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Abstract  

Rear seat occupant safety has been identified as an area of concern in frontal impacts, with small 

stature females experiencing severe injuries more frequently, including a higher rate of thoracic 

injuries. Seat belts, the primary restraint for rear seat occupants, have been identified as contributors 

to thoracic injury, with studies finding that belt geometry and belt anchor locations influence 

occupant response. 

A new small stature female Anthropometric Testing Device (ATD) to be used in vehicle testing is the 

THOR-5F ATD, designed with improved anthropometry and updated measurement capabilities, 

including four chest deflection sensors. 

In this study, a Finite Element (FE) model of the THOR-5F was validated against physical testing of 

the THOR-5F ATD in a Rigid Bench test configuration with a 23 g frontal crash pulse, by comparing 

belt interaction, iliac forces, pelvis accelerations, chest deflections, and head accelerations. The 

THOR-5F FE model was also assessed on a simplified version of an existing bench with a pivoting 

seat (Semi-Rigid Bench) and a 4-Point 2-Belt system, and the results were compared with those from 

a 9 g sled test reported in the literature. In both bench configurations, the overall THOR-5F FE 

response matched the reported physical response well, with an average ISO 18571 rating of 0.71, 

corresponding to a ñFairò grade. Physical testing of the THOR-5F ATD also showed bottoming out of 

the lower-right chest deflection sensor, which is currently under investigation as the THOR-5F design 

is being refined. 

Parametric studies were conducted to explore the effects of shoulder and lap belt anchor positioning 

in the fore/aft (X), lateral (Y), and vertical (Z) directions on THOR-5F FE peak chest deflections and 

peak resultant pelvis accelerations. The shoulder belt anchor X and Y-positions had a large effect on 

the overall peak chest deflection in both bench configurations, with rearward and inboard anchor 

locations reducing deflection, and the lowest deflections approximately 16% lower than the average. 

The lap belt anchor position had a smaller effect than the shoulder belt anchor on chest deflections. 

Based on preliminary chest deflection injury risk curves, rearward and inboard shoulder belt anchor 

positions resulted in lower corresponding AIS 3+ injury risks. However, the risks remained very high 
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across all anchor configurations in both benches, indicating a need to implement restraint 

technologies, such as load limiters, in addition to favorable anchor positions. 

The lap belt anchor position had a larger effect on peak pelvis acceleration than the shoulder belt 

anchor position. The X, Y, and Z-positions of the lap belt anchor influenced the peak resultant pelvis 

acceleration in the Rigid Bench, with rearward, upward, and inboard locations reducing pelvis 

accelerations. The Y-position of the lap belt anchors and the YZ interaction had the largest effect on 

pelvis acceleration, indicating a complex interaction between the anchors and the Semi-Rigid Bench 

components. 

This study demonstrated that the Rigid and Semi-Rigid Bench FE models could replicate physical 

occupant and restraint responses, and that anchor position affected the chest deflection and pelvis 

acceleration of the THOR-5F FE. Future research should focus on belt material properties, vehicle 

fleet-specific anchor positions, the implementation of load limiters, and the combined interactions 

between shoulder and lap belt anchor positions. 
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Chapter 1  

Introduction 

1.1 Research Motivation  

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

of vehicle fatalities. Out of all collision types, frontal impacts accounted for 60% of passenger vehicle 

deaths in 2023 in the United States, while in Canada, frontal impacts represented the most fatal multi-

vehicle collision mode (Insurance Institute for Highway Safety, n.d.; Transport Canada, 2025). 

Historically, the rear seat of vehicles was considered to be the safest position in frontal impact 

conditions, compared to the front seat (Mayrose & Priya, 2008). However, recent evidence has 

suggested that rear seats are becoming relatively less safe compared to the front seat, with restrained 

occupants facing a higher risk of fatality (Durbin et al., 2015) and increased exposure with higher rear 

seat occupancy rates associated with ride-sharing transportation (Nemire, 2017). In addition, female 

occupants have been identified as having a higher risk of injury in the rear seat environment 

(Jermakian et al., 2019) compared to males. 

The lower rear seat occupant safety compared to the front seat has been attributed in part to the focus 

on advancing safety technologies in the front seat, due to the higher emphasis on front seat occupant 

safety in regulatory testing (Durbin et al., 2015). In automotive safety testing, occupant surrogates, 

including physical anthropomorphic test devices (ATDs) from different manufacturers, are used to 

assess the performance of automobile safety systems (Crandall et al., 2011; H. J. Mertz & Irwin, 

2015; Schmitt et al., 2025). In addition to physical testing, computational modelling of ATDs 

provides several advantages, including the ability to evaluate the effects of design parameter changes 

and reduce costs associated with physical testing and to assess new ATDs in a variety of controlled 

impact scenarios (Yang & Chou, 2015). 

The frontal crash tests defined by Canadian (CMVSS 208) and United States (FMVSS 208) standards 

evaluate the small female Hybrid III 5th percentile ATD (HIII-5F) only in the driver and first-row 

passenger seats (National Highway Traffic Safety Administration, 2026a). However, the HIII-5F 

ATD is being implemented in the rear seat in consumer test programs worldwide (Tang et al., 2022). 

Research using the HIII-5F in the rear seat indicated that the belt placement, anchor geometry, and 

crash pulse severity strongly influenced ATD kinematics (Tylko & Bussières, 2012), while additional 
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studies have found that belt positioning affected chest deflections (Edwards et al., 2022). Several 

computational studies using ATD models in rear seat environments, including those of the HIII  

5F, the Hybrid III 50th percentile male (HIII -50M) and the Test Device for Human Occupant Restraint 

50th percentile male (THOR-50M), have also found that belt anchor location influenced occupant 

response (Hu, Wu, Klinich, et al., 2013; Meng et al., 2025; Youn et al., 2015). 

While the HIII-5F is currently used in regulatory safety testing (Boyle et al., 2024), there are 

recognized limitations of the surrogate. Rear-seat studies from Transport Canada identified that chest 

deflection measurement is influenced by the seat belt motion (Tylko & Bussières, 2012). In addition, 

the HIII-5F thorax was stiffer than a human thorax (Carroll et al., 2021), and the HIII-5F was derived 

by scaling down the HIII -50M instead of using female-specific dimensions (Linder & Svensson, 

2019; Tang et al., 2022). 

The 5th percentile female THOR ATD (THOR-5F) is a modern ATD designed for improved 

biofidelity and updated instrumentation compared to the HIII-5F (Lee et al., 2020; Wang et al., 2017). 

One study conducted physical sled testing with the THOR-5F and the HIII -5F in 2 different front seat 

belt anchor configurations, representing the locations of 3 different vehicles (Eggers et al., 2023), 

finding that different shoulder belt routings influenced chest deflection; however, it did not evaluate 

rear seat configurations or isolate the effects of seat belt anchor positioning on small stature female 

occupant response. Additionally, based on the available published literature, limited work has 

examined the effect of belt anchor positioning on the THOR-5F in a controlled rear seat environment. 

Given the simpler nature of the rear seat restraint system with the seat belt as the primary restraint 

(Mizuno et al., 2018), the rear seat environment could provide a useful platform for evaluating 

different human surrogates, such as the THOR-5F, as well as restraint parameters such as anchor 

location. However, full-vehicle crash testing may be costly and complex (Smyth & Smith, 2007) and 

may introduce variability associated with vehicle seat properties. Sled testing, comprising a seat with 

an occupant surrogate and restraint system on an acceleration sled, is a repeatable method for 

evaluating vehicle safety systems (Smyth & Smith, 2007). Rear seat safety sled testing bench 

configurations include a rigid seat pan configuration (e.g., Luet et al., 2012), which prioritizes 

repeatability and reproducibility, and a semi-rigid seat pan configuration (e.g., Uriot et al., 2015), 

which aims to better represent the rear seat environment. Consequently, the use of a simplified testing 
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bench may enable a controlled investigation of THOR-5F occupant responses while isolating the 

effects of specific restraint parameters, such as seat-belt anchor geometry, on rear seat occupant 

response. 

1.2 Research Objectives  

The overall aim of this study was to develop and validate FE models of two rear seat bench sled tests 

and to use these models to determine the effects of shoulder and lap belt anchor positioning on the 

kinematics of a small stature female rear seat occupant during a frontal impact. To achieve this aim, 

three objectives were defined: 

Objective 1: Develop a FE model of the Transport Canada Rigid Bench and validate a THOR-5F FE 

model in the controlled environment through kinetic and kinematic comparisons to physical sled tests 

with matched initial conditions and boundary conditions. The Rigid Bench FE model was developed 

to match the physical bench designed at Transport Canada, and the THOR-5F FE was positioned on 

the bench to match the pre-test sled test position. After implementing an open-source FE seat belt 

model, the crash pulse used in the physical Rigid Bench tests at Transport Canada was applied, and 

the resulting THOR-5F responses were compared to the physical test time history responses. 

Objective 2: Develop a simplified FE model of a previously published physical Semi-Rigid Bench 

(Richard et al., 2022) in a rear seat configuration, including a 4-point 2-belt system, and validate the 

THOR-5F FE model with published physical test responses. The THOR-5F FE was positioned to 

match the test position described in the paper, and one rear seat configuration was simulated, 

including the 4-point 2-belt system. The responses were compared with the physical test data to 

validate the THOR-5F FE on the Semi-Rigid Bench. Then, the bench model was updated to include a 

standard 3-point seat belt system for comparison between the Rigid and Semi-Rigid Benches. 

