Foot support (presence

or absence), occupant/belt friction, flesh stiffness, and the overhead lap belt angle had negligible

effects on submarining occurrence (distance less than 0.02 between negative and positive outcome

cluster groups).
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(a) (b)

(c) (d)

Figure 9.2: Selected submarining occurrence influential parameter plots (full-factorial sample). The

color scale indicates the model’s predicted probability of submarining, based on the percentage of

simulations that resulted in predicted submarining for given levels of those parameters (i.e., per

square).
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9.4.3 Maximum Submarining Distance

As mentioned in Section 9.3.2, three clusters were used when analyzing the submarining

distance parameter, as this output showed a wide range with several outliers. The simulations in the

lower two clusters were characterized as a negative outcome (higher submarining distance), while

simulations in the top cluster was characterized as a positive outcome (lower submarining distance).

This resulted in a cutoff value between the negative and positive outcome clusters of 75.1 mm, and

24.3% of the simulations clustered in the negative outcome cluster with a submarining distance

exceeding 75.1 mm.

The maximum submarining distance metric was dependent on several of the input param-

eters, with seven of the nine parameters resulting in a distance greater than 0.05 between negative

and positive outcome clusters (Table 9.2). As with the submarining occurrence output metric, flesh

stiffness and the overhead lap belt angle had negligible effects on this parameter. However, unlike

the submarining occurrence output metric, maximum submarining distance was also dependent on

occupant/belt friction and foot support. Additionally, while maximum submarining distance was

still dependent on pelvis angle, this input parameter had less influence (ą 0.05 absolute distance)

than it did for submarining occurrence (ą 0.1 absolute distance).

The nature of the effects lap belt fore-aft angle, recline angle, occupant/seat friction, im-

pact pulse, and pelvis angle had on maximum submarining distance correlated with the effects

these input parameters had on submarining occurrence (Figure 9.3). A shallow fore-aft lap belt

angle resulted in an increased probability of the model’s maximum submarining distance exceeding

75.1 mm, which held across all other parameters. Additionally, a reclined torso angle (50°) (Fig-

ure 9.3a), lower occupant/seat friction (Figure 9.3b), higher impact pulse (Figure 9.3c), and pelvis

initially pitched rearward (Figure 9.3e) all increased this probability. Additionally, a decreased

occupant/belt friction (Figure 9.3d) and absence of foot support (Figure 9.3f) also increased the

probability of the model’s maximum submarining distance exceeding 75.1 mm.
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(a) (b) (c)

(d) (e) (f)

Figure 9.3: Selected submarining distance influential parameter plots (full-factorial sample). The

color scale indicates the model’s predicted probability of the maximum submarining distance ex-

ceeding 75.1 mm, based on the percentage of simulations that were predicted to exceed this distance

for given levels of those parameters (i.e., per square).
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9.4.4 Maximum Pelvis Forward Displacement

As with maximum submarining distance, three clusters were used when analyzing pelvis

forward displacement. This resulted in a cutoff value between the negative and positive outcome

clusters of 137.8 mm, and 50.3% of the simulations clustered in the poor performing cluster with a

submarining distance exceeding 137.8 mm.

As with maximum submarining distance, maximum pelvis forward displacement was de-

pendent on seven of the nine input parameters; however, rather than pelvis angle, pelvis forward

displacement was also dependent on the overhead lap belt angle (Table 9.4). While fore-aft lap belt

angle was the most influential parameter affecting submarining occurrence and maximum submarin-

ing distance, the effect sizes of recline angle, impact pulse and occupant/seat friction preceded that

of fore-aft lap belt angle. Foot support also had a greater effect (ą 0.1 absolute distance) on maxi-

mum pelvis forward displacement than it did for maximum submarining distance (ą 0.05 absolute

distance).

As with maximum submarining distance, the probability of the model exhibiting a forward

pelvis displacement that exceeded 137.8 mm was higher for a reclined torso angle (50°), higher

impact pulse (Figure 9.4a), lower occupant/seat friction (Figure 9.4b), without a foot support (Figure

9.4d), and lower occupant/belt friction (Figure 9.4e). An interesting non-linear trend was seen for

the different levels of fore-aft lap belt angle, where the risk was increased at the lower and upper

bounds of this parameter (shallow and steep angle), but the risk was lower in the mid-range (Figure

9.4c). Overhead lap belt angle had an effect on maximum pelvis forward displacement, which

was not seen for the other output metrics: for a larger overhead lap belt angle, indicating the lap

belt anchorages positioned laterally more outward from the seat, the risk of the model exhibiting a

pelvis displacement more than 136.5mm was increased (Figure 9.4f).
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(a) (b) (c)

(d) (e) (f)

Figure 9.4: Selected pelvis forward displacement influential parameter plots (full-factorial sample).

The color scale indicates the model’s predicted probability of the maximum forward pelvis displace-

ment exceeding 137.8 mm, based on the percentage of simulations that were predicted to exceed

this distance for given levels of those parameters (i.e., per square).
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9.4.5 Maximum Pelvis Rotation (pitch)

The maximum pelvis rotation cutoff value between the negative and positive outcome

clusters was 8.9° (rearward), and 49.7% of the simulations clustered in the negative outcome group

with a pelvis rotation exceeding 8.9° (more rearward rotation). Fore-aft lap belt angle was the most

influential parameter, with a shallow fore-aft lap belt angle increasing the likelihood of increased

rearward pelvis rotation (greater than 8.9°) (Figure 9.5). The risk of the model exhibiting more

rearward pelvis rotation was also increased for a lower occupant/seat friction (Figure 9.5a), reclined

torso angle (50°deg) (Figure 9.5b), and higher impact pulse (Figure 9.5c). Though pelvic-abdominal

flesh stiffness did not have as much of an effect as these other parameters, the risk of increased

rearward pelvis rotation was increased for more compliant pelvic-abdominal flesh (50%) (Figure

9.5d).
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(a) (b)

(c) (d)

Figure 9.5: Selected pelvis rotation influential parameter plots (full-factorial sample). The color

scale indicates the model’s predicted probability of the maximum pelvis rotation exceeding 8.9°

(rearward), based on the percentage of simulations that were predicted to exceed this magnitude

(more rearward rotation) for given levels of those parameters (i.e., per square).
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9.4.6 Maximum Lap Belt Tension

The maximum lap belt tension cutoff value between the negative and positive outcome

clusters was 6.2 kN, and 32.7% of the simulations clustered in the negative outcome group with

the maximum lap belt tension exceeding 6.2 kN. Lap belt tension was primarily affected by impact

pulse, where the higher impact pulse resulted in higher risk of the lap belt tension exceeding 6.2

kN (Table 9.4). As the 35g pulse was not a standard trapezoidal pulse (as were the 12g and 16g

pulses) and also had a larger step size from 16g (versus 12g to 16g), the effect was not linear. The

higher impact pulse (35g) resulted in substantially higher risk of the lap belt tension exceeding 6.2

kN (Figure 9.6). Fore-aft lap belt angle, occupant/seat friction, and foot support all affected lap belt

tension, though the magnitude of their effect was dependent on the impact pulse. The risk of the lap

belt tension exceeding 6.2 kN was approximately 0% at the 12g pulse across all parameters. This

risk was increased at the 16g level based on the parameter value – a steeper lap belt angle (Figure

9.6a), lower level of occupant/seat friction (Figure 9.6b), and absence of foot support (Figure 9.6c)

increased the risk above 20%. At the 35g level, the risk was substantially higher with a decreased

sensitivity to these parameters. Variation in occupant/seat friction and foot support at the 35g level

resulted in negligible change in risk, maintaining a probability of approximately 70% (Figure 9.6b

and 9.6c). Less sensitivity was also seen at a fore-aft lap belt angle of 63° (nominal angle) and

above (steeper angle), where 100% risk was maintained (Figure 9.6a). A similar “plateau” in this

parameter’s effect was seen at the 16g level, for a fore-aft lap belt angle of 75° and above (steeper

angle), maintaining approximately 45% risk.
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(a) (b) (c)

Figure 9.6: Selected lap belt tension influential parameter plots (full-factorial sample). The color

scale indicates the model’s predicted probability of the maximum lap belt tension exceeding 6.2 kN,

based on the percentage of simulations that were predicted to exceed this magnitude for given levels

of those parameters (i.e., per square).

9.5 Discussion

The results from this chapter were used to infer the following: 1) the dominating factors

that affect submarining occurrence, and how submarining occurrence is affected by such factors

(e.g., positive or negative correlations); 2) the applicability of current federal motor vehicle safety

standards to a modern restraint system and a reclined seating posture; and 3) potential trade-offs in

submarining and kinematic outcomes based on identified parameter effects. First, a thought exercise

was conducted to aid in the understanding of the metamodel’s predictions.

9.5.1 Exploring a Continuous Parameter Space: A Thought Exercise

The input parameters were discretized at 2-5 levels, which approximated the range be-

tween the upper and lower bounds of each parameter. However, to aid in the illustration of the

overall trend (e.g., increasing or decreasing) of a particular output’s probability across a given pa-

rameter, continuously sampling between the parameter’s upper and lower bounds provides a better

visualization due to the finer discretization of the range.

To provide a better visualization of how the influential parameters affect such outputs, a

sample of 1,000,000 (1M) simulations was generated which homogeneously sampled between the

upper and lower bounds of each parameter. The trained NN metamodel was then used to predict

the outcomes of each simulation. It is important to note that the metamodel’s predictions were nei-
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ther trained nor cross-validated for the datapoints that occurred between the discrete levels of each

parameter. It is entirely possible that the trend between these levels is not discrete nor continu-

ous – thus, the model’s predicted probability magnitudes between these levels are likely inaccurate

and in order to draw accurate predictions, the model should be trained with continuous parame-

ters. However, having drawn an assumption of linearity and continuity between data points allowed

the resulting heatmap to serve as a better visual aid of the parameters’ effects on an outcome by

illustrating the big picture trends.

K-means clustering was performed on the generated sample of 1M simulations. The

influential parameters predominantly mirrored those of the full-factorial dataset using the discrete

parameters (Table 9.5).

Table 9.5: Rank of input parameter influence for the generated 1M simulation sample with continu-

ous input parameters (except for foot support). The parameters in bold font had a substantial effect

on the outcome: the parameters in green showed an absolute distance greater than 0.1 between clus-

ter means (negative versus positive outcome); the parameters in yellow showed an absolute distance

greater than 0.05 between cluster means (negative versus positive outcome).
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For plotting purposes, the continuous parameters were divided into twenty bins which

were uniformly distributed between the bounds. As with the full-factorial sample, the two dominant

factors affecting submarining occurrence were fore-aft lap belt angle and recline angle (Figure 9.7).