Objective 3: Determine the effect of seat belt anchor positioning on the THOR-5F FE kinematics and 

injury-related metrics in both the Rigid Bench and Semi-Rigid Bench, specifically on chest deflection 

and pelvis acceleration. A 33 design-of-experiments (DOE) matrix of seat belt anchor locations was 

defined from a study that examined multiple rear seat anchor locations, and from the matrix, all 

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

chest deflection and peak resultant pelvis acceleration were compared. Additionally, the effects of 



 

4 

 

belt anchor positioning in the X, Y, and Z directions were quantified, and the potential influence of 

seat pan deflection on the effect of belt anchor locations was investigated. 

1.3 Thesis Organization  

Chapter 2 presents background information on rear seat occupant injury sources and characteristics, 

current safety standards and seat belt geometries, and an overview of the THOR-5F anthropomorphic 

test devices and crash test benches. 

The next chapter (Chapter 3) details the physical testing undertaken at Transport Canada and the FE 

modelling approach corresponding to the physical tests. Chapter 3 also covers the process of creating 

a simplified FE model of a Semi-Rigid Bench and integrating the THOR-5F FE model on the bench. 

The FE model was assessed by comparing kinetic and kinematic responses with a published study 

that used the physical Semi-Rigid Bench with a 4-point 2-belt system and the physical THOR-5F 

ATD. Additionally, the chapter discusses the belt anchor study, in which, for both benches, the belt 

anchor position varied in 3 dimensions to determine the effect of anchor locations for each component 

(X, Y, Z). To capture a wide range of rear seat belt anchor locations representative of the vehicle 

fleet, the anchor locations were defined based on the minimum and maximum values reported in a 

survey of vehicle rear seat geometry (Aram & Rockwell, 2012), with the midpoint between these 

values included, resulting in 3 levels for each dimension. The following chapter (Chapter 4) presents 

the results from the methods described in Chapter 3. 

Chapter 5 discusses the results, compares the Rigid and Semi-Rigid Benches, evaluates the effects of 

seat belt anchor locations on the THOR-5F response, and explores the mechanisms driving the 

observed responses. This chapter also identifies seat belt anchor locations associated with more 

favorable and less favorable occupant responses. Additionally, the chapter describes the current 

regulations for the rear seat anchor locations and their relation to the study findings and discusses the 

study limitations. Chapter 6 provides a conclusion based on the study's results and discussion and 

offers recommendations for effective belt anchor positioning. 
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Chapter 2  

Background 

2.1 Rear Seat Occupant Safety in Frontal Impact  

Frontal impacts continue to account for a large portion of vehicle fatalities, representing 60% of 

passenger vehicle deaths in 2023 in the United States, while in Canada, the head-on collision 

represented the most fatal multi-vehicle collision mode (Insurance Institute for Highway Safety, n.d.; 

Transport Canada, 2025).  

Previous studies have found that rear seat occupants historically experienced a lower risk of fatality 

relative to front seat occupants. An analysis of crash data from the National Highway Traffic Safety 

Administration (NHTSA) Fatality Analysis Reporting System (FARS), for passenger vehicle crashes 

from 1990 and 2001 reported the risk of death for rear seat occupants was, on average, 21% lower 

compared to front seat passengers (Smith & Cummings, 2006). Another study looking at fatal crashes 

between 2000 and 2003 found that the chances of surviving for the second-row occupants were 

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

chance of survival compared to all other seats (Mayrose & Priya, 2008). 

More recent studies have reported a shifting trend, with the rear seat becoming relatively less safe 

than the front seat. A 2015 study analyzing two automotive crash databases, the National Automotive 

Sampling System Crashworthiness Data System (NASS-CDS) and FARS, found that vehicle models 

newer than 2007 have a 46% higher risk of fatality for rear seat occupants than for front-row 

occupants (Durbin et al., 2015; Jermakian et al., 2019). The primary cause of the increase in relative 

safety of the front seat compared to the rear is the implementation of safety technologies. 

Technologies such as load limiters, pretensioners and airbags were implemented primarily in the front 

seat and less consistently in the rear seat; a Consumer Reports rating in 2020 found that less than 40% 

of current vehicles had load limiters and pretensioners in the rear seat (Barry, 2020; Edwards et al., 

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

resulting in higher crash pulse severity for the rear seat (Esfahani et al., 2011). In addition to the rear 

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

emergence of ridesharing, including taxis. In a study looking at the rear seat occupancy rates in San 
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Francisco and Las Vegas, 81% of ride share passengers and 91% of taxi passengers use rear seats 

compared to the front seat (Nemire, 2017). 

Of the occupants injured in frontal impacts, female occupants were found to be at higher risk of 

sustaining serious injury or fatalities. A 2019 study looking at the injuries and fatalities of belted rear 

seat occupants found that female occupants were at higher risk than male occupants (Figure 2.1) 

(Jermakian et al., 2019). A study conducted in 2011 found that females were 47% more likely than 

males to sustain a serious injury when exposed to a comparable crash, which is potentially due to the 

bias in safety system testing towards male occupants (Bose et al., 2011). The commonly observed 

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

interior or intrusion into the vehicle, or the chest from seat belt loading (Jermakian et al., 2019).  

 

 

Figure 2.1: Comparison of male and female injuries and fatalities in the rear seat. Reproduced 

from Jermakian et al. (2019). 
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2.2 Seat Belts and Occupant Restraint  

In the 1930s, physicians advocated seat belts for injury mitigation, and starting in 1950, lap belts were 

introduced in American vehicle models. In the 1970s, legislation on seat belt use was emerging 

globally (Agarwal et al., 2021; Eastman, 1981; Gantz & Henkle, 2002). To mitigate the risk of 

abdominal injury from early lap belt designs, Griswold and Haven (1955) introduced an early lap-

and-shoulder belt configuration, with a buckle in the middle (Agarwal et al., 2021; Griswold & De, 

1955). The modern-day 3-point seat belt was invented by Nils Bohlin in 1958 (Luet et al., 2012), 

which had the buckle on the side, allowing the occupant to secure the belt with one hand (Agarwal et 

al., 2021) . The locking retractor, which followed the introduction of the 3-point belt, allowed the belt 

to loosen and retract for occupant comfort, but constrained it when a sudden load was applied by the 

occupant during vehicle deceleration (Agarwal et al., 2021; Ryan, 1963). 

Another safety technology that enhanced occupant safety is the load limiter, which was introduced in 

the mid-1990s when airbags were common (Agarwal et al., 2021; Brumbelow et al., 2007). The first 

variations of the load limiter had a stitched fold in the seat belt webbing, which tore and unfolded at 

the load limit (Agarwal et al., 2021; Kahane, 2013). The modern load limiter, located in the retractor, 

limits the force from the belt by allowing pay-out of belt webbing at a threshold load, deforming a 

torsion bar (Håland, 2006). 

The pre-tensioner was also introduced in 1983 enabled the occupant to be comfortable during normal 

use while also enabling proper restraint fit during impact (Håland, 2006; Mitzkus & Eyrainer, 1984). 

The pretensioners were pyrotechnic; upon electronic sensor detection, a gas was generated to create 

higher pressure, resulting in the belt pulling in. Modern-day seat belt systems commonly use load 

limiters and pyrotechnic pretensioners at the retractor, and for the lap belt, pretensioners can be found 

in the buckle (Agarwal et al., 2021). 

The seat belt should be as effective as possible and follow the maxims of good restraint defined by 

Eppinger (2002) (Table 2.1). The implementation of pretensioners and load limiters helps the restraint 

systems adhere to the maxims. Pretensioners, when activated by a sensor, quickly retract the belts 

during the onset of a crash to remove slack in the belt and allows the belt to act earlier and over a 

larger time, reducing peak belt forces. Load limiters increase the distance over which a force is acting 

on the occupant, which results in lower energy being absorbed by the occupant (Eppinger, 2002). Seat 
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belt systems in the rear seat do not commonly include load limiters or pre-tensioners (Edwards et al., 

2022), which may result in higher peak belt forces for rear seat occupants. 

 

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

Maxim Reason 

Extend the duration of the restraint force on 

occupant 

Reduces the rate of the restraint force application, 

resulting in lower peak forces experienced by the 

occupant 

Increase the distance over which the restraint 

forces act on the occupant relative to the 

ground 

Increases the extraction of kinetic energy through work, 

resulting in less energy being absorbed by the occupant 

Apply as much restraint force possible, as 

early as possible 

 

Maximizes kinetic energy extracted because the body 

translates more over the ground during the early phase of 

the crash; thus, work and energy extraction are the 

greatest. 