The interpretation of this plot relative to the full-factorial sample is shown in Figure 9.8. The

resulting continuous plot showed a linear interpolation between the original discrete datapoints,

allowing for a better visual of how these parameters affect submarining. While the sharpness and

magnitude of the cutoff cannot be taken literally, this plot shows more clearly that for a reclined

torso angle and shallow fore-aft lap belt angle (top left corner), there is a higher risk of submarining

than for an upright torso angle (bottom left corner) or for a steeper fore-aft lap belt angle (top

and bottom right corners) (Figure 9.8). Similarly, a steeper fore-aft lap belt angle is required to

mitigate submarining in a reclined posture versus an upright posture, which is consistent with the

full-factorial sample plot (Figure 9.2a). All generated heatmaps for this continuous sample can be

found in Appendix K.

Figure 9.7: Selected submarining occurrence influential parameters plot (1M continuous sample).

The color scale indicates the model’s predicted probability of submarining, based on the percentage

of simulations that resulted in predicted submarining for given levels of those parameters (i.e., per

square).

204



CHAPTER 9. QUANTIFYING EFFECTS OF FACTORS ON SUBMARINING: ANALYSIS

Figure 9.8: Aid in how to interpret the results of the continuous 1M sample plots relative to the

discrete full-factorial sample plots. The probabilities were linearly interpolated between the discrete

datapoints for which the metamodel was validated for, but the model’s predictions between these

points were not validated. Thus, the continuous plots serve only as a gross overview of trends and

exact magnitudes should not be extracted.

Continuous sampling provides a visual aid for nonlinear effects, such as the effect of

fore-aft lap belt angle on maximum forward pelvis displacement (Figure 9.9). It is important to

note that the cutoff values resulting from the k-means clustering were different between sample

sets: for the full-factorial sample, this value was 137.8 mm and 50.3% of simulations clustered

in the negative outcome group, whereas for the 1M sample, this value was 118.4mm and 51% of

simulations clustered in the negative outcome group. However, understanding general trends (i.e.,

more pelvis displacement versus less pelvis displacement, depending on parameter value) still holds.

Less pelvis displacement was seen at the mid-range level of fore-aft lap belt angle, which was at

the shallower end (towards 35°) for the upright posture relative to the reclined posture. However,
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for a shallower or steeper fore-aft lap belt angle (at the lower and upper bounds), the predicted

displacement was higher. More discussion on how fore-aft lap belt angle and recline angle affect

submarining occurrence and pelvis forward displacement is discussed below.

(a) (b)

Figure 9.9: The effect of fore-aft lap belt angle and recline angle on maximum pelvis displacement.

a) Full-factorial sample results, with discrete parameters. The color scale indicates the model’s pre-

dicted probability of the maximum pelvis displacement exceeding 136.5mm based on the percent-

age of simulations that were predicted to exceed this magnitude for given levels of those parameters

(i.e., per square). b) 1M sample results, with continuous parameters. The color scale indicates the

model’s predicted probability of the maximum pelvis displacement exceeding 118.4mm based on

the percentage of simulations that were predicted to exceed this magnitude for given levels of those

parameters (i.e., per square).

9.5.2 Dominating Factors Affecting Submarining Risk

The predominant factors found to affect submarining occurrence were fore-aft lap belt

angle and recline angle. These two parameters were identified in the literature review and further

confirmed in the experimental results of this dissertation as they are encompassed in the lap belt-

pelvis angle metric. Indeed, for the simulated dataset, the cases that had an initial lap belt-pelvis

angle ą 90° (due to the lap belt angle and pelvis angle) were shown to have more submarining cases

than those with a smaller lap belt-pelvis angle (ă 90°) (Figure 9.10). The larger lap belt-pelvis angle

206



CHAPTER 9. QUANTIFYING EFFECTS OF FACTORS ON SUBMARINING: ANALYSIS

increases the shear component of the lap belt force (see Figure 2.7) which promotes upward lap belt

migration.

Figure 9.10: Initial lap belt-pelvis angles (see Figure 2.7) of the simulated dataset, divided by

submarining outcome.

One possible explanation for why fore-aft lap belt angle and recline angle are most in-

fluential of dictating submarining is the effect these parameters have on initial lap belt placement,

which was originally observed in the belt pull tests of Chapter 5: a reclined torso angle and more

shallow lap belt angle will place the belt further rearward relative to the pelvis (Figure 5.7). A

similar effect was seen in this case (Figure 9.11a). Additionally, the majority of these simulations

submarined (Figure 9.11b).

To eliminate any potential bias caused from cases in which the lap belt was originally

placed unfavorably relative to the pelvis – indicating “pre-submarining” – another analysis was per-

formed on the simulated dataset (480 simulations) from Chapter 8. In Chapter 7, pre-submarining

was classified as a simulation in which the lap belt bottom edge was over and behind the ASIS prior

to the start of the simulation. This occurred for approximately 8% of the simulated dataset – elimi-

nating these cases had no effect on influential parameter ranking resulting from k-means clustering.
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(a) (b)

Figure 9.11: Lap belt placement relative to pelvis (global coordinate system): a) based on changing

lap belt anchorage positions (e.g., rearward, nominal, forward) and torso recline angle. b) based on

resulting submarining occurrence. The pelvis schematic is positioned to orient the viewer but is not

to scale and the orientation varied based on recline angle and pelvis angle.
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A second method of defining unfavorable initial lap belt placement was used, which was based on

methods adapted from [71], which takes into account not just the global X-Z placement of the belt,

but also the angle of the lap belt and the pelvis (Figure 9.12a). Using this method, 15% of the dataset

was classified as having an initial lap belt placement that was unfavorable in mitigating submarining

(Figure 9.12b).

(a) (b)

Figure 9.12: Identification of lap belts initially placed unfavorably relative to the pelvis: a) method

of how these were identified (adapted from [71]); b) identified cases based on the method in a)

looking at the lap belt midpoint wrt the ASIS. The pelvis schematic is positioned to orient the

viewer but is not to scale and the orientation varied based on recline angle and pelvis angle.

However, eliminating these cases did not substantially change the resulting influential pa-

rameter ranking from the k-means clustering: fore-aft lap belt angle was still the dominating influ-

ential parameter, but impact pulse surpassed recline angle as the second-most influential parameter.

Thus, even removing potential biases resulting from pre-submarining cases, or cases in which the

lap belt was initially placed unfavorable as a result of the modifying lap belt angle or torso angle, did

not affect the conclusions. These variables affect submarining occurrence for mechanical reasons

aside from initial lap belt placement. This effect can best be understood with the free-body diagram

originally generated in Chapter 2 (Figure 9.13). This shows that for a pelvis rotated more rearward

(resulting from recline angle) and for a shallower lap belt angle (resulting from rearward anchor-

age positions), the “Belt Slip” force (lap belt force vector oriented more horizontal relative to the
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Figure 9.13: Free-body diagram of pelvis and increase in belt slip force resulting from an increase

in lap belt-pelvis angle (due to reclined seating posture and shallow fore-aft lap belt angle).

pelvis plane) is increased relative to the “Belt Normal” force (lap belt force vector oriented normal

to the pelvis plane), thus increasing the likelihood of submarining. It should also be noted that at

a shallower lap belt angle and a reclined torso angle, the probability of a rearward pelvis rotation

exceeding 8.9° was higher (Figure 9.5b). Thus, this “Belt Slip” force also dynamically increased

during the impact in these cases as a result of an increased belt-pelvis angle (β).

9.5.3 Applicability of FMVSS 210

FMVSS 210 requires the lap belt anchorages to be installed such that the resulting lap belt

angle is between 30-75° in the sagittal plane [103]. An amendment of this standard was enforced in

1990, increasing the lower bound from 20° to 30°, in order to mitigate submarining [42]. However,

this amendment took place prior to the advancement in restraint systems, which now incorporate

pretensioning and load limiting technologies. Additionally, reclined seating postures, which are

predicted to become more prevalent with the introduction of ADS [22], alter the initial lap belt-

pelvis angle as the pelvis is rotated more rearward [29]. Thus, evaluating how the current FMVSS

standard applies to a modern restraint system and to a reclined seating posture was necessary to

understand whether the current standard is sufficient in mitigating submarining for these conditions,

or whether further amendments may be required.
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9.5.3.1 Modern restraint system

The restraint system used in this study was the same as that used in the dynamic reclined

sled test experiments discussed in Chapter 3 and the matched simulations discussed in Chapter 4.

This restraint incorporated dual lap belt pretensioners and a shoulder belt pretensioner and load

limiter, with a seatback-integrated D-Ring and dual-locking tongue to prevent the webbing from

translating through the buckle side. This restraint system had been shown to mitigate submarining

in reclined sled tests with an anthropomorphic test device (ATD, or crash test dummy) relative to a

restraint system that incorporated a single lap belt pretensioner or a standard D-Ring positioned at

the B-pillar [46].

While the current FMVSS 210 standard was designed based off sled test experimental

results conducted in traditional, upright and forward-facing seating postures, a 35° fore-aft lap belt

angle (within the standard’s 30-75° bounds) showed an approximate 65% probability of submarining

occurrence in an upright posture (Figure 9.2a). Additionally, there was an approximate 35% the

submarining distance would exceed 78mm at this posture and lap belt angle (Figure 9.3a). This

probability would likely increase for a restraint system without pretensioners, as these mechanisms

improve pelvis engagement and thus mitigate submarining risk [64]. Rear seat restraints typically

have lap belt angles that are shallower than those of the front seat [107] and can be around the 30-

35° level [108]. Additionally, while there is a growing prevalence of rear seat lap belt pretensioners,

most vehicle rear seats do not incorporate pretensioners or load limiters [107, 109]. This finding

highlights the increased risk of adverse lap belt-pelvis interaction and submarining in the rear seat

condition. Indeed, abdominal injuries have been shown to be more prevalent for rear seat occupants

relative to front seat occupants [69].

9.5.3.2 Reclined seating posture

The current FMVSS 210 standard proved insufficient to ensure submarining mitigation

in a reclined seating posture: at a 35° fore-aft lap belt angle, submarining risk was 100% and only

decreased by 10% at a 46° angle (Figure 9.2a). Not until the lap belt angle was at the upper bound

of the FMVSS 210 standard (75°) did this risk decrease below 20% whereas in an upright posture,

only a 46° angle was required to achieve a similarly low level of risk. Thus, to successfully mitigate

submarining in a reclined seating posture, the lap belt anchorage points must be moved further

forward relative to an upright posture. However, it is important to understand potential trade-offs

resulting from lap belt anchorage re-positioning. These trade-offs are discussed below.
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9.5.4 Trade-Offs Resulting from Varying Lap Belt Anchorage Position

The identified dominating parameters influencing submarining risk, lap belt angle and

recline angle, offer an advantage from a design standpoint as seatback recline and lap belt anchorage

position are controllable parameters (unlike impact pulse, for instance). The combination effect of

recline angle and fore-aft lap belt angle indicate a more forward anchorage position (steeper lap belt

angle) is required to mitigate submarining in the reclined posture. However, shifting these lap belt

anchorages forward may affect other kinematic and injury outcomes. In particular, a more forward

lap belt anchorage position increased pelvis displacement: the probability of the maximum pelvis

forward displacement exceeding 137.8 mm increased from approximately 20% to 45% from a 63°

to 87° fore-aft lap belt angle in the upright posture and approximately 60% to 75% for the same lap

belt angles in recline (Figure 9.4c). Thus, the presence of a knee bolster may be required at steeper

lap belt angles, particularly in reclined postures. Likewise, re-positioning the anchorages forward

increases the lap belt tension magnitude: from a 46° to a 75° fore-aft lap belt angle, the probability of

the maximum lap belt tension exceeding 6.2 kN increases from approximately 0% to 45% at the 16g

impact pulse and from approximately 50% to 100% at the 35g impact pulse (Figure 9.6a). Pelvic

fractures at the ASIS location occurred at a similar magnitude of lap belt tension in the reclined

sled tests; however, the forward position of the lap belt anchorages results in engagement with the

acetabulum and lower pelvis, of which the injury tolerance has yet to be identified. Additionally,

moving the lap belt anchorages forward may result in trade-offs in injury and kinematic outcomes

of the head, torso, and extremities. Further research is required to investigate such trade-offs.

9.6 Conclusions

The following conclusions were drawn from this chapter’s analysis:

1. Fore-aft lap belt angle, impact pulse, and occupant/seat friction showed a large effect on all

output metrics (submarining occurrence, submarining distance, pelvis forward displacement,

pelvis rotation, and lap belt tension). Recline angle was a highly influential parameter for all

output metrics except lap belt tension.

2. Pelvis angle had a substantial effect on submarining occurrence and a moderate effect on

submarining distance but had negligible effects on all other output metrics. Foot support

(presence or absence) had a substantial effect on pelvis forward displacement and a moderate

212



CHAPTER 9. QUANTIFYING EFFECTS OF FACTORS ON SUBMARINING: ANALYSIS

effect on submarining distance and lap belt tension, but a negligible effect on all other output

metrics.

3. Pelvic-abdominal flesh stiffness, the overhead lap belt angle, and occupant/belt friction showed

moderate effects on a few parameters (flesh stiffness on pelvis rotation; overhead lap belt an-

gle on pelvis forward displacement; occupant/belt friction on submarining distance and pelvis

forward displacement) but negligible effects otherwise.

4. Fore-aft lap belt angle and recline angle were identified as the dominating factors that affected

submarining occurrence. This result was identified in the automated simulation dataset in

addition to the NN metamodel’s predictions for both a generated full-factorial simulation

sample (approximately 15,000 simulations) and a generated 1M simulation dataset assuming

continuous input parameters.

5. A shallower lap belt angle, in combination with a reclined torso angle, was linked to a higher

likelihood of submarining. Submarining risk was decreased for a steeper lap belt angle in

both postures, but this risk was only substantially mitigated at the steepest fore-aft lap belt

angle (87°) in the reclined posture.

6. The range of permitted lap belt angles by FMVSS 210’s specifications was shown to be in-

sufficient in mitigating submarining risk in a reclined posture with a modern restraint system

(equipped with dual lap belt pretensioners). For a reclined seating posture, the lap belt an-

chorages need to be positioned further forward relative to the occupant to reduce submarining

risk.

7. Additionally, a 35° fore-aft lap belt angle (within FMVSS 210 regulation) shows a 65% prob-

ability of submarining in an upright posture using this modern restraint system. This prob-

ability is expected to increase for a restraint system without lap belt pretensioners. Thus,

the lower bound of this regulation should be increased to an approximate 45° angle, which

showed a lower (20%) probability of submarining in the upright condition.

8. Identified trade-offs from shifting the lap belt anchorages further forward included increased

pelvis forward displacement (from 63° to 75° in upright and from 75° 87° in recline) and

increased lap belt tension (46° to 75° for both postures). Additionally, this shift may affect

upper torso kinematics, which requires further study.
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Chapter 10

Conclusions

10.1 Concluding Remarks

The goal of this dissertation was to evaluate how vehicle environment (extrinsic) and

occupant-related (intrinsic) characteristics affect lap belt-pelvis kinematics and submarining occur-

rence using PMHS and computational HBMs (Figure 10.1).

Figure 10.1: Overview of the dissertation.

To achieve this goal, a literature search, described in Chapter 2, identified several intrinsic

and extrinsic factors from the literature that were proposed to affect lap belt-pelvis interaction and

submarining occurrence. Several of these factors were identified from research conducted in 1970-

1990, which guided the development and amendments of federal motor vehicle safety standards

(FMVSS) in the early stages of restraint design. In particular, this research informed the lap belt
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anchorage position specifications in FMVSS 210, which requires lap belt anchorages to be installed

such that the resulting lap belt angle is between 30° and 75° relative to the horizontal axis in the

sagittal plane.

Advancements in restraint design, which took place after this phase of research, now

incorporate pretensioning and load limiting technologies. These technologies were designed to

improve occupant injury outcomes through more effective engagement with skeletal anatomy (for

pretensioners) and yielding of this restraint force to prevent substantial load transfer to the occupant

(for load limiters). As a result, these technologies have a substantially different effect on occupant

kinematics than previous restraint systems. However, it’s unknown how and to what degree the

factors that were previously predicted to affect submarining for early restraint systems apply for

restraint systems with this technology. Further, since this advancement in restraint system technolo-

gies, no mandates have been made to FMVSS 210’s lap belt angle.

Additionally, the current phase-in of automated driving system (ADS) technologies pre-

dicts an increase in the prevalence of non-standard seating postures, including a reclined seating

posture [22]. Thus, research was required to quantify the effects of the previously proposed factors

on lap belt-pelvis interaction and submarining occurrence using a modern restraint system in addi-

tion to a reclined seating posture. A state-of-the-art computational HBM was used for this analysis.

Chapters 3 through 7 built the foundation for this quantification.

As no experimental data existed to understand how a reclined seating posture affected lap

belt-pelvis interaction and submarining occurrence, an innovative methodology was developed to

investigate this through experimental sled tests using PMHS (Chapter 3). One subject that exhib-

ited a relatively large lap belt-pelvis angle (indicating a shallow fore-aft lap belt angle, see Figure

2.7) submarined. This prompted the need for further experimental study to identify a submarin-

ing threshold through variation of this parameter. The GHBMC HBM was shown to be the more

suitable choice for detailed study of lap belt-pelvis interaction over the THUMS (Chapter 4).

Lap belt-pelvis angle was further investigated in belt pull experiments through systematic

variation of lap belt and torso angle, which identified a submarining threshold (Chapter 5). Addi-

tionally, this parameter was found to affect the placement of the lap belt relative to the pelvis. The

GHBMC HBM ranked superior relative to the THUMS HBM, as the THUMS showed a downward

lap belt migration relative to the pelvis at a steeper fore-aft lap belt angle, which was not seen in the

PMHS (Chapter 6).

Further analysis was conducted to ensure the issues identified in the THUMS model were

seen in other conditions relevant to the targeted parametric study (Chapter 7). This was confirmed:
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the THUMS model’s external flesh - either the material stiffness or the sliding contact between the

external flesh and the internal structures - was the primary cause of the identified issues related to

lap belt-pelvis interaction.

This dissertation’s final parametric study, in which the effects of extrinsic and intrinsic

factors on lap belt-pelvis interaction and submarining would be quantified, was setup using the

GHBMC with several varied intrinsic and extrinsic factors (Chapter 8). These simulations were

sampled to approximate the design space for a subset of 480 simulations and were used to develop,

train, and test a Neural Network (NN) metamodel which predicted submarining occurrence and

distance, pelvis kinematic and lap belt kinetic outputs based on these varied parameters.

As a full-factorial simulation study was inefficient to execute due to the high computa-

tional cost, the metamodel was used to interpolate for these missing datapoints as it was trained

within the parameter bounds at the discretized levels. The metamodel predicted how these intrinsic

and extrinsic factors, originally identified in Chapter 2, and further investigated in Chapters 3-6,

affected submarining occurrence, submarining distance, pelvis displacement, pelvis rotation, and

lap belt tension (Chapter 9).

From the NN metamodel’s predictions, fore-aft lap belt angle and recline angle were iden-

tified as the dominating factors that affected submarining occurrence. A shallow lap belt angle, in

combination with a reclined torso angle, was linked to a higher likelihood of submarining. Sub-

marining risk was decreased for a steeper lap belt angle in both postures, however in the reclined

posture this risk was only substantially mitigated at the steepest fore-aft lap belt angle (87°).

Additionally, the range of permitted lap belt angles by FMVSS 210 was shown to be

insufficient in mitigating submarining risk in a reclined posture with a modern restraint system

(equipped with dual lap belt pretensioners). For a reclined seating posture, the lap belt anchorages

must be positioned further forward relative to the occupant to reduce submarining risk. Potential

trade-offs resulting from moving the lap belt anchorages further forward included increased pelvis

forward displacement (from 63° to 75° in upright and from 75° to 87° in recline) and increased lap

belt tension (from 46° to 75° for both postures).

Additionally, a 35° fore-aft lap belt angle (within FMVSS 210 regulation) showed a 65%

probability of submarining in an upright posture using this modern restraint system. This probability

is expected to increase for a restraint system without lap belt pretensioners. Thus, the lower bound

of the FMVSS 210 regulation should be increased to an approximate 45° angle, which showed a

lower (20%) probability of submarining.
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10.2 Future Research and Limitations

As with all research studies, this dissertation’s conclusions should be interpreted based on

the utilized tools and methods, and caution should be used when drawing conclusions beyond such

tools and methods. Thus, this dissertation’s conclusions are drawn with limitations resulting from

the utilized HBM and its anthropometry and biofidelity as well as the boundary conditions. With

additional data and research, the developed methodology can be used to deduce robust conclusions

which will inform current and future restraint design.

10.2.1 HBM Biofidelity and Submarining Prediction

Two state-of-the-art mid-sized male HBMs, the GHBMC and the THUMS, were evalu-

ated and compared relative to experimental PMHS data. Ultimately, the GHBMC was identified

as having improved biofidelity over the THUMS model in both the reclined dynamic sled test and

belt pull test environments, and thus was selected as the model to use for the final parametric study,

wherein the effects of extrinsic and intrinsic factors on submarining were quantified.

Though the GHBMC was identified as the more suitable model over the THUMS, the

GHBMC model still exhibited limitations. Thus, the conclusions drawn from the parametric study

(Chapter 9) should be interpreted with caution as the HBM responses were not perfectly biofidelic.

In particular, the GHBMC showed higher rearward pelvis rotation relative to the PMHS in the re-

clined dynamic sled test condition. Eliminating all other variables, a higher rearward pelvis rotation

would increase the likelihood of submarining; however, neither HBM submarined in the reclined

sled test condition described in Chapter 4 (despite testing with three different initial pelvis angels).