Early in the crash pulse is when the occupant translates 

the most; early application of restraint forces increases 

energy dissipated through work and reduces the energy 

absorbed by the body 

Limit body articulation of occupant, 

minimize deformation rates and localized 

deformation during restraints 

Reduces body articulation, high deformation rates and 

local deformations, which are associated with injury 

mechanisms 

Distribute loading from restraint over as large 

a contact area as possible 

Distributing loads over a larger contact area reduces 

localized stress and surface pressures, lowering the risk 

of deformation-based injury 

Distribute restraint loads through the bony 

structures while minimizing loading of soft 

tissues 

 

Loads skeletal structures such as the pelvis femur, 

thorax, shoulder and head, which are more capable of 

experiencing higher loading with minimal deformation, 

while soft tissues are susceptible to injury under restraint 

forces 

 

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

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

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

36 injured occupants and were attributed to shoulder belt loading, and that the specific chest injury 
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varied with the age of the occupant, with the younger occupants primarily experiencing lung 

contusions while the older occupants were more likely to experience rib fractures and injuries to the 

heart and major vessels, indicating the age-dependence of thoracic injury tolerance. 

The absence of airbags and seat belt technologies, such as pretensioners and load limiters, in the rear 

seat has potentially resulted in a stronger influence of belt anchor location on injury, with the shoulder 

belt anchor position affecting the upper body kinematics of rear seat occupants (Meng et al., 2025; 

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

kinematics are detailed in Section 2.7. 

2.3 Small Stature Female Human Surrogates  

Testing for vehicle occupant safety can involve physical surrogates or numerical models. Physical 

surrogates for testing are post-mortem human subjects (PMHS), human volunteers, animals and 

animal cadavers, and the Anthropomorphic Testing devices (ATDs) (Carpanen et al., 2016; Crandall 

et al., 2011). PMHS were crucial in creating injury risk curves and provide the advantage of 

anatomical accuracy; however, a significant drawback is the availability of PMHS that meet the 

criteria of a test (Carpanen et al., 2016). The drawbacks for human volunteers are the inability to 

expose subjects to injury-inducing loading and, for animal testing, differences in anatomy and 

physiology (Carpanen et al., 2016). 

ATDs represent the human body when evaluating occupant safety (H. J. Mertz & Irwin, 2015) and 

simulate the kinematics and kinetics of the human body's response in impact. ATDs are also fitted 

with instruments to measure forces, deflections, and accelerations experienced in frontal crashes, 

allowing for the indication of potential injury using injury criteria while also being durable for 

repeatable experiments (Carpanen et al., 2016). Initially developed for air force ejection testing, the 

ATDs were adopted for the frontal impact crash tests. The Hybrid II, developed in 1972, was a 

commonly used ATD to assess belt systems and mimicked the mass and size of the 50th percentile 

adult male but lacked instrumentation and was too stiff. The Hybrid III 50th percentile male ATD 

(HIII -50M) was developed to address these deficiencies, with more human-like response for the head 

and neck, with more instrumentation in the head, neck, upper torso, pelvis and spine, and replaced the 

Hybrid II in crash testing for frontal crash, becoming the primary regulatory ATD for crash testing in 

1997. The Hybrid III 5th percentile (HIII-5F) female ATD was developed in 1987, with the size and 
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lengths of the ATD matching those of the 5th percentile female in the US population. However, aside 

from size, the HIII-5F was identical to the HIII-50M, lacking anatomical accuracy (Linder & 

Svensson, 2019; Tang et al., 2022). 

As a result of the HIII ATDsô limited ability to accurately represent and measure chest deflections, 

the Test Device for Human Occupant Restraint (THOR) 50th percentile male (THOR-50M) was 

developed starting in the early 1990s, and had more human-like anatomy, with a two segment 

thoracic spine, a more anatomically accurate rib cage, and passive muscle force simulations for the 

neck and ankles (H. J. Mertz & Irwin, 2015). The improved thoracic design and implementation of 

advanced instrumentation, such as three-dimensional deformation measurement of the rib cage, have 

provided improved capability to assess thoracic injury risk (National Highway Traffic Safety 

Administration, 2023). 

2.3.1 THOR-5F Physical ATD and Biofidelity  

A 5th percentile female version of the THOR ATD (THOR-5F) had initially been designed in 2003 

(McDonald et al., 2003) but had not been updated until 2015 (Wang et al., 2017). The THOR-5F 

(Figure 2.2) had notable anatomical and instrumentation updates from the HIII-5F, including a 

combined skull and facial load cell mounting plate, a redesigned clavicle designed for shoulder belt 

contact and engagement based on the statistical shape model of the female clavicle (Lu & Untaroiu, 

2013; Wang et al., 2017). The THOR-5F sternum and breast were integrated to address variances in 

testing due to breast location, resulting in a more anatomically accurate representation and the pelvis 

design was based on a female-specific pelvis bone model (Klein et al., 2016; Wang et al., 2017). The 

updates to the THOR-5F provided anatomical accuracy that was missing in the HIII-5F. Additionally, 

the THOR-5F can record up to 174 channels, which is over 100 channels more than the HIII-5F 

instrumentation (Humanetics Innovative Solutions, n.d.; Shah et al., 2017). The THOR-5F features 

four Infra-Red Telescoping Rods for the Assessment of Chest Compression (IRTRACC) sensors, 

which allow for more accurate measurement than the potentiometer used in the HIII-5F. 
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Figure 2.2: THOR-5F ATD seated in a testing bench. Photo taken by Transport Canada. 

 

The THOR-5F ATD has undergone design updates throughout the past few years, from its initial 

design described in 2017. Wang et al. (2018) evaluated the biofidelity of the THOR-5F ATD body 

regions using the third version of the BioRank scoring system (Table 2.2) from Rhule et al. (2018) 

and found the overall biofidelity of the ATD to be 1.28, within the ñgoodò range. The head and 

shoulder biofidelity were excellent, while the neck, thorax, abdomen, pelvis and lower extremity were 

in the ñgoodò range. An updated version of the ATD design, from a package in September 2019 

recorded an overall biofidelity of 1.52, corresponding to a ñgoodò rating, with only the shoulder 

scoring an ñexcellentò rating while the head, thorax, Knee-thigh-hip and lower extremity were rated 

as ñgoodò. The neck and abdomen both scored above 2.0, which was categorized as ñmarginalò 

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

2020). 

Biofidelity  BioRank score (B) Statistical interpretation 

Excellent B Ò 1.0 Within 1 standard deviation of the mean 

Good 1.0 < B Ò 2.0 Between 1ï2 standard deviations of the mean 

Marginal 2.0 < B Ò 3.0 Between 2ï3 standard deviations of the mean 

Poor B > 3.0 Outside 3 standard deviations of the mean 

 

The THOR-5F biofidelity was evaluated through subsequent sled tests in a simplified frontal impact 

sled configuration (ñgold standardò condition), which was conducted by The Ohio State University 

and the University of Virginia (Wang et al., 2021). Using the NHTSAôs updated method for 

evaluating biofidelity, the overall BioRank score was 0.89, corresponding to ñexcellentò biofidelity. 

The biofidelity ranged from 0.67ï1.0 for the head, spine, thorax and pelvis, corresponding to 

ñexcellentò biofidelity, while the belt load scored 1.23, which was rated as ñgoodò biofidelity. An 

additional study investigated the THOR-5F abdominal loading, finding that the THOR-5F ATD 

showed good biofidelity overall, with a BRS score of 1.84, however, the THOR-5F showed a softer 

initial stiffness in all loading conditions compared to the PMHS and a rapid increase of force when 

compressed beyond 30% abdomen depth (Ramachandra et al., 2023). 

A study by Richard et al. (2022) investigated the biofidelity of the THOR-5F ATD in the sled setup 

discussed in Section 2.5.2, with three configurations: Configuration 1 representing the standard rear 

seat, and Configurations 2 and 3 representing the submarining configurations. From the submarining 

configurations (Configurations 2 and 3), the THOR-5F demonstrated similar submarining behavior to 

the PMHS overall, with slightly later submarining times and similar pelvis excursion. In the first 

configuration (non-submarining), the pelvis excursions of the ATD were higher, which was explained 

by the difference in flesh thickness between the THOR-5F ATD and the PMHS. Additionally, the lap 

belt loads and pelvis kinematics were generally similar to those of the PMHS, with slight delays in 

restraint engagement and kinematic response, potentially due to anthropometric differences between 

the PMHS and ATD, as outlined by the author. 
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Somasundaram et al. (2023) also investigated the THOR-5F biofidelity seated in upright and reclined 

positions in a sled buck containing a semi-rigid seat and anti-submarining pan from Uriot et al. 

(2015), with a seat integrated 3-point belt. The configuration with the THOR-5F underwent two crash 

pulses: a 4.5 g and a 9.5 g crash pulse. The THOR-5F biofidelity was evaluated using an updated 

version of the BRS (Hagedorn et al., 2022). In the upright configuration, the THOR recorded average 

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

corresponding to ñexcellentò and ñgoodò biofidelity, respectively (Somasundaram et al., 2023). The 

head, spine, pelvis and seat belts, similar to other THOR-5F evaluations, had ñexcellentò biofidelity 

in the low crash pulse; however, the average scores of the head, pelvis and belts were within ñgoodò 

biofidelity (1.01ï1.39) for the high crash pulse. 

The THOR-5F is still undergoing design updates to improve durability (National Highway Traffic 

Safety Administration, 2026b). Durability concerns with the THOR-5F have been identified from rear 

seat sled testing with a 40 g crash pulse, in which severe rib deformation and IR-TRACC failures 

were observed, indicating a need to improve durability while maintaining biofidelity (Hutter et al., 

2024). Another design focus is the THOR-5F ankle, which is less stiff than the PMHS ankle. The 

current release of the THOR-5F, as of October 2025, is the Standard Build Level C (Cellbond, n.d.; 

Humanetics, 2024), and the THOR-5F ATDs used in this study are Standard Build Level B (SBL-B). 