Additionally, in the belt pull tests described in Chapter 6, the GHBMC (and the THUMS) required

more pulling force to submarine at the same lap belt-pelvis angle as the tested obese PMHS since

the PMHS had increased abdominal tissue depth. Evaluating the model’s biofidelity relative to a

PMHS of similar anthropometry (mid-sized male) would allow for a better one-to-one comparison

in this condition and thus, a more thorough biofidelity evaluation.

This research highlighted biofidelity limitations of the THUMS model, which resulted

from the model’s sliding contact between the external flesh and the internal structures. This sliding

contact resulted in issues with the collapsing of the lap belt elements, affecting lap belt loading, as

well as issues in lap belt migration relative to the pelvis. Thus, this model’s sliding contact was

identified as a feature that needs to be addressed prior to using this model for detailed analysis of

lap belt-pelvis interaction.
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10.2.2 Alternative Boundary Conditions

The dynamic experiments and simulations, including those in the final parametric study,

utilized a unique restraint system with a seatback-integrated D-Ring, dual lap belt pretensioners, a

shoulder belt pretensioner and load limiter. This restraint system was developed by Autoliv Devel-

opment AB (Vargarda, Sweden), and while it has been shown to mitigate submarining in dynamic

sled test conditions using anthropomorphic test devices (ATDs, or crash test dummies), this restraint

system is not installed in current vehicles and is still in development. Additionally, dual lap belt pre-

tensioners and seatback-integrated D-Rings are still in the phase-in process in the current vehicle

fleet. Thus, while it’s likely that the trends associated with certain intrinsic and extrinsic parameters

and submarining risk are similar between this restraint system and those installed in the current

vehicle fleet, the simulations should be conducted using these current vehicle restraint systems to

obtain data that can be directly interpreted as the state of risk in the current vehicle fleet.

Additionally, these simulations utilized a semi-rigid seat, composed of an aluminum seat

pan and anti-submarining pan, each of which are independently articulated via springs tuned to

match the stiffness of a real vehicle seat. Using a semi-rigid seat allows for better physical repeata-

bility as well as easy computational replication of a physical test environment. However, perform-

ing additional experiments and/or simulations using a real vehicle seat would confirm all observed

pelvis kinematics and submarining occurrence was not artificially affected by this semi-rigid seat.

10.2.3 Considerations for Occupants of Varying Anthropometry

Except for the belt pull experiments conducted in Chapter 5, this dissertation’s research

and resulting conclusions are based on kinematic and submarining outcomes of a mid-sized (50th

percentile) male PMHS or HBM. This anthropometry was chosen as the current state-of-the-art

mid-sized male HBMs have been developed and validated using several sources of experimental

data with mid-sized male PMHS. Additional data is required to validate existing HBMs of other

anthropometries, including the 95th percentile male and, more critically, the 5th percentile and 50th

percentile female. Females have been shown to sustain more frequent and higher severity injuries

in motor vehicle crashes, particularly of the lower extremity [11]. The higher prevalence of lower

extremity injuries may be a result of increased pelvis forward displacement, which highlights the

importance of understanding lap belt-pelvis interaction for females. Due to differences in local

geometry of the lower abdomen and bony pelvis, it is inappropriate to scale this dissertation’s con-

clusions to a female anthropometry. Instead, experimental data and simulations using a validated
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female HBM are required. Additionally, further research is required to understand submarining for

the obese population, which has been shown to be more prone to adverse lap belt-pelvis interaction

and submarining versus a population of normal BMI [16, 59].

10.2.4 Restraint Design Considerations

The conclusions of the parametric study, specifically those drawn from the NN meta-

model’s predictions, show that fore-aft lap belt angle and recline angle are the dominant parame-

ters affecting submarining occurrence. This is highly useful from a restraint design standpoint: a

thorough investigation of the threshold of increased risk resulting from the combination effect of in-

creasing recline angle and decreasing fore-aft lap belt angle can directly inform how to position the

lap belt anchorages (fore-aft) for a given seatback angle. It is difficult to infer this threshold from the

NN metamodel’s predictions of the full-factorial sample with discretized parameters (Figure 9.2a).

Using the larger (1M) sample with continuous parameters shows an example of the threshold’s

trend and location (Figure 9.7); however, the NN metamodel must be trained and cross-validated

with continuous input parameters to trust its predictions.

The conclusions drawn from the metamodel’s validated predictions show that the lap belt

anchorage points should be re-positioned further forward for a reclined occupant relative to an

upright occupant. A reclined posture showed a higher risk of submarining for a nominal and a

shallow fore-aft lap belt angle relative to an upright posture. However, it is important to investigate

all potential trade-offs that may result from repositioning the anchorages further forward.

Two potential trade-offs of shifting the lap belt anchorages forward were identified from

this analysis, including an increase in forward pelvis displacement at a more vertical fore-aft angle

and a higher magnitude of lap belt tension. Inclusion of a knee bolster at a steeper fore-aft lap belt

angle may aid in mitigating forward pelvis displacement and providing an alternative load path.

At steeper lap belt angles, the lower bony pelvis and acetabulum are engaged, thus understanding

injury thresholds at this region is an area of future research.

It is also critical to understand how varying these anchorage locations may alter upper

torso kinematics and shoulder belt loading, as these kinematics were not analyzed into this dis-

sertation. It is possible that, in addition to increased pelvis displacement, a steeper lap belt angle

may increase forward displacement of the head and upper extremities, which could affect injury

outcomes. Likewise, this may alter shoulder belt loading of the skeletal thorax and cervical spine,

particularly as moving the lap belt anchorages fore-aft affected initial shoulder belt fit (Figure 8.12).
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10.2.5 Other Considerations

While exploring how the parameter effects on submarining are modified based on differ-

ent anthropometries and boundary conditions is critical to draw more robust conclusions from this

research, an additional approach is suggested which can be implemented in the nearer future. Using

both the GHBMC and THUMS HBMs in a parametric study, such as that described in Chapter 8,

would identify whether parameters show similar effects across models of different formulations.

Thus, parameters that affect submarining occurrence in both models are more robust relative to

those that show model-dependency. This would eliminate possible artificial effects from using one

model and the limitations of that model’s biofidelity.

10.3 Contributions

The main contribution of this dissertation is the quantification of extrinsic or environment-

related parameters and intrinsic or occupant-related parameters on submarining occurrence, the dis-

tance of submarining, pelvis displacement and rotation, and tension in the lap belt. The extrinsic

parameters included impact pulse, fore-aft lap belt angle, overhead lap belt angle, presence or ab-

sence of foot support, lap belt-to-occupant friction, and seat pan-to-occupant friction. The intrinsic

parameters included torso angle, pelvis angle, and pelvic-abdominal soft tissue compliance. The in-

dividual and relative effects of these parameters were quantified at 2-5 discrete levels. This provides

the automotive safety community with a wealth of data to inform restraint system design for cur-

rent and future vehicles. Specifically, this improves the automotive safety field’s understanding of

the fundamental characteristics that influence lap belt-pelvis interaction and submarining. This also

identifies limitations of current safety standards (FMVSS 210) for a restraint system equipped with

modern pretensioner and load-limiter technologies, and for a reclined seating posture. Finally, this

quantification identifies consistencies and differences across different torso angles, providing guid-

ance on potential vehicle environment modifications that need to be made to mitigate submarining

in a reclined posture versus an upright posture.

In building up to this final quantification, several other contributions were made. This

includes the first dataset of PMHS response to frontal-impact in a reclined environment, including

a comprehensive evaluation of different computational models’ abilities to capture the belt-pelvis

interaction response in this posture. The execution of these tests provided the field with the first-ever

understanding of how a reclined seating posture affects lap belt-pelvis interaction and submarining
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occurrence using PMHS. The matched simulations provided the biofidelity evaluation of two differ-

ent HBMs in this condition, which identified important limitations in the models’ formulations and

thus, areas in which the models should be improved to increase biofidelity.

This dissertation includes a detailed investigation on the effect of lap belt-pelvis angle on

lap belt-pelvis interaction and submarining occurrence for a PMHS in both an upright and reclined

seating posture. This provides information on how each of these variables affects submarining,

eliminating the complex and confounding factors of a dynamic sled test environment. Matched

simulations were conducted using two different computational models for varying levels of flesh

compliance. Again, this work identified key limitations in the models’ formulations and thus, areas

in which the models should be improved to increase biofidelity.

Novel load cell instrumentation was developed at the computational models’ ASIS cross-

sections, which permitted direct measurement of lap belt-to-pelvis loading. This instrumentation

allowed for the comparison of the models’ lap belt-pelvis interactions, quantified as ASIS load

relative to lap belt tension, in several unique dynamic conditions.

An automation pipeline, originally developed by [90], was adapted for this application.

This included automated seatbelt routing at several unique lap belt anchorage locations for different

computational models in different postures. This automation cycle permitted the execution of sev-

eral batches of simulations with iterative training and development of a Neural Network metamodel.

Overall, this research provides a fundamental contribution to the improvement of vehicle

safety by providing an all-encompassing understanding of several factors that feed into the sub-

marining problem and which factors should be prioritized to address this problem.
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[76] Jérôme Uriot, Pascal Potier, Pascal Baudrit, Xavier Trosseille, Philippe Petit, Olivier Richard,

Sabine Compigne, Mitsutoshi Masuda, and Richard Douard. Reference pmhs sled tests to

assess submarining. Stapp car crash journal, 59:203, 2015.

232



BIBLIOGRAPHY
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Appendix A

Automotive Restraint Timeline

This timeline was researched and organized based on the literature review presented in

Chapter 2 and details the development and introduction of automotive restraints in the United States

(U.S.) automotive fleet.

A.1 Timeline

‚ 1880s: Belts securing to wagons (Viano et al., 2002)

‚ 1910-1930: Belts in aviation; Belts securing to automobiles (Viano et al., 2002)

‚ 1930s: Fatalities reach 15.6 per 100 million vehicle miles traveled. Automobile designers

begin to consider safety issues

‚ 1940s: Four-point safety belts for aviation with inertial locking (Alexander, 1940)

– Founding fathers of crashworthiness in restraints: DeHaven and Stapp

˚ 1942: “Structural provisions to reduce impact and distribute pressure could enhance

survival and modify injury within wide limits in aircraft and automobile accidents”

(DeHaven, 1942)

¨ Showed leading cause of fatalities was ejection - prompted lap belt develop-

ment

˚ 1950s: Stapp established limits for human tolerance of deceleration (Viano, 102)

‚ 1949: Nash was the first car company to install factory equipped lap belts (Viano, 2002)
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– More than decade later, Ford and Chrysler gave the option (1955 in American made

cars) (Viano, 2002)

‚ 1954: SAE’s belt committee was formed and issued initial recommendations and classifica-

tions (J4a 1955) which were dramatically updated in a later revision (J4a 1964).

– Type 1: Lap Belt

– Type 2: A Combination of Lap Belt and Upper Torso Restraint

– Type 2a: Upper Torso Restraint to be used with Type 1 Belt

– Type 3: Combination of Pelvic and Upper Torso Belt for Children Weighing ¡ 50 lbs

– Included webbing strength recommendations, hardware, etc.

‚ 1955: Patent for lap-shoulder belt system for passenger safety in car crashes (Griswold and

Dehaven, 1955)

‚ 1956: National Safety Council publicly recommends use of safety belts (Wilson, 1979)

‚ 1959: Full fleet of vehicles with lap-shoulder belts to study safety effectiveness (Andreasson

and Backstrom, 2000)

‚ 1962: Review of seat belt webbing for automotive restraints that included strength, elonga-

tion, abrasion, weather resistance, weave patterns, etc. (Neff, 1962)

‚ 1963: Demonstrated essential characteristics of lap-shoulder belts for occupant restraint (pre-

ferred orientation and configuration) (Benedict, 1963)

– ”Studies of racing car accidents suggest that the shoulder harness or upper torso re-

straint is of definite value and will give additional driver protection. A single upper

torso strap should be used in all current production and sports cars. The occupant must

be able to slide laterally from beneath the upper torso restraint in response to lateral

forces from the opposite side of the car. The upper torso restraint should not be inter-

connected with the lap belt so that tightening one will cause the other to tighten; the lap

belt can be snug and comfortable while the shoulder strap has to be looser to permit the

use of the vehicle controls”

‚ Mid-1960s: Five U.S. states passed laws requiring standard installation of front seat belts

(Viano, 2002); first pretensioning device (spring) realized by Brown in 1965 (Brown, 1965)
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‚ 1964 and 1967: Comprehensive study on belt crash testing– found that lap-shoulder belts are

convenient to put on, comfortable to wear with the inertia locking retractor, and gave a high

degree of crash safety by virtually eliminating ejection and reducing impacts (Bohlin, 1964

and 1967)

– These results were the turning point that started the phase-in of these belts

‚ 1964: Summarized work by SAE in cooperation with National Bureau of Standards aimed at

setting up minimum standards for seat belts for use in motor vehicles

‚ 1964: Lap belts are required in most states (previously optional) (Viano, 2002)

‚ 1965: President Johnson refers to the 1.6 million people who die died on streets and highways

as an “epidemic” of traffic fatalities (The White House, 1966)

‚ 1966: National Traffic and Motor Vehicle Safety Act passed by Congress (Traffic and Motor

Vehicle Safety Act, 1966)

– First regulatory initiative in automotive safety

– First step to require DOT to assemble a comprehensive body of regulations aimed at

standardizing motor vehicle safety requirements

– Directed the DOT to administer safety standards that are “practicable, shall meet the

need for motor vehicle safety, and shall be stated in objective terms” (Traffic and Motor

Vehicle Safety Act, 1966)

– Incorporated general industry-wide standards set by the SAE (US Department of Com-

merce, 1967)

– Lap belts federally required

‚ 1966: Ralph Nader’s Unsafe at Any Speed becomes best seller

‚ 1967: Department of Commerce evaluated the safety standards, pinpointing several major

safety concerns, especially full frontal collision resulting in driver and front seat passenger

impact with the steering column or dashboard (US Department of Commerce, 1967)

– Recommended safety improvements for vehicle tires, headrests, and dashboards

‚ 1967: NHTSA issues FMVSS 208 – mandates installation of restraint systems to protect

vehicle occupants in collisions (Cutler, 1991; 32 FR 2408, 2415, 1967)
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– One of the 19 original safety standards (Kratzke, 1995)

– Required lap shoulder belts (see below)

– Also included is FMVSS 209-210

– It is believed that FMVSS 210 had a standard for 20-75 deg lap belt angle at this time

(following ECE)

‚ 1967-1968: Lap-shoulder belts – required in front seats (Viano, 2002)

– Took effect Jan 1, 1968

– No specific design mandated

– Weren’t widely available until a federal law required them

– Provide mitigation of interior impact

– No crash testing requirements to evaluate the protection afforded to vehicle occupants

(Kratzke, 1995)

– U.S. Deparment of Transportation required lap-shoulder belts in front outboard seats

as standard equipment after the clear demonstration of field effectiveness presented by

Bohlin (1967); lap belts were required for all automobiles produced after Jan 1968

‚ 1970: National Traffic Safety Administration renamed NHTSA (Bollier and Claybrook, 1986)

– General Motors President Cole stated that airbags have greatest potential to increase

safety and could replace seat belts (Cutler, 1991)

‚ 1970s: Belt usage remained around 20% nationally – less than other countries with mandated

seat belt laws (Wilson, 1979); interlock systems introduced for brief period (Hedlund, 1985)

‚ 1971: Belts are required in multipurpose vehicles and trucks (Wilson, 1979)

‚ 1975: First pyrotechnic pretensioner patent/demo (Schwanz, 1975)

– Also, whiplash injuries were observed after the widespread use of lap-shoulder belts in

the UK, which pointed to the concentration of loads on the neck with belt restraint in

the absence of head contact (need for airbags) (Viano, 2002)

‚ 1977: Secretary of Transportation Brock Adams amends FMVSS 208 to mandate passive re-

straint protection (airbags) in all passenger cars for the 1984 model year and larger wheelbase

vehicles in the 1982 model year (42 FR 34,289-90, 1977)
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– Airbags are required (to account for minimal seat belt usage – called “passive restraints”

since occupants don’t have to physically put the safety measure into place like a seat

belt) (Hedlund, 1985)

– Many opposed due to cost concerns but also concerns related to possible injuries of

occupants out of position (Cutler, 1991)

‚ 1981: NHTSA Rescinds FMVSS 208 requirements for passive restraints; passive restraints

requirement suspended

‚ 1981: Mercedes introduces pretensioners into front vehicle seats

‚ 1987: Mercedes becomes industry leader in offering airbags as standard (Cutler, 1991)

‚ 1988: Chrysler issues airbags – release crash data that reported 91 airbag deployments with

no reported fatalities (Cutler, 1991)

‚ 1989-1995: Airbags phase in (Cutler, 1991)

‚ 1980s: Front seat lap-shoulder belts found to be 41+/- 4% in preventing fatality for front-seat

occupants, 42 +/- 2% for drivers and 39 +/- 4% for right-front passengers (Evans 1986, 1991)

– In frontal crashes, belts are 43% effective in preventing fatality; least effective in near-

side crashes at 27%

– Importantly, belts were effective in all crash modes ranging from 27-77%

‚ 1990: Lap/shoulder belts required for rear outboard passengers

‚ 1990: Notice of Proposed Rulemaking released to adopt a 30 deg minimum to FMVSS 210

(55 FR 17970, April 30, 1990)

– The ECE regulation specifies a minimum lap belt angle of 30 degrees in front seats of

passenger cars. Since the ECE 30 degree minimum (80 deg max) would enhance safety

by reducing the risk of occupant submarining, the NPRM proposed to adopt a 30 degree

minimum in Standard No. 210 – “specifically to improve belt fit and reduce the potential

of occupant submarining”

˚ Those who supported: Chrysler, Volvo, Volkswagen, and BMW

˚ Those who opposed: Mitsubishi, Honda, Austin Rover, Fiat, Ford, Hino, GM, Toy-

ota, Jaguar, Nissan, Mazda, and Subaru
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¨ GM: “the interrelationship of factors that can contribute to occupant submarin-

ing in vehicle crashes is not fully understood”

¨ NHTSA: “even though the interrelationship of these factors is not yet quanti-

fied, the available data show that increasing the minimum lap belt angle will

decrease the likelihood of occupant submarining”

¨ Rear Seat Submarining Investigation – MacLaughlin 1988

¨ Previous data showed occupant excursion would increase as the belt angle ap-

proaches vertical – no data on this – so no harmonization with ECE

‚ 1991: Driver airbag and belt combination provides an overall 47% effectiveness in preventing

fatalities (Zador and Ciccone, 1991)

‚ 1991: President Bush signed into law the Intermodal Surface Transportation Efficiency Act

which requires all passenger cars manufactured on or after Sept 1 1997 (1998 model year)

have airbags

‚ 1992: Lap/shoulder belts required for rear outboard passengers in trucks and vans

‚ 1998: Lap/shoulder belts and airbags required for driver and right front passenger beginning

in the 1998 model year of passenger cars (Sept. 1997) (Kratzke, 1995)

‚ 1998: Move to industry-wide application of pretensioners and load limiters

‚ 1999: Lap/shoulder belts and airbags required for driver and right front passenger beginning

in the 1999 model year of light trucks and vans (Sept. 1998) (Kratzke, 1995)

‚ 2005: Lap/shoulder belts required in center rear seat (phase-in until 2007)

A.2 References for Timeline
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Appendix B

Reclined PMHS Frontal Impact Sled

Test Experiments

B.1 Positioning Data

Table B.1: PMHS Position Data.

*Data from S0531 was not included in the pelvis measurements
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B.2 Pelvis and Sacrum Injuries

Subjects 1 and 3 exhibited pelvis fractures at the right iliac wing between the ASIS and

AIIS landmarks B.1. The injuries were identified from post-test CT-scans and confirmed by autopsy.

These injuries were coded using the Abbreviated Injury Scale (AIS) and were both coded as AIS-2

as the posterior arch and remainder of the pelvic wing remained intact.

Figure B.1: Reconstructed pelvis CT-scans from Subject 1 (top row) and Subject 3 (bottom row),

showing the fractures at the right iliac wing between the ASIS and AIIS landmarks in both of these

subjects.

Timing of injury was identified by the strain gauge rosettes affixed to the lateral surface

of the iliac wing between the ASIS and AIIS landmarks. The strain time history from gauges on

the right iliac wing of Subject 1 indicated a sharp drop in strain beginning at approximately 60-65

ms due to the sensor being displaced from the fracture that happened at this time B.2. The lap-belt

force at the time of fracture was 7.8 kN. Subject 3 exhibited fracture at approximately 53-58 ms

(lap-belt force of 6.6 kN), which was indicated simultaneously with a peak in strain and drop in

lap-belt force. Subjects 2 and 4, who did not sustain pelvis fractures had peak lap-belt forces of 4.6

kN and 8.3 kN. Subjects 1, 2, 3, and 5 all sustained injuries at the lower-level of the sacrum. Subject
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1 exhibited a fracture at the S3-S4 level; Subject 2 exhibited a fracture at S5; Subject 3 exhibited a

fracture at S4; and Subject 5 exhibited a fracture at S3.