2.3.2 ATD Injury Criteria and Injury Risk Metrics  

For ATDs to effectively represent human occupant response in crash testing, the relationship between 

the ATD measurements and the resulting injury risk is crucial, as ATDs output a parametric response 

rather than direct injury information (Xu et al., 2018). Injury criteria relate a physical response 

parameter with the probability of an injury through a specific injury mechanism, and are based on 

experimental studies and empirical data (Schmitt et al., 2025). 

The Abbreviated Injury Scale (AIS) is a standard method for classifying injuries by body region and 

severity in automotive injury research (ñAbbreviated Injury Scale (AIS),ò n.d.). Injuries are ranked 

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

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

Cavanaugh & Yoganandan, 2015). 

AIS code Injury severity Injury  

1 Minor 1 rib fracture 

2 Moderate 2 rib fractures, sternum fracture 

3 Serious 3+ rib fractures, unilateral flail chest with 3ï5 flail 

ribs 

4 Severe Unilateral flail chest with >5 ribs 

5 Critical Bilateral flail chest 

6 Maximal 

(Untreatable) 

Aortic laceration with hemorrhage not confined to 

mediastinum 

 

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

relationship between the loads measured by the ATD and the probability of injury at a given severity 

level (Xu et al., 2018). The injury curves are developed from statistical relationships between injury 

occurrence and the injury criterion experienced by the body when under external load from impact 

(Petitjean et al., 2015). Injury risk curves are developed using PMHS responses to a known stimulus, 

such as acceleration, force and the recording of any failure in the test samples (Prasad, 2015). From 

the injury risk curve, an Injury Assessment Reference Value (IARV) was selected such that if the 

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

considered ñunlikelyò, which was defined as less than 5% (H. J. Mertz, 2002). The IARVs for the 

HIII -5F are ATD-specific and are scaled from the HIII-50M based on size and mass (H. Mertz et al., 

1989). 

The regulatory standards for frontal impacts in the United States and Canada (FMVSS/CMVSS 208) 

also define required thresholds for vehicle manufacturers, with the defined thresholds also based on 

PMHS and animal testing (Prasad, 2015). For the HIII -5F in frontal impact the head, neck, thorax and 

femur are evaluated (Table 2.4) (National Highway Traffic Safety Administration, 2026a).  
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Table 2.4: Injury metrics for the HIII -5F ATD in the FMVSS/CMVSS 208 standard for frontal 

impact (National Highway Traffic Safety Administration, 2026a). 

Metric  Threshold 

Head injury criterion (HIC15) 700 

Neck injury criterion (Nij) 1 

Neck axial force (FZ) [kN] -2.62 (compression), 2.52 (tension) 

Thorax acceleration [g] 60 

Thorax deflection [mm] 52 

Femur axial force [kN] 6.805 

 

The injury risk curves for the THOR-5F are still being developed, with a need for matched PMHS 

testing (Boyle et al., 2024). NHTSA is currently conducting THOR-5F tests in a simplified sled test 

configuration that was used to record PMHS and HIII-5F data, and a complex configuration with 

advanced seat belts and airbags (National Highway Traffic Safety Administration, 2026b). 

2.3.2.1  Thoracic Injuries and Injury Metrics 

Thoracic injuries are grouped into skeletal (e.g. rib fractures) and soft tissue injuries (e.g. lung 

contusion). Soft tissue thoracic injuries may involve the respiratory system, heart and aorta (Schmitt 

et al., 2025). Rib fractures are, in general, the most frequent type of AIS 3+ chest injuries (Leport et 

al., 2011) and may also lead to hemothorax or pneumothorax (Cavanaugh & Yoganandan, 2015). The 

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

thoracic compression (Schmitt et al., 2025). 

Rear seat occupants have experienced both skeletal and soft tissue injuries, including rib fractures, 

lung contusions, hemothorax, pneumothorax, and heart or vessel damage, with 20 of the 22 

occupants' chest injuries due to shoulder belt loading (Jermakian et al., 2019). While children 

generally suffered soft tissue injuries, such as lung contusions, older occupants more frequently 

sustained skeletal injuries, such as rib fractures. 
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Arbogast et al. (2012), examining the Crash Injury Research and Engineering Network (CIREN) 

database, found that multiple and bilateral rib fractures were more common among adult (25+ years) 

occupants. The injured adults were generally involved in lower severity impacts, but all sustained 

complex rib fractures, with 7 of the 8 experiencing multiple rib fractures, and 4 of the 8 bilateral. Belt 

compression was identified as the primary injury mechanism. Additional injuries that were observed 

included diaphragm laceration, sternum fracture, and mediastinal hematoma. 

Lung contusion is generally considered to be rate dependent, and the occurrence of rib fractures, 

along with hemothorax and pneumothorax are considered to be primarily deflection dependent 

(Cavanaugh & Yoganandan, 2015). In the frontal impact regulation (FMVSS/CMVSS 208), the 

thoracic injury criteria for the HIII-5F include a maximum chest deflection of 52 mm and a maximum 

thoracic acceleration of 60 g over a 3 ms cumulative interval (National Highway Traffic Safety 

Administration, 2026a). The limits were derived from injury risk curves from human surrogate testing 

(Bandak et al., 1999). The regulatory chest deflection limit was based on the 5% AIS 4+ injury risk 

value, instead of the AIS 3+ injury risk value. The reason for using AIS 4 was that AIS 3 was 

generally associated with rib fractures, which children rarely experienced, and AIS 4+ covered both 

rib fractures and soft tissue injuries (Bandak et al., 1999). A THOR-5F injury risk criterion is 

currently under consideration (National Highway Traffic Safety Administration, 2026b). The 

maximum deflection across the 4 chest sensors is used in the Euro NCAP frontal test procedures for 

the THOR-50M (Euro NCAP, 2025). 

NHTSA developed preliminary THOR-5F thoracic injury risk functions using matched-pair small 

stature female PMHS and THOR-5F sled tests. The predictor variables investigated were the 

maximum deflection across the four THOR-5F chest sensors in the X direction, X-Y resultant 

direction, and X-Y-Z resultant direction (Lee & Craig, 2021). The data from the matched-pair tests 

were then used to generate AIS 3+ thoracic injury risk functions based on the respective chest 

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

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

 

2.4 Safety Regulations and Evaluation for Rear Seat Occupants  

Despite numerous tests to evaluate front seat occupant safety in frontal impacts, there is limited 

regulation for the injury assessment of rear seat occupants (Jermakian et al., 2019). While the 

regulations do not consider the rear seat occupants in frontal crash testing standards, consumer tests, 

which evaluate and compare vehicles to encourage manufacturers to design beyond the minimum 

requirements (Schmitt et al., 2025), have started to implement or consider implementing rear seat 

adult occupants in its evaluation. 

The National Highway Traffic Safety Administration (NHTSA), the governing body of automobile 

safety, began considering improvements to the New Car Assessment Program (NCAP), with rear seat 

occupant safety among them. Additionally, several NCAP programs worldwide have begun to 

implement the HIII-5F in the rear seat for frontal impact tests (Tang et al., 2022). In the European 
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version of the NCAP (Euro NCAP), a HIII-5F is placed in the passenger side of the rear seat for the 

Full Width Deformable Barrier (FWDB) test with a 56 km/hr pulse, with metrics from the head, neck, 

chest, abdomen, knee, femur, pelvis and lower extremities evaluated (Table 2.5). The standard also 

uses head excursion to modify the score for the head region (Euro NCAP, 2025). 

 

Table 2.5: Injury metrics for the HIII -5F ATD in the Euro NCAP evaluation for frontal impact  

(Euro NCAP, 2025). 

Criterion  Value/Range Cap 

Head injury criterion (HIC15) 500ï700 700 

Head resultant acceleration (Ares-3ms) [g] 72ï80 80 

Neck shear force (Fx, shear) [kN] 1.2ï2.0 NA 

Neck tension force (FZ, tension) [kN] 1.70ï2.6 NA 

Neck extension moment (MYextension) [Nm] 36ï49 NA 

Chest compression (Dchest compression) [mm] 22ï42 42 

Viscous criterion (Vviscous criterion) [m/s] 0.5ï1.0 1.0 

Femur force (Ffemur) [kN] 2.6ï6.2 NA 

Knee displacement (DKnee) [mm] 6ï15 NA 

Tibia index (Itibia) 1.3 NA 

Tibia force (Ftibia) [kN] 8.0 NA 

 

The Insurance Institute for Highway Safety (IIHS), a nonprofit scientific organization dedicated to 

vehicle safety, has initiated the process of integrating second-row occupant protection for scoring and 

awarding vehicles. An additional HIII -5F ATD is placed in the rear seat of the vehicle in a moderate 

overlap frontal crash test, in which the vehicle collides with a barrier with 40% overlap at 60 km/hr 

(Insurance Institute for Highway Safety, 2025; Lam et al., 2014). The testing considers the injury risk 

measured by the ATD in the crash, chest injury risk in the rear seat, and intrusion in the occupant 

compartment at specific locations (Insurance Institute for Highway Safety, 2025). The testing 

considers head acceleration measurements, neck force measurements for tension and compression, 
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and chest index, which accounts for both chest deflection and shoulder belt positioning (Table 2.6). 

The shoulder belt tension and femur axial compression are also measured. Head excursion, head 

contact with the seatback, submarining, and the belt positioning to cause belt-neck contact are also 

evaluated for demerit scores. 

 

Table 2.6: Injury metrics for the HIII -5F ATD in the IIHS evaluation for frontal impact  

(Insurance Institute for Highway Safety, 2025). 

Metric  Good Acceptable Marginal  Poor 

Head injury criterion (HIC15) (only with contacts) 560 700 840 >840 

Head resultant acceleration from contact [g] >70: Downgrade scores for head and neck region 

Neck injury criterion (Nij) (only with contacts) 0.80 1 1.20 >1.20 

Neck axial tension [kN] 2.0 2.4 2.8 >2.8 

Neck compression force [kN] 2.0 2.5 3.0 >3.0 

Chest index 35 40 45 >45 

Shoulder belt tension [kN] < 5.9 NA <5.9 NA 

Femur axial compression [kN] 4.9 6.2 7.4 >7.4 

 

While consumer evaluation has progressed to include the rear seat occupant in testing, most of the 

rear seat standards in the United States and Canada are based on static criteria, such as the location of 

the seat belt anchor points and the seat belt assemblies (Durbin et al., 2015). According to the Federal 

Motor Vehicle Safety Standard (FMVSS) 210 in America, and its Canadian equivalent, the Canadian 

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

within a region that is defined by measuring the SAE manakin in the seat (Transport Canada, n.d.; 

U.S. Department of Transportation, n.d.). From the shoulder reference point of the SAE manakin, the 

upper anchor (D-ring) should be 40 degrees below or 80 degrees above the horizontal at a point 151.8 

mm above the shoulder reference point (Figure 2.4). For the lower anchor point, the angle between 

the horizontal and the H-point must be between 75 and 30 degrees. 
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Figure 2.4: Acceptable seat belt anchor locations from FMVSS/CMVSS 210 standards, adapted 

to the THOR-5F in Rigid Bench described in Section 3.2. The green regions indicate the 

acceptable seat belt anchor locations (Transport Canada, n.d.; U.S. Department of 

Transportation, n.d.). 

 

2.5 Sled Test  Benches  Representing the Rear Seat Environment  

Sled testing is a type of automotive safety testing used to evaluate vehicle component or restraint 

system performance by applying a controlled acceleration or deceleration pulse to a sled and the 

attached vehicle components (Schmitt et al., 2025). Sled tests are repeatable and less costly than full -

scale vehicle crash testing, and allow components of the test rig to be reused (Schmitt et al., 2025; 

Smyth & Smith, 2007). 
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Several types of sled-mounted test setups have been reported in the literature, including setups 

described as bucks or benches. Examples of sled-mounted setups include bucks with production 

vehicle seats (e.g. Dehner et al., 2007), a buck with a rigid seat (e.g. Luet et al., 2012), a bench with a 

foam seat (Wietholter et al., 2021), and a bench with a semi-rigid seat, referred to as the Semi-Rigid 

Bench (Uriot et al., 2015). Tests conducted in production seats were found to be inconsistent, whereas 

rigid and semi-rigid seats enable more repeatable and reproducible testing (Luet et al., 2012; Uriot et 

al., 2015). The rigid seat pan has no articulation, whereas the physical Semi-Rigid Bench uses a 

spring-loaded seat pan to enable articulation. 

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

The FMVSS 213 test bench is an example of a standard rear seat bench used in regulatory safety 

testing, specifically for child restraint testing (Wietholter et al., 2021). The test bench was initially 

based on the 1974 Chevrolet Impala bench seat, then upgraded in 2003 by incorporating child ATDs, 

associated injury criteria and making it more representative of rear seats in the fleet at the time 

(Wietholter et al., 2021). However, not all of the recommended modifications were implemented. 

From regulation updates, the bench was further modified to match rear seat geometry, as measured in 

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

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

and lap belt anchorages and tether anchorages (Wietholter et al., 2021). 

2.5.2  Physical Semi -Rigid Bench  

While benches with rigid seat pans provided a stable and consistent testing environment, one concern 

was that the kinematic response of an occupant may not represent occupant reaction in a rear seat of a 

vehicle (Uriot et al., 2015). The physical Semi-Rigid Bench (Figure 2.5) was introduced in a study by 

Uriot et al. (2015), in which the authors examined the submarining ability of ATDs in a reproducible 

setup. The notable difference between rigid seat benches and the physical Semi-Rigid Bench is the 

articulation of the bench seat pan. 
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Figure 2.5: Semi-Rigid Bench configuration with HIII -50M positioned (Uriot et al., 2015). 

Picture used with permission from the Stapp Association. 

 

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

located underneath the plate, with blocking systems to manage rebounding. The backrest consisted of 

a rigid plane fixed to a rigid frame and covered at the higher thoracic level by foam and at the lower 

pelvis level by a polypropylene pad. The bench could be configured to emulate a front or rear seat by 

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

The physical Semi-Rigid Bench was also used to evaluate the THOR-5F response in submarining 

compared to PMHS data in a previous study. The study, conducted by Richard et al. (2022), 

conducted 6 tests with the THOR-5F placed in the test configuration described by Trosseille et al. 

(2018) . The data measured by the THOR-5F was then compared to the PMHS data from Trosseille et 

al. (2018) to qualitatively assess the biofidelity of the THOR-5F. In the study, the bench was set to 3 

configurations, with the first configuration being the standard rear seat configuration, with the anti-
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submarining pan being lowered from and rotated to avoid contact with the ATD, while the second and 

third configurations featured modifications to the anchor locations to favor submarining. The 

deceleration pulse of the sled was set to 9 g for the first configuration, while the deceleration for the 

second and third configurations was set to 15 g. 

2.6 Finite Element Modelling in Occupant Safety Testing  

In addition to physical testing, computational models are applied in areas of safety engineering, such 

as vehicle crashworthiness design, and can complement existing data (Schmitt et al., 2025). 

Computational modelling, in addition to providing an efficient and cost effective analysis of occupant 

safety (Kan et al., 2003), enables the changing of design parameters to find trends and optimize 

designs (Yang & Chou, 2015). Computational models have become a recognized tool in vehicle 

safety engineering, as validated models can provide accurate and predictive assessments (Schöneburg 

et al., 2026). Models have been developed for many purposes in occupant safety, including occupant 

kinematics studies and restraint system development, such as airbags and seat belts (Yang & Chou, 

2015). 

Computational models require three key inputs: boundary conditions (e.g. force), geometry and 

material properties (Schmitt et al., 2025). There are two common approaches to computational 

modelling: the multi-body system approach (e.g. MADYMO) based on rigid body dynamics and the 

finite element method. While the multi-body system approach condenses structures such as vehicle 

components, resulting in an efficient analysis, the finite element method allows for detailed response 

analysis, including complex geometry and material nonlinearity (Schmitt et al., 2025). 

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

the 1980s and expanded significantly through the 1990s and early 2000s as computational power 

increased. As computational capabilities have increased, FE models have become widely adopted in 

automotive safety applications (Yang & Chou, 2015). Finite element models are formulated by 

discretizing the geometry into a mesh consisting of elements and nodes. Boundary value problems are 

then solved to determine the nodal displacements from which the element stresses and strains can be 

obtained (Noorsumar et al., 2022). The FE method is typically implemented using two approaches: 

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

formulation, an approach grounded on force equilibrium (Schmitt et al., 2025). For impact 
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simulations, which typically involve short durations and complex contact interactions between 

components, explicit formulations are more suitable (Schöneburg et al., 2026). 

 Computational models undergo several stages before application, including model conceptualization, 

development, verification, and validation (Schmitt et al., 2025). Verification assesses that the model 

has been implemented correctly and solves the governing equations as intended, while validation 

compares the model outputs to an independent dataset to evaluate the accuracy of the real-world 

representation (Ray et al., 2011; Schmitt et al., 2025). 

2.6.1 Sled FE Models  

Several studies have used FE sled models to validate ATD models, evaluate or compare ATD 

responses, explore restraint and seat parameters, and optimize safety design. Maatouki et al. (2018) 

used a simplified sled model with a rigid seat to validate a THOR-50M FE model, and Teng et al. 

(2007) created a frontal sled and evaluated four different HIII-50M FE models, with varying levels of 

rigid material defined. In a project investigating the methods to assess thoracic injury risk to elderly 

occupants, Eggers et al. (2017) developed a frontal occupant sled test setup and a matching FE model. 

The sled model included an airbag, a rigid seat, and a three-point seat belt, and was validated by 

comparing the THOR-50M FE model response with paired physical tests. Kang et al. (2018) defined 

restraint system parameters, including belt material properties and a belt buckle friction coefficient, 

from controlled testing, and used a HIII-50M FE model in a rigid seat sled model to compare restraint 

system response with physical tests. 