Figure B.2: Strain gauge signals (left axes) and outboard lap-belt forces (right axes) for all five

subjects at either the lateral right iliac wing (“RI”) or left iliac wing (“LI”). For subjects 1 and 4,

the third axis of the strain gauge rosette failed. Subject 4’s sensor detached at 60 ms.
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Reclined HBM Frontal Impact

Simulations

C.1 Positioning Data
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C.2 HBM Responses compared to PMHS Responses: Nominal Pelvis

Angle

Figure C.2: Head X Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.3: Head Y Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.4: Head Z Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.5: Head Y Rotation: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.6: T1 X Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.7: T1 Y Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.8: T1 Z Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.9: T8 X Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.10: T8 Y Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.11: T8 Z Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.12: T11 X Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.13: T11 Z Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.14: L1 X Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.15: L1 Z Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.16: L3 X Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.17: L3 Z Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.18: Pelvis X Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.19: Pelvis Z Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.20: Pelvis Y Rotation: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.21: Lap Belt Resultant Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.22: Shoulder Belt Resultant Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.23: Buckle Resultant Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.24: Seat Pan Angular Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.25: Anti-Sub Pan Angular Displacement: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.26: Lap Belt Tension: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.27: Shoulder Belt Tension: HBMs (Nominal Pelvis Angle) vs. PMHS

Figure C.28: Buckle Resultant Force: HBMs (Nominal Pelvis Angle) vs. PMHS
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Figure C.29: Foot Pan Resultant Force: HBMs (Nominal Pelvis Angle) vs. PMHS

C.3 HBM Responses compared to PMHS Responses: 12°Posterior

Pelvis Angle
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.30: Head X Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.31: Head Y Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.32: Head Z Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.33: Head Y Rotation: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.34: T1 X Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.35: T1 Y Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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Figure C.36: T1 Z Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.37: T8 X Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.38: T8 Y Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.39: T8 Z Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.40: T11 X Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.41: T11 Z Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.42: L1 X Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.43: L1 Z Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.44: L3 X Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.45: L3 Z Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.46: Pelvis X Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.47: Pelvis Z Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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Figure C.48: Pelvis Y Rotation: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.49: Lap Belt Resultant Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

274



APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.50: Shoulder Belt Resultant Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.51: Buckle Resultant Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.52: Seat Pan Angular Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.53: Anti-Sub Pan Angular Displacement: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.54: Lap Belt Tension: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.55: Shoulder Belt Tension: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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Figure C.56: Buckle Resultant Force: HBMs (12°Posterior Pelvis Angle) vs. PMHS

Figure C.57: Foot Pan Resultant Force: HBMs (12°Posterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

C.4 HBM Responses compared to PMHS Responses: 12°Anterior Pelvis

Angle

Figure C.58: Head X Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.59: Head Y Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.60: Head Z Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.61: Head Y Rotation: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.62: T1 X Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.63: T1 Y Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.64: T1 Z Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.65: T8 X Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.66: T8 Y Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.67: T8 Z Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.68: T11 X Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.69: T11 Z Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.70: L1 X Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.71: L1 Z Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.72: L3 X Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.73: L3 Z Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.74: Pelvis X Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.75: Pelvis Z Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.76: Pelvis Y Rotation: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.77: Lap Belt Resultant Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.78: Shoulder Belt Resultant Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.79: Buckle Resultant Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.80: Seat Pan Angular Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.81: Anti-Sub Pan Angular Displacement: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.82: Lap Belt Tension: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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APPENDIX C. RECLINED HBM FRONTAL IMPACT SIMULATIONS

Figure C.83: Shoulder Belt Tension: HBMs (12°Anterior Pelvis Angle) vs. PMHS

Figure C.84: Buckle Resultant Force: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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Figure C.85: Foot Pan Resultant Force: HBMs (12°Anterior Pelvis Angle) vs. PMHS
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Appendix D

Belt Pull Experiments using PMHS

D.1 Lap Belt Anchorage Positions

Figure D.1: Lap Belt Anchorage Positions per Test wrt Global Reference Frame (see Figure 5.1).
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Appendix E

Belt Pull Simulations

E.1 Soft Tissue Load Curve Changes

For the GHBMC model, the material load curves were scaled for the pelvic-abdominal

flesh (*MAT SIMPLIFIED RUBBER/FOAM) Adipose tissue materials of 35% strain rate and 100%

strain rate (see Figure 6.7a). These materials correspond to table IDs (TBIDs) 1999002 and 1999003,

respectively. Each of these tables is comprised of different load curves, of which all ordinates were

scaled by either 50% or 200% (e.g., E.1).

Figure E.1: Example of load curve scaling used for GHBMC.
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Appendix F

Belt-ASIS Load Transfer Simulations

F.1 Verification load cases for ASIS cross-sections

Verification load cases were performed to ensure the full applied load was being captured.

We did this by applying a concentrated load horizontally, then angled at ˘ 45° (Figure F.1). The

reaction load measured at the ASIS cross sections show that the full amount of applied load was

measured by this method(Figure F.2).

Figure F.1: Concentrated applied load shown for the GHBMC (top) and THUMS (bottom). 100N

was applied at each iliac wing as a direct concentrated load as well as a concentrated load angled

+45 deg then -45 deg from this nominal 0 deg.
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APPENDIX F. BELT-ASIS LOAD TRANSFER SIMULATIONS

(a) (b)

Figure F.2: The % measured load at the outer and inner ASIS cross sections (Left: GHBMC; Right:

THUMS). The solid bar indicates the point load directed straight on the ASIS, the bar with the

stripes angled down is the point load directed -45 deg downward, and the bar with the stripes angled

up is the point load directed +45 deg upward.

F.2 Method to flag lap belt low on ASIS cases

A method to flag these cases was developed to detect the simulations in which the upper

edge of the lap belt does not meet the AIIS. Figure F.3a shows a red area between the AIIS and

ASIS nodes. If the upper edge of the belt (measured as the belt node that corresponded to the ASIS

midpoint) did not translate further than 10 mm above (+Z) the AIIS node by 60 ms, or if the upper

edge of the belt translated between 10-35 mm above (+Z) the AIIS node but did not move within

20 mm (+X) of the AIIS node by 60 ms, it was flagged as a “lap belt low on pelvis” case. The

X-component was incorporated as there were many cases in which the upper edge of the belt was

positioned further than 10 mm (+Z) relative to the AIIS, but was still located further anterior, toward

the thighs, and did not move (Figure F.3b).
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APPENDIX F. BELT-ASIS LOAD TRANSFER SIMULATIONS

(a) (b)

Figure F.3: a) Region showing where the “belt low” cases were flagged: If the upper edge of the

belt did not pass further than 10 mm above (+Z) the AIIS, or if it passed between 10-35 mm above

(+Z) the AIIS, but did not move within 20 mm (+X) the AIIS, the simulation was flagged. b) An

image taken during a simulation wherein the belt was above 10 mm (+Z) the AIIS, but not within

20 mm (+X) – this image taken of the THUMS pelvis.
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Appendix G

Pelvis Orientations of GHBMC Model

Table G.1: Pelvis orientations for the positioned model: 2 torso angles and 3 pelvis orientations.
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APPENDIX G. PELVIS ORIENTATIONS OF GHBMC MODEL

Figure G.1: Lap belt placement (no change in fore-aft or lateral anchorage position) for different

pelvis angles in the upright condition. Left-right: anterior (+12°), nominal, and posterior angle (-

12°).
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Appendix H

Neural Network Metamodel

Development

H.1 AU-ROC for Monitoring Error

In addition to accuracy, the area under receiver operator curve (AU-ROC) was used to

monitor the metamodel’s error in predicting submarining occurrence. The ROC curve showed the

trade-off between the true positive rate (sensitivity; correctly identified cases) and the false positive

rate (specificity; incorrectly identified cases), which shows the decrease in sensitivity results in an

increase in specificity. Sensitivity measures the actual positives that are correctly identified, while

specificity measures the proportion of actual negatives that are correctly identified. The higher

the AU-ROC, the higher measure of separability the model has – i.e., the model can accurately

distinguish between submarining (1’s) and non-submarining (0’s). The AU-ROC of a perfectly

predictive model equals 1. If the AU-ROC is 0, it implies that the predictor is perfectly incorrect,

meaning it predicts all 0’s as 1’s and all 1’s as 0’s. A model that makes random guesses has an

AU-ROC score of 0.5. For example, if AU-ROC is 0.7, it means there is a 70% chance that the

model will be able to distinguish between 0’s and 1’s (i.e., non-submarining vs. submarining).

H.2 Training and Testing Progression of Model Performance
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Figure H.1: The progression of submarining prediction using the area under the receiver/operator

curve (AUROC). An AUROC value of 0.5 indicates no predictive capability, while an AUROC of 1

indicates perfect prediction.
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Figure H.2: Predicted and actual values of the training and testing points for the output metrics

(Batch 1).

Figure H.3: Predicted and actual values of the training and testing points for the output metrics

(Batch 2).
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Figure H.4: Predicted and actual values of the training and testing points for the output metrics

(Batch 3).

Figure H.5: Predicted and actual values of the training and testing points for the output metrics

(Batch 4).
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Figure H.6: Predicted and actual values of the training and testing points for the output metrics

(Batch 5).

Figure H.7: Predicted and actual values of the training and testing points for the output metrics

(Batch 6).
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Figure H.8: Predicted and actual values of the training and testing points for the output metrics

(Batch 7).

Figure H.9: Predicted and actual values of the training and testing points for the output metrics

(Batch 8).
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Figure H.10: Predicted and actual values of the training and testing points for the output metrics

(Batch 9).

Figure H.11: Predicted and actual values of the training and testing points for the output metrics

(Batch 10).
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Figure H.12: Predicted and actual values of the training and testing points for the output metrics

(Batch 11).

Figure H.13: Predicted and actual values of the training and testing points for the output metrics

(Batch 12).
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Figure H.14: Predicted and actual values of the training and testing points for the output metrics

(Batch 13).

Figure H.15: Predicted and actual values of the training and testing points for the output metrics

(Batch 14).
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Figure H.16: Predicted and actual values of the training and testing points for the output metrics

(Batch 15).

Figure H.17: Predicted and actual values of the training and testing points for the output metrics

(Batch 16).

310



APPENDIX H. NEURAL NETWORK METAMODEL DEVELOPMENT

Figure H.18: Predicted and actual values of the training and testing points for the output metrics

(Batch 17).

Figure H.19: Predicted and actual values of the training and testing points for the output metrics

(Batch 18).
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Figure H.20: Predicted and actual values of the training and testing points for the output metrics

(Batch 19).

Figure H.21: Predicted and actual values of the training and testing points for the output metrics

(Batch 20).
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Figure H.22: Predicted and actual values of the training and testing points for the output metrics

(Batch 21).

Figure H.23: Predicted and actual values of the training and testing points for the output metrics

(Batch 22).
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Figure H.24: Predicted and actual values of the training and testing points for the output metrics

(Batch 23).

Figure H.25: Predicted and actual values of the training and testing points for the output metrics

(Batch 24).
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Figure H.26: Predicted and actual values of the training and testing points for the output metrics

(Batch 25).

Figure H.27: Predicted and actual values of the training and testing points for the output metrics

(Batch 26).
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Figure H.28: Predicted and actual values of the training and testing points for the output metrics

(Batch 27).

Figure H.29: Predicted and actual values of the training and testing points for the output metrics

(Batch 28).
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Figure H.30: Predicted and actual values of the training and testing points for the output metrics

(Batch 29).