FE rear seat sled models also include models of production seats and simplified rear seat 

environments. NHTSA currently has a publicly available Honda Odyssey production rear seat model, 

which underwent testing in multiple configurations with a THOR-50M FE model, including a frontal 

test (Bridges et al., 2022). Meng et al. (2022) created FE models based on geometric data from 3D 

scans of rear seats and assessed the seat models based on the occupant injury criteria recorded by 

THOR-50M and HIII-50M FE models, with the simulation results then used to select seats for 

physical testing. Meng et al. (2025) also developed a simplified FE model of a 2018 sedan rear seat, 

validated the model against physical sled test data, and used the model to examine parameters such as 

seatback angle and anchor locations, identifying optimal rear seat parameters for the HIII-50M and 

THOR-50M ATD models. 
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Sled models representing the fleet rear seats or corresponding to physical rear seat sleds have also 

been explored. Youn et al. (2015) created a rear seat frontal impact sled model based on the UN R44 

sled, modelled polyurethane foam for the FE seat model, and included a front seat. The model was 

then used to evaluate the response of the HIII-5F and HIII-50M with different vehicle-specific anchor 

configurations. The FMVSS 213 sled bench has also been modelled and used to evaluate child 

restraint performance. One study used an FE model of the FMVSS 213 sled for the parametric 

evaluation of booster seats for children (Miller et al., 2021). Another study used an FMVSS 213 sled 

bench FE model to evaluate the model performance of a child ATD model in different booster seats 

(Challa et al., 2025). 

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

The physical Semi-Rigid Bench seat pan was also modelled in the open-source Enable New Occupant 

Seating positions (ENOP) seat FE model (Figure 2.6) (Lebarbé et al., 2023). Industry partners and 

academia created the ENOP project to understand the effects of non-conventional seating positions, 

such as reclined seating, on occupant kinematics and potential new injury patterns (Östling et al., 

2022). The ENOP sled included a semi-rigid seat pan, a sled floor, a seat back, foot and knee 

supports, and a seat belt system. The seat pan model within the ENOP project sled model matched the 

seat pan developed by Uriot et al. (2015), consisting of articulated seat pan and anti-submarining pan 

assembly, which included the anti-submarining pan rack and stoppers. 
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Figure 2.6: (A) Isometric view and (B) side view of the ENOP sled model with belt system 

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

 

2.6.2 Seat Belt FE Models  

The FE models of seat belts were initially modelled as 1D elements. Then the hybrid model (Figure 

2.7) was introduced, with 2D elements for the belt fabric and 1D elements to use the slipring function 

in LS-DYNA, which allows the belts to interact with a user-defined slipring (Dahlgren et al., 2020). 

The 1D seat belt elements connect the 2D seat belt elements to the slipring and seat belt anchors. 
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Figure 2.7: FE model of 3-point belt with 1D elements for connection to belt anchors and 

sliprings and 2D elements for occupant contact. 

 

The slip rings allow continuous sliding of the belt through a change in angle. The user defines the belt 

elements that meet at the slip ring node, and the belt elements must have a common node with the slip 

ring node. The elements pass through the defined slipring node. The amount of slip is determined by 

the ratio of the forces on the elements on each side of the slipring node. The angle between the 

elements and the defined coefficient of friction determines the ratio of forces (Livermore Software 

Technology, 2021). 

The introduction of 2D belts was intended to improve interaction between the FE occupant model and 

the seat belt model routing around D-rings. Initially, the 2D belt elements were shell elements, but the 

recent introduction of a new material model (*MAT_SEATBELT_2D) allowed for a more accurate 

belt bending representation (Dahlgren et al., 2020). 

Across literature, several seat belt models have been developed and made available, including a 

model from an LSTC belting tutorial, the Baudrit belt (Baudrit et al., 1999), and an open-source 

Autoliv belt model (Gepner et al., 2022) (Table 2.7). One of the most recently developed seat belt 
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models, the belt model for the ENOP sled (Section 2.4.2.1), used 2D seat belt elements with 

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

 

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

Belt 

model 

Belt element 

type 

Belt 

width 

[mm]  

Elements 

across 

width 

Belt 

thickness 

[mm] 

LS-DYNA material card 

LSTC Tria shells 50 4 1 *MAT_FABRIC 

Baudrit Quad shells 46 4 1.2 *MAT_SIMPLIFIED_JOHNSON_COOK 

Autoliv 2D seat belt 47 8 1.2 *MAT_SEATBELT 

 

2.6.3 FE Modelling of ATDs  

Early ATD FE models were simplified or consisted of a single component due to computational 

constraints. However, current ATD models include detailed geometry with identical composition to 

their physical counterparts (Yang & Chou, 2015). The general process for developing an ATD FE 

model starts by creating the geometry of each part in CAD or from physical data, treating these parts 

as an assembly or component, and finally assembling the entire ATD model. The components and 

subsystem models are then validated through calibration of ATD parts, such as pendulum testing, and 

the full model is validated using sled or crash testing data (Yang & Chou, 2015). Current FE models 

of adult ATDs include the HIII-5F , HIII -50M, HIII -95M and the THOR-50M (Humanetics, n.d.). 

The THOR-5F FE model is currently being developed by companies such as Humanetics and ATD 

models GmBH (ATD Models GmbH, n.d.; Humanetics, 2024). 

2.6.4 FE Model Validation  

FE models of ATDs are validated by comparisons to physical tests (Xu et al., 2018). The assessment 

or validation of an FE model must be quantitative, and the initial validation should be with simple 

boundary conditions or impact scenarios (Schmitt et al., 2025). Recent model validation approaches 

include a model response comparison with experimental corridors, along with cross-correlation 
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between the model and experimental response (Schmitt et al., 2025). Cross-correlation compares two 

responses and provides rating on similarity based on the size, shape, and phase shift of the response. 

The ISO 18571 standard is one of the approaches used to quantify the validation of a model (Schmitt 

et al., 2025). The standard is used to assess the correlation of two signals and to provide a quantified 

metric for the validation of computer models compared to physical testing through comparison of 

time history signals (International Organization for Standardization, 2024). The overall rating consists 

of four component ratings (Figure 2.8): the slope (ES), magnitude (EM), phase shift (Ep), and corridor 

ratings (Z). 

The phase score is used to evaluate the phase differences between time histories, while the slope score 

evaluates the difference in topology between the signals and is calculated from time-shifted histories 

(International Organization for Standardization, 2024). The magnitude score measures the difference 

in amplitude between the two time histories when adjusted for any phase differences. The corridor 

score measures the deviation through two sets of corridors, an inner corridor and an outer corridor. If 

the curve is within the inner corridor of the reference curve, then the score will be 1, and if the curve 

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

deviates towards the outer corridor bounds. If the curve is outside the outer bounds, the given score is 

0. 
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Figure 2.8: Component ratings considered for the overall ISO 18571 score, consisting of a slope 

rating, magnitude rating, phase rating and corridor rating. The red curve is the model while the 

black curve is the experiment. The green range defines the inner corridor, while the yellow area 

defines the outer corridor.  

 

Each of the individual ratings ranges from 0 to 1, with 0 indicating no correlation between the two 

tested curves and 1 indicating perfect correlation between the two curves (International Organization 

for Standardization, 2024). The ratings are then weighted and summed according to the following 

equation (Equation 2.1), where w is the weight for each component, and R is the overall rating. All 

weights must add to 1. 

╡  ◌╩╩  ◌╟╔╟  ◌╜╔╜  ◌╢╔╢   (Equation 2.1) 

Higher values of R indicate a stronger match between the simulated and experimental response, with 

different rating grades for each rating range (Table 2.8). 
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Table 2.8: ISO ratings and corresponding grades (International Organization for 

Standardization, 2024). 

Rating (R) Grade 

 0.94 < R Ò 1.00 Excellent 

0.80 < R Ò 0.94 Good 

0.58 < R Ò 0.80 Fair 

0 Ò R Ò 0.58 Poor 

 

2.7 Previous Rear Seat Anchor Location Studies  

2.7.1 Anchor Location Surveys  

As part of a study to upgrade the FMVSS 213 sled to represent the current vehicle fleet, Aram and 

Rockwell (2012) measured the rear seat geometry of 24 2010 model year vehicles. The measurements 

included the shoulder belt and lap belt anchor distances from a point on the seat geometry measuring 

fixture (SGMF), which consisted of two wooden blocks, each measuring 600 mm x 88 mm x 38 mm, 

and a 76.2 mm (3 inch) hinge. When measuring the anchor locations, the distance from the 

intersection of the two wooded blocks at the hinge, with the SGMF positioned at the centerline of the 

seat, was taken. The measurements included the fore-aft, lateral and vertical positions of the shoulder 

belt anchorages, as well as the spacing in the lap belt anchor points. The study found wide variation in 

the upper anchor location, with the shoulder belt anchor located on the package shelf or side point. In 

contrast, for the center rear seat, the shoulder belt anchor locations were also found on the seat, roof 

and rear wall. Reed and Hamilton (2013) also investigated seat belt anchor locations, examining 83 

passenger cars and light trucks using the SAE J829 (manakin) H-point procedure and coordinating 

measurement methods, finding that the shoulder belt and lap belt anchor locations varied widely 

within the accepted regulatory range. Youn et al. (2015) also reported that anchorage positions in the 

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

Numerous studies have investigated the effects of shoulder belt anchor positioning on occupant 

kinematics using physical ATDs or FE models. A study examining the effects of belt routing on HIII -

5F and THOR-5F chest deflections in contemporary vehicles found that belt routing closer to the neck 

reduced chest deflection. In contrast, for the THOR-5F, reduced chest deflection was observed at the 

maximum region, but increased chest deflection in another region (Eggers et al., 2023). Another study 

conducted in 2022 utilized physical frontal impact sled tests to assess the influence of the shoulder 

belt anchor (D-ring) vertical position on the sternum deflection in the HIII 5th percentile (HIII -5F) 

Anthropomorphic Testing Device (ATD), finding that higher vertical positions resulted in lower 

sternum deflections (Edwards et al., 2022). 

Additionally, several studies have investigated the effects of D-ring locations on rear seat kinematics 

using various computational models of ATDs. Hu, Wu, Klinich et al. (2013) used the MADYMO 

models of a HIII -M50 a 12-year-old ATD, and a rear-facing infant in a CRS in sled tests to determine 

the effect of D-ring position on the head and knee excursions, along with torso rotations, finding that 

moving the D-ring forward (+X) and outboard (-Y) resulted in higher head excursion and torso angle 

for both the 6-year old and the M50, however a lower (-Z) D-ring was found to reduce head excursion 

for children while a higher D-ring was found to reduce head excursion for adults. For the adult ATDs, 

the optimal D-ring position was higher and rearward. Meng et al. (2025) also conducted a study with 

the HIII-M50 and the THOR-M50 FE models where a simplified rear seat model was created with 

seat foam and looked at the effects of modifying various seat parameters including lap belt and 

shoulder belt anchor locations, finding that that the location of the D-ring in Y and Z had the largest 

effect on chest injury of the HIII while the X direction had the largest effect for the THOR model. For 

both the HIII and THOR-50M, the optimal locations for the D-ring were narrow, high and rearward. 

Youn et al. (2015) conducted computational simulations with the HIII-5F and HIII-50M multibody 

models with seat belt anchor locations for 28 vehicles, finding that the D-ring strongly affects the 

upper body motion, and for head injury and chest deflection, the fore-aft (X) location of the upper 

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

In addition to investigating the response to shoulder belt anchor positioning, several studies have 

examined the effect of lap belt anchorages on occupant response. Research at UMTRI found that for 

older children, rearward and higher lower anchorages reduced lower body excursion except during 

submarining (Hu et al., 2012; Hu, Wu, Reed, et al., 2013; Klinich et al., 2011; Reed & Ebert-

Hamilton, 2013). 

Uriot et al. (2006) used a hydraulic setup to dynamically rotate lap belt anchorages under constant lap 

belt tension and consistent pelvis positioning for a PMHS, THOR-NT, and HIII -50M. The study 

found that submarining occurred at a higher lap belt angle for the HIII-50M and THOR-NT than for 

the PMHS (Uriot et al., 2006). 

Hu, Wu, Klinich et al. (2013) found that for the HIII-M50, the optimal lap belt position for reducing 

head and knee excursion was rearward and at a moderate height, whereas for the child ATD, the 

optimal position was a higher, forward lap belt. Meng et al. (2025) found that wider and higher seat 

belt anchorage locations resulted in lower overall occupant injury risk for the HIII -50M and the 

THOR-50M. 
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Chapter 3  

Methods 

3.1 Overview of Methods  

The overall aim of this study was to use computational sled, occupant, and restraint system models to 

quantify the effect of shoulder and lap belt anchor position on the kinematics of a small stature female 

ATD in a frontal impact environment (Figure 3.1). The frontal impact environments investigated 

included the Rigid Bench developed by Transport Canada and PMG Technologies (TC/PMG) and the 

Semi-Rigid Bench reported in the literature (Richard et al. 2022). Computational models of each 

bench were developed, and a small stature female ATD finite element model (THOR-5F FE, Standard 

Build Level B, Humanetics, Farmington Hills, MI, USA) was positioned on each bench and 

restrained with a seat belt. The ATD FE model response was compared to physical test data, and then 

the model was used in a parametric study with varying restraint anchor points to quantify the effect of 

changing anchor position. 

 

 

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

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

3.2.1 Rigid Bench Geometry and Sled Specifications  

The Rigid Bench design, physical ATD positioning, and testing described in this section were 

conducted by TC/PMG. The Rigid Bench was designed as a representative but simplified rear seat 

environment to enable the comparison of physical and numerical human surrogates. A 3D scan of the 

Rigid Bench (Figure 3.2) was provided by TC/PMG using a MetraSCAN 3D scanner (Creaform, 

Lévis, QC, CA) with a mesh resolution of 0.1 mm and a measurement resolution of 0.025 mm. The 

3D scan and CAD drawings of the Rigid Bench were also provided by TC/PMG. 

The Rigid Bench comprised a seat pan, a seat back, a retractor, and shoulder and lap belt anchor 

assemblies. The shoulder belt anchor assembly consisted of the D-ring, which rotated about the 

shoulder belt anchor. The left (fi xed) side and right (buckle) side lap belt anchor assemblies each 

included a seat belt webbing guide connected to the bench using welded chain links to provide 

freedom of motion. The Rigid Bench also included a raised platform (Figure 3.2B) to vertically offset 

the THOR-5F from the lap belt anchors, as would occur in a typical vehicle rear seat configuration. 

The structural components of the Rigid Bench were constructed from steel. 
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Figure 3.2: 3D scan of Rigid Bench used in physical tests. (A) Isometric view of physical Rigid 

Bench with shoulder and lap belt anchor assemblies identified, where the red circle represents 

the origin (0,0,0) and the green circle represents the seat belt anchor. (B) Side view of Rigid 

Bench with retractor . 

 

The SAE coordinate system (+X defined as forward, +Y defined as toward the right side of the Rigid 

Bench, +Z defined as downward) was used (Figure 3.2), with the origin located at the mid-width of 

the raised platform surface rear edge (red circle in Figure 3.2A). The seat pan, seatback lengths and 

angles of the Rigid Bench (Figure 3.3) were based on the FMVSS 213 bench, which was designed to 

represent an average rear seat configuration (Aram & Rockwell, 2012). The shoulder and lap belt 

anchor locations of the Rigid Bench (Table 3.1) were based on the FMVSS 213 bench, intended to 

represent an average rear seat configuration (Aram & Rockwell, 2012). The seat belt anchor locations 

remained consistent across the experimental tests. 
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Figure 3.3: Dimensions of Rigid Bench used in physical tests with THOR-5F ATD: (A) Front 

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

 

Table 3.1: Rigid Bench seat belt anchor locations reported with respect to origin  (red circle in 

Figure 3.2A). 

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

Shoulder belt anchor -316.9 -262.0 -699.0 

Right lap belt anchor 45.2 286.6 62.0 

Left belt anchor 45.2 -286.6 62.0 

 

The seat belt retractor used in the Rigid Bench (Figure 3.4) was a custom-built retracting device with 

a base that housed a rotating shaft to wind the belt webbing and a locking pin (Tang et al., 2019). 

When the shaft rotated, it released the belt webbing, and the locking pin moved horizontally to a 
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position where the retractor locked. Once locked, a small amount of pullout could occur under seat 

belt tension generated during ATD loading. 

 

 

 

Figure 3.4: Seat belt retractor (Tang et al., 2019) used in the Rigid Bench test setup. Image 

provided by TC/PMG. 

 

The retractor pullout as a function of time was measured from a video recording of a previous sled 

test conducted by TC/PMG on an earlier bench version. The seat belt webbing was marked at 25.4 

mm (1 in) intervals to allow pullout to be measured from the video. The corresponding retractor force 

time history was measured using a load cell on the shoulder belt. The retractor pullout and force were 

then time synchronized to generate the force-pullout curves for the retractor (Figure 3.5), which were 

used to define the retractor response in the FE model of the Rigid Bench. 
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Figure 3.5: Retractor force-pullout curve extracted from video data of sled tests in a different 

study. 

 

The Rigid Bench was mounted on an acceleration sled at the TC/PMG facility in Blainville, Quebec, 

with the base of the bench rigidly attached to the sled bed (Figure 3.6A). The acceleration sled was 

programmed to a 23 g peak acceleration crash pulse (Figure 3.6B), taken from measurements at the 

center of gravity (CG) of a vehicle (2015 Chevrolet Equinox) in a 40% frontal offset vehicle-vehicle 

crash test (Tang et al., 2021). 
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Figure 3.6: (A) Physical Rigid Bench test setup with THOR-5F on the acceleration sled and (B) 

sled acceleration pulse used in physical tests. 

 

3.2.2 Physical THOR-5F ATD Testing  

Physical testing was conducted with the Rigid Bench at the TC/PMG facility (Motor Vehicle Test 

Center, Blainville, QC), in support of this project, and TC/PMG provided the test results. Three sled 

tests were conducted with the THOR-5F (Standard Build Level B, Humanetics, Farmington Hills, MI, 

USA) positioned on the Rigid Bench (Figure 3.6A). For each test, the ATD was positioned and 

measured using a FAROArm 3D metrology system, with measurements recorded with a resolution of 

1 mm. After the THOR-5F was positioned in the Rigid Bench, the seat belts were routed, and the 

ATD with the seat belts was scanned using the MetraSCAN 3D scanner described in Section 3.2.1. 