Figure H.31: Predicted and actual values of the training and testing points for the output metrics

(Batch 30).
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Figure H.32: Predicted and actual values of the training and testing points for the output metrics

(Batch 31).

Figure H.33: Predicted and actual values of the training and testing points for the output metrics

(Batch 32).
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Figure H.34: Predicted and actual values of the training and testing points for the output metrics

(Batch 33).

Figure H.35: Predicted and actual values of the training and testing points for the output metrics

(Batch 34).
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Figure H.36: Predicted and actual values of the training and testing points for the output metrics

(Batch 35).

Figure H.37: Predicted and actual values of the training and testing points for the output metrics

(Batch 36).
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Appendix I

Analysis of Simulated Dataset

I.1 Distribution of Output Metrics

(a) (b)

Figure I.1: The frequency of output metric magnitudes for the continuous output metrics for which

two clusters were chosen in the k-means clustering analysis: a) Pelvis rotation; b) Lap belt tension
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(a) (b)

Figure I.2: The frequency of output metric magnitudes for the continuous output metrics for which

three clusters were chosen in the k-means clustering analysis: a) Pelvis displacement; b) Submarin-

ing distance

I.2 K-Means Clustering Analysis

I.2.1 Submarining Occurrence

I.2.1.1 Influential Parameter Ranking

Figure I.3: Influential parameter determination for submarining occurrence. The parameters in

green showed an absolute distance greater than 0.1 between cluster means (negative versus positive

outcome); the parameters in yellow showed an absolute distance greater than 0.05 between cluster

means (negative versus positive outcome).
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I.2.1.2 Influential Parameter Plots

(a) (b)

Figure I.4: Submarining occurrence influential parameter plots (automated simulation dataset): a)

Parameter 1 vs Parameter 2, b) Parameter 1 vs Parameter 3.
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(a) (b)

Figure I.5: Submarining occurrence influential parameter plots (automated simulation dataset): a)

Parameter 1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure I.6: Submarining occurrence influential parameter plots (automated simulation dataset): a)

Parameter 1 vs Parameter 6, b) Parameter 1 vs Parameter 7.
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(a) (b)

Figure I.7: Submarining occurrence influential parameter plots (automated simulation dataset): a)

Parameter 1 vs Parameter 8, b) Parameter 2 vs Parameter 9.

I.2.2 Submarining Distance

I.2.2.1 Influential Parameter Ranking

Figure I.8: Influential parameter determination for submarining distance. The parameters in green

showed an absolute distance greater than 0.1 between cluster means (negative versus positive out-

come); the parameters in yellow showed an absolute distance greater than 0.05 between cluster

means (negative versus positive outcome).
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I.2.2.2 Influential Parameter Plots

(a) (b)

Figure I.9: Submarining distance influential parameter plots (automated simulation dataset): a)

Parameter 1 vs Parameter 2, b) Parameter 1 vs Parameter 3.
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(a) (b)

Figure I.10: Submarining distance influential parameter plots (automated simulation dataset): a)

Parameter 1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure I.11: Submarining distance influential parameter plots (automated simulation dataset): a)

Parameter 1 vs Parameter 6, b) Parameter 1 vs Parameter 7.
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(a) (b)

Figure I.12: Submarining distance influential parameter plots (automated simulation dataset): a)

Parameter 1 vs Parameter 8, b) Parameter 2 vs Parameter 9.

I.2.3 Pelvis Forward Displacement

I.2.3.1 Influential Parameter Ranking

The cutoff value identified from the k-means clustering was 138.8 mm, in which 48.9%

of simulations clustered in the negative outcome (higher pelvis displacement) group.

Figure I.13: Influential parameter determination for pelvis forward displacement. The parameters in

green showed an absolute distance greater than 0.1 between cluster means (negative versus positive

outcome); the parameters in yellow showed an absolute distance greater than 0.05 between cluster

means (negative versus positive outcome).
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I.2.3.2 Influential Parameter Plots

(a) (b)

Figure I.14: Pelvis forward displacement influential parameter plots (automated simulation dataset):

a) Parameter 1 vs Parameter 2, b) Parameter 1 vs Parameter 3.
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(a) (b)

Figure I.15: Pelvis forward displacement influential parameter plots (automated simulation dataset):

a) Parameter 1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure I.16: Pelvis forward displacement influential parameter plots (automated simulation dataset):

a) Parameter 1 vs Parameter 6, b) Parameter 1 vs Parameter 7.
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(a) (b)

Figure I.17: Pelvis forward displacement influential parameter plots (automated simulation dataset):

a) Parameter 1 vs Parameter 8, b) Parameter 2 vs Parameter 9.

I.2.4 Pelvis Rotation

I.2.4.1 Influential Parameter Ranking

The cutoff value identified from the k-means clustering was 9.2 ° (rearward), in which

52.2% of simulations clustered in the negative outcome (larger rearward pelvis rotation) group.

Figure I.18: Influential parameter determination for pelvis rotation. The parameters in green showed

an absolute distance greater than 0.1 between cluster means (negative versus positive outcome); the

parameters in yellow showed an absolute distance greater than 0.05 between cluster means (negative

versus positive outcome).
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I.2.4.2 Influential Parameter Plots

(a) (b)

Figure I.19: Pelvis rotation influential parameter plots (automated simulation dataset): a) Parameter

1 vs Parameter 2, b) Parameter 1 vs Parameter 3.
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(a) (b)

Figure I.20: Pelvis rotation influential parameter plots (automated simulation dataset): a) Parameter

1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure I.21: Pelvis rotation influential parameter plots (automated simulation dataset): a) Parameter

1 vs Parameter 6, b) Parameter 1 vs Parameter 7.
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(a) (b)

Figure I.22: Pelvis rotation influential parameter plots (automated simulation dataset): a) Parameter

1 vs Parameter 8, b) Parameter 2 vs Parameter 9.

I.2.5 Lap Belt Tension

I.2.5.1 Influential Parameter Ranking

The cutoff value identified from the k-means clustering was 5.9 kN, in which 23.5% of

simulations clustered in the negative outcome (higher lap belt tension) group.

Figure I.23: Influential parameter determination for lap belt tension. The parameters in green

showed an absolute distance greater than 0.1 between cluster means (negative versus positive out-

come); the parameters in yellow showed an absolute distance greater than 0.05 between cluster

means (negative versus positive outcome).
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I.2.5.2 Influential Parameter Plots

(a) (b)

Figure I.24: Lap belt tension influential parameter plots (automated simulation dataset): a) Param-

eter 1 vs Parameter 2, b) Parameter 1 vs Parameter 3.
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(a) (b)

Figure I.25: Lap belt tension influential parameter plots (automated simulation dataset): a) Param-

eter 1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure I.26: Lap belt tension influential parameter plots (automated simulation dataset): a) Param-

eter 1 vs Parameter 6, b) Parameter 1 vs Parameter 7.
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(a) (b)

Figure I.27: Lap belt tension influential parameter plots (automated simulation dataset): a) Param-

eter 1 vs Parameter 8, b) Parameter 2 vs Parameter 9.
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Appendix J

Analysis of Full-Factorial Generated

Dataset

J.1 Distribution of Output Metrics

(a) (b)

Figure J.1: The frequency of output metric magnitudes for the continuous output metrics for which

two clusters were chosen in the k-means clustering analysis: a) Pelvis rotation; b) Lap belt tension
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(a) (b)

Figure J.2: The frequency of output metric magnitudes for the continuous output metrics for which

three clusters were chosen in the k-means clustering analysis: a) Pelvis displacement; b) Submarin-

ing distance

J.2 K-Means Clustering Analysis

J.2.1 Submarining Occurrence

J.2.1.1 Influential Parameter Ranking

The cutoff value identified from the k-means clustering was a probability of 0.5, in which

33.3% of simulations clustered in the negative outcome (submarining) group.

Figure J.3: Influential parameter determination for submarining occurrence. The parameters in

green showed an absolute distance greater than 0.1 between cluster means (negative versus positive

outcome); the parameters in yellow showed an absolute distance greater than 0.05 between cluster

means (negative versus positive outcome).
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J.2.1.2 Influential Parameter Plots

(a) (b)

Figure J.4: Submarining occurrence influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 2, b) Parameter 1 vs Parameter 3.

340



APPENDIX J. ANALYSIS OF FULL-FACTORIAL GENERATED DATASET

(a) (b)

Figure J.5: Submarining occurrence influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure J.6: Submarining occurrence influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 6, b) Parameter 1 vs Parameter 7.
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(a) (b)

Figure J.7: Submarining occurrence influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 8, b) Parameter 2 vs Parameter 9.

J.2.2 Submarining Distance

The cutoff value identified from the k-means clustering was a probability of the maximum

submarining distance exceeding 75.1 mm, in which 24.3% of simulations clustered in the negative

outcome (increased submarining distance) group.

Figure J.8: Influential parameter determination for submarining distance. The parameters in green

showed an absolute distance greater than 0.1 between cluster means (negative versus positive out-

come); the parameters in yellow showed an absolute distance greater than 0.05 between cluster

means (negative versus positive outcome).
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J.2.2.1 Influential Parameter Plots

(a) (b)

Figure J.9: Submarining distance influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 2, b) Parameter 1 vs Parameter 3.
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(a) (b)

Figure J.10: Submarining distance influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure J.11: Submarining distance influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 6, b) Parameter 1 vs Parameter 7.
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(a) (b)

Figure J.12: Submarining distance influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 8, b) Parameter 2 vs Parameter 9.

J.2.3 Pelvis Forward Displacement

The cutoff value identified from the k-means clustering was a probability of the maximum

forward pelvis displacement exceeding 137.8 mm, in which 50.3% of simulations clustered in the

negative outcome (increased pelvis displacement) group.

Figure J.13: Influential parameter determination for pelvis forward displacement. The parameters in

green showed an absolute distance greater than 0.1 between cluster means (negative versus positive

outcome); the parameters in yellow showed an absolute distance greater than 0.05 between cluster

means (negative versus positive outcome).
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J.2.3.1 Influential Parameter Plots

(a) (b)

Figure J.14: Pelvis displacement influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 2, b) Parameter 1 vs Parameter 3.
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(a) (b)

Figure J.15: Pelvis displacement influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure J.16: Pelvis displacement influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 6, b) Parameter 1 vs Parameter 7.
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(a) (b)

Figure J.17: Pelvis displacement influential parameter plots (generated full-factorial dataset): a)

Parameter 1 vs Parameter 8, b) Parameter 2 vs Parameter 9.

J.2.4 Pelvis Rotation (Pitch)

The cutoff value identified from the k-means clustering was a probability of the maximum

rearward pelvis rotation exceeding 8.9°, in which 50.6% of simulations clustered in the negative

outcome (increased rearward pelvis pelvis rotation) group.

Figure J.18: Influential parameter determination for pelvis rotation. The parameters in green showed

an absolute distance greater than 0.1 between cluster means (negative versus positive outcome); the

parameters in yellow showed an absolute distance greater than 0.05 between cluster means (negative

versus positive outcome).
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J.2.4.1 Influential Parameter Plots

(a) (b)

Figure J.19: Pelvis rotation influential parameter plots (generated full-factorial dataset): a) Parame-

ter 1 vs Parameter 2, b) Parameter 1 vs Parameter 3.
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(a) (b)

Figure J.20: Pelvis rotation influential parameter plots (generated full-factorial dataset): a) Parame-

ter 1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure J.21: Pelvis rotation influential parameter plots (generated full-factorial dataset): a) Parame-

ter 1 vs Parameter 6, b) Parameter 1 vs Parameter 7.
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(a) (b)

Figure J.22: Pelvis rotation influential parameter plots (generated full-factorial dataset): a) Parame-

ter 1 vs Parameter 8, b) Parameter 2 vs Parameter 9.

J.2.5 Lap Belt Tension

The cutoff value identified from the k-means clustering was a probability of the maximum

lap belt tension exceeding 5.9 kN, in which 50.6% of simulations clustered in the negative outcome

(increased rearward pelvis pelvis rotation) group.

Figure J.23: Influential parameter determination for lap belt tension. The parameters in green

showed an absolute distance greater than 0.1 between cluster means (negative versus positive out-

come); the parameters in yellow showed an absolute distance greater than 0.05 between cluster

means (negative versus positive outcome).
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J.2.5.1 Influential Parameter Plots

(a) (b)

Figure J.24: Lap belt tension influential parameter plots (generated full-factorial dataset): a) Param-

eter 1 vs Parameter 2, b) Parameter 1 vs Parameter 3.
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(a) (b)

Figure J.25: Lap belt tension influential parameter plots (generated full-factorial dataset): a) Param-

eter 1 vs Parameter 4, b) Parameter 1 vs Parameter 5.

(a) (b)

Figure J.26: Lap belt tension influential parameter plots (generated full-factorial dataset): a) Param-

eter 1 vs Parameter 6, b) Parameter 1 vs Parameter 7.

353



APPENDIX J. ANALYSIS OF FULL-FACTORIAL GENERATED DATASET

(a) (b)

Figure J.27: Lap belt tension influential parameter plots (generated full-factorial dataset): a) Param-

eter 1 vs Parameter 8, b) Parameter 2 vs Parameter 9.

J.3 Additional Cut-Off Values for Continuous Output Metrics

To investigate the influence of parameters on regions of interest, different cut-off values

were established for each of the continuous output metrics based on the metamodel’s prediction

distributions for that metric (see Section J.1). These figures are plotted below.

J.3.1 Pelvis Forward Displacement

Three cut-off values were established for this metric: 100, 200, and 300 mm. These plots

are shown for each parameter in order of influence (see Table 9.1.
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(a) (b) (c)

Figure J.28: Influence of recline angle and impact pulse on the risk of the maximum pelvis displace-

ment exceeding: a) 100 mm, b) 200 mm, c) 300 mm.

(a) (b) (c)

Figure J.29: Influence of recline angle and occupant/seat friction on the risk of the maximum pelvis

displacement exceeding: a) 100 mm, b) 200 mm, c) 300 mm.
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(a) (b) (c)

Figure J.30: Influence of recline angle and fore-aft lap belt angle on the risk of the maximum pelvis

displacement exceeding: a) 100 mm, b) 200 mm, c) 300 mm.

(a) (b) (c)

Figure J.31: Influence of recline angle and foot support on the risk of the maximum pelvis displace-

ment exceeding: a) 100 mm, b) 200 mm, c) 300 mm.
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(a) (b) (c)

Figure J.32: Influence of impact pulse and occupant/seat friction on the risk of the maximum pelvis

displacement exceeding: a) 100 mm, b) 200 mm, c) 300 mm.

(a) (b) (c)

Figure J.33: Influence of impact pulse and fore-aft lap belt angle on the risk of the maximum pelvis

displacement exceeding: a) 100 mm, b) 200 mm, c) 300 mm.
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(a) (b) (c)

Figure J.34: Influence of impact pulse and foot support on the risk of the maximum pelvis displace-

ment exceeding: a) 100 mm, b) 200 mm, c) 300 mm.

(a) (b) (c)

Figure J.35: Influence of occupant/seat friction and fore-aft lap belt angle on the risk of the maxi-

mum pelvis displacement exceeding: a) 100 mm, b) 200 mm, c) 300 mm.
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(a) (b) (c)

Figure J.36: Influence of occupant/seat friction and foot support on the risk of the maximum pelvis

displacement exceeding: a) 100 mm, b) 200 mm, c) 300 mm.

(a) (b) (c)

Figure J.37: Influence of fore-aft lap belt angle and foot support on the risk of the maximum pelvis

displacement exceeding: a) 100 mm, b) 200 mm, c) 300 mm.
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J.3.2 Pelvis Rotation

Three cut-off values were established for this metric: 0, 10, and 20 degrees. These plots

are shown for each parameter in order of influence (see Table 9.1.

(a) (b) (c)

Figure J.38: Influence of fore-aft lap belt angle and occupant/seat friction on the risk of the maxi-

mum rearward pelvis rotation exceeding: a) 0°, b) 10°, c) 20°.

(a) (b) (c)

Figure J.39: Influence of fore-aft lap belt angle and recline angle on the risk of the maximum

rearward pelvis rotation exceeding: a) 0°, b) 10°, c) 20°.
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(a) (b) (c)

Figure J.40: Influence of fore-aft lap belt angle and impact pulse on the risk of the maximum

rearward pelvis rotation exceeding: a) 0°, b) 10°, c) 20°.

(a) (b) (c)

Figure J.41: Influence of fore-aft lap belt angle and flesh stiffness on the risk of the maximum

rearward pelvis rotation exceeding: a) 0°, b) 10°, c) 20°.
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(a) (b) (c)

Figure J.42: Influence of occupant/seat friction and recline angle on the risk of the maximum rear-

ward pelvis rotation exceeding: a) 0°, b) 10°, c) 20°.

(a) (b) (c)

Figure J.43: Influence of occupant/seat friction and impact pulse on the risk of the maximum rear-

ward pelvis rotation exceeding: a) 0°, b) 10°, c) 20°.
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(a) (b) (c)

Figure J.44: Influence of recline angle and flesh stiffness on the risk of the maximum rearward

pelvis rotation exceeding: a) 0°, b) 10°, c) 20°.

(a) (b) (c)

Figure J.45: Influence of recline angle and impact pulse on the risk of the maximum rearward pelvis

rotation exceeding: a) 0°, b) 10°, c) 20°.
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(a) (b) (c)

Figure J.46: Influence of recline angle and flesh stiffness on the risk of the maximum rearward

pelvis rotation exceeding: a) 0°, b) 10°, c) 20°.

(a) (b) (c)

Figure J.47: Influence of impact pulse and flesh stiffness on the risk of the maximum rearward

pelvis rotation exceeding: a) 0°, b) 10°, c) 20°.
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J.3.3 Submarining Distance

Three cut-off values were established for this metric: 0, 50, and 150 mm. These plots are

shown for each parameter in order of influence (see Table 9.1.

(a) (b) (c)

Figure J.48: Influence of fore-aft lap belt angle and recline angle on the risk of the maximum

submarining distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.

(a) (b) (c)

Figure J.49: Influence of fore-aft lap belt angle and occupant/seat friction on the risk of the maxi-

mum submarining distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.
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(a) (b) (c)

Figure J.50: Influence of fore-aft lap belt angle and impact pulse on the risk of the maximum

submarining distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.

(a) (b) (c)

Figure J.51: Influence of fore-aft lap belt angle and occupant/belt friction on the risk of the maxi-

mum submarining distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.
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(a) (b) (c)

Figure J.52: Influence of recline angle and occupant/seat friction on the risk of the maximum sub-

marining distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.

(a) (b) (c)

Figure J.53: Influence of recline angle and impact pulse on the risk of the maximum submarining

distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.
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(a) (b) (c)

Figure J.54: Influence of recline angle and occupant/belt friction on the risk of the maximum sub-

marining distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.

(a) (b) (c)

Figure J.55: Influence of occupant/seat friction and impact pulse on the risk of the maximum sub-

marining distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.
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(a) (b) (c)

Figure J.56: Influence of occupant/seat friction and occupant/belt friction on the risk of the maxi-

mum submarining distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.

(a) (b) (c)

Figure J.57: Influence of impact pulse and occupant/belt friction on the risk of the maximum sub-

marining distance exceeding: a) 0 mm, b) 50 mm, c) 150 mm.

369



APPENDIX J. ANALYSIS OF FULL-FACTORIAL GENERATED DATASET

J.3.4 Lap Belt Tension

Three cut-off values were established for this metric: 4, 6, and 8 kN. These plots are

shown for each parameter in order of influence (see Table 9.1.

(a) (b) (c)

Figure J.58: Influence of impact pulse and fore-aft lap belt angle on the risk of the maximum lap

belt tension exceeding: a) 4 kN, a) 6 kN, c) 8 kN.

(a) (b) (c)

Figure J.59: Influence of impact pulse and occupant/seat friction on the risk of the maximum lap

belt tension exceeding: a) 4 kN, a) 6 kN, c) 8 kN.
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(a) (b) (c)

Figure J.60: Influence of impact pulse and foot support on the risk of the maximum lap belt tension

exceeding: a) 4 kN, a) 6 kN, c) 8 kN.

(a) (b) (c)

Figure J.61: Influence of impact pulse and overhead lap belt angle on the risk of the maximum lap

belt tension exceeding: a) 4 kN, a) 6 kN, c) 8 kN.
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(a) (b) (c)

Figure J.62: Influence of fore-aft lap belt angle and occupant/seat friction on the risk of the maxi-

mum lap belt tension exceeding: a) 4 kN, a) 6 kN, c) 8 kN.

(a) (b) (c)

Figure J.63: Influence of fore-aft lap belt angle and foot support on the risk of the maximum lap

belt tension exceeding: a) 4 kN, a) 6 kN, c) 8 kN.
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(a) (b) (c)

Figure J.64: Influence of fore-aft lap belt angle and overhead lap belt angle on the risk of the

maximum lap belt tension exceeding: a) 4 kN, a) 6 kN, c) 8 kN.

(a) (b) (c)

Figure J.65: Influence of occupant/seat friction and foot support on the risk of the maximum lap

belt tension exceeding: a) 4 kN, a) 6 kN, c) 8 kN.
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(a) (b) (c)

Figure J.66: Influence of occupant/seat friction and overhead lap belt angle on the risk of the maxi-

mum lap belt tension exceeding: a) 4 kN, a) 6 kN, c) 8 kN.

(a) (b) (c)

Figure J.67: Influence of foot support and overhead lap belt angle on the risk of the maximum lap

belt tension exceeding: a) 4 kN, a) 6 kN, c) 8 kN.
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