From the physical tests, TC/PMG provided all available data from the THOR-5F ATD components 

loaded during the sled tests, consisting of 77 channels of kinematic and kinetic time-series data from 

the head, neck, thorax, and pelvis instrumentation. TC/PMG provided 8 channels of sled acceleration 

time histories, and 2 channels from the seat belt, corresponding to the lap and shoulder belt forces. All 

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

Experimental Tests  

3.3.1 Rigid Bench  FE Model   

A model of the Rigid Bench was created from the CAD drawings and 3D scan (Figure 3.3) provided 

by TC/PMG and using a rigid material with steel-defined material properties (Table 3.2) for contact 

purposes. The FE model included a seat pan, seatback, retractor, shoulder and lap belt anchors, and 

the raised platform to offset the seated THOR-5F from the lap belt anchors (Figure 3.7). The Rigid 

Bench seat pan, seat back and sled base all used quadrilateral shell elements. 

 

Table 3.2: Material properties of seatback, seat pan, sled floor, and seat belt anchors of the 

Rigid Bench FE model. 

Material type Steel 

Density [kg/m3] 7850  

Youngôs modulus [GPa] 210  

Poissonôs ratio 0.3 
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Figure 3.7: FE model of the Rigid Bench used in sled testing with the THOR-5F. The setup 

consisted of shoulder and lap belt anchor assemblies, a raised platform, seat pan, retractor, and 

seatback. 

 

In the FE model, each lap belt anchor assembly consisted of the lap belt anchor attachment, a 

spherical joint and a seat belt webbing guide (Figure 3.8A). The lap belt anchor was defined as nodes 

on the lap belt anchor attachments, about which a spherical joint beam was created. The spherical 

joint connected the lap belt anchor to the seat belt webbing guide. The lap belt anchor attachment was 

fully constrained to prevent translation or rotation, while the spherical joint beam allowed rotation in 

the 3 degrees of freedom (DOF), enabling the seat belt webbing guide to rotate about the lap belt 

anchor, consistent with the physical Rigid Bench. The right lap belt webbing guide also included a 

slipring to connect the lap belt to the shoulder belt. 
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The shoulder belt anchor assembly consisted of a shoulder belt anchor attachment, a revolute joint 

and a seat belt webbing guide (D-ring). The shoulder belt anchor was defined as a node on the anchor 

attachment, about which a revolute joint was created. The revolute joint connected the shoulder belt 

anchor to the D-ring. The shoulder belt anchor was fully constrained to the sled base to prevent 

translation or rotation, and the revolute joint allowed 1 DOF rotation about the Y-axis, enabling the 

D-ring to rotate about the shoulder belt anchor, consistent with the physical Rigid Bench. A slip ring 

was defined at the D-ring to allow the belt to move through the D-ring to the retractor. 

The shoulder and lap belt anchor assemblies were modelled using quadrilateral shell elements and 

were positioned to match the anchor locations of the physical Rigid Bench (Table 3.1). 

 

 

Figure 3.8: (A) Lap belt anchor assembly used in the Rigid Bench model, with spherical joint, 

seat belt webbing guide and anchor attachment. (B) Shoulder belt anchor assembly used in the 

Rigid Bench model, with  D-ring, revolute joint and anchor attachment. Anchor location 

indicated by red circle. 
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3.3.2 Positioning of THOR -5F FE Model on the FE Rigid Bench   

The THOR-5F FE model (ATD Models GmbH) positioning was completed through a pre-simulation 

recommended by the developer (ATD Models GmBH), which applied a ñmarionetteò (Asadi & 

Karlsson, 2023) positioning approach in which 86 4 kN-tensioned cables pulled the model to the 

defined target position corresponding to the physical test position (Figure 3.9). The target position 

was the desired position of the THOR-5F FE at the end of the simulation, defined by nodal 

coordinates corresponding to the physical test position. 

 

 

Figure 3.9: Overview of the positioning pre-simulation, where tensioned cables moved the 

THOR-5F FE model from a (A) start position to a (B) target position. 
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The marionette method required a predefined target position corresponding to the physical test 

position. The following procedure was used to define the target position. 

1. A wireframe was created from the FAROArm measurements of 18 predefined landmarks 

from the average physical test position (Figure 3.10A). 

2. The THOR-5F FE was overlaid on the wireframe using a commercial preprocessor (LS-

PrePost v4.10) and translated and rotated using the preprocessor ATD positioning module to 

align the model with the wireframe at identifiable landmarks, generating an initial target 

position (Figure 3.10B). The target position was further refined to match the physical test by 

overlaying the 3D scans of the physical test positions and adjusting the THOR-5F FE model 

joint angles to improve alignment between the FE model and the 3D scan (Figure 3.10C). 

3. After aligning with the 3D scan, the nodal coordinates of the THOR-5F FE were used to 

define the target position. The nodes from the target position were then used as the end of the 

cable elements for the marionette positioning simulation (Figure 3.10D,E). 

After the marionette positioning simulation, the position of the THOR-5F FE was compared with the 

physical test wireframe at identifiable landmarks: head target, H-point, ankle bolt, shoulder bolt, 

elbow bolt, wrist bolt. 
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Figure 3.10: Overview of positioning process. (A) Wireframe from FAROArm  measurements of 

average physical THOR-5F ATD position, used for positioning THOR-5F FE model. (B) 

Overlay of THOR-5F FE model (gray) on wireframe. (C) Overlay of the THOR-5F FE model 

(gray) on 3D scan of physical THOR-5F ATD (red). (D) Marionette method with THOR-5F 

starting configuration, with grey nodes representing target position coordinates. (E) Final 

THOR-5F FE position after marionette method. 
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3.3.3 Implementation of Seat Belts in FE Rigid Bench  Model  

After the ATD positioning simulation, the seat belt model was integrated and routed around the 

THOR-5F FE using a commercial preprocessor (LS-PrePost 4.10). Seat belt routing was performed 

by selecting two nodes at the belt anchor points (red nodes in Figure 3.11A) and an intermediate node 

on the THOR-5F FE jacket, close to the lateral midline of the torso (orange nodes in Figure 3.11B,C). 

The selected intermediate node was located at the center of the upper chest for the shoulder belt 

(Figure 3.11B), and the lateral center of the upper pelvis for the lap belt (Figure 3.11C). The ñBelt 

Fitò command was used to generate a belt path between the anchor nodes that passed through the 

intermediate guide node along the jacket surface. 

The seat belt geometry was subsequently shortened using the ñStretchò command, which removed 

excess seat belt length and improved conformity to the jacket surface. After each routing operation, 

the seat belts were manually inspected for any warped elements or interference with the THOR-5F 

jacket. If interference or warped elements were observed, the node selection was modified (through 

either moving the intermediate node or adding additional nodes on the jacket), and the belt fitting 

process was repeated until a smooth, non-interfering seat belt configuration was achieved. 
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Figure 3.11: Seat belt routing process using THOR-5F FE jacket model in LS-PrePost V4.10. 

(A) Nodes, corresponding to the anchor locations (red circles), were created for the lap and 

shoulder belt ends. Orange intermediate nodes were selected along the jacket surface to define 

the belt path. The nodes were then used to create (B) shoulder belts and (C) lap belts. 

 

The belt system integrated into the Rigid Bench model (Figure 3.12) used the material properties 

from the ENOP project seat belt model (Lebarbé et al., 2023), as it was a contemporary FE seat belt 

model with current belt properties. While the ENOP seat belt model consisted of 2D elements, the 

model used in this study used both 1D seat belt elements and 1.2 mm-thick 2D seat belt elements to 

simplify contact (Table 3.3). The belt width was modified to match TC/PMG measurements (50 mm), 

and the retractor pullout force was updated to a linear curve from 0 to the intersection of the two 

measured retractor curves (Figure 3.13). The seat belt FE model force-strain curve was implemented 

from the ENOP belt model (Figure 3.13B). The 2D seat belt elements were connected to the anchors 

and sliprings using 1D seat belt elements. During a seat belt slack removal process, a pre-crash force 

was applied at the retractor to remove slack and match the initial belt tensions measured prior to 

physical testing. 
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Figure 3.12: Belt model implemented in the Rigid Bench model. The right lap belt anchor 

contains a slipring to connect the shoulder and lap belts. 

 

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

Belt element type 2D seat belt, 1D seat belt 

Belt width [mm] 50 

Elements across width 8 

Belt thickness [mm] 1.2 

LS-DYNA material card *MAT_SEATBELT 

 

 

 

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

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

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

Following positioning the THOR-5F on the Rigid Bench model and implementing the seat belt 

model, the crash acceleration pulse was applied to the model. The simulation included 100 ms of seat 

belt slack removal prior to the onset of the crash pulse. The contact friction between the THOR-5F FE 

and the Rigid Bench was defined with a coefficient of 0.28, and the contact friction between the 

THOR-5F FE and the belt was set to 0.3, with both values being taken from the ENOP model 

(Lebarbé et al., 2023). Three sled acceleration pulses (Figure 3.14), measured from the Rigid Bench 

sled tests, were provided by TC/PMG. The average of the three crash pulses was calculated using 

ARCGen (Hartlen & Cronin, 2022). For the simulations, the first 125 ms of the crash acceleration 

pulse was applied following the 100 ms slack removal, resulting in a total simulation time of 225 ms. 

The simulation was terminated at 225 ms, as this duration captured the primary THOR-5F FE 

interaction with the restraint, including seat belt loading and forward occupant motion. Beyond 225 

ms, the crash pulse magnitude was close to zero, and the occupant response was primarily in the 

rebound phase. Limiting the simulation duration to 225 ms captured the occupant response of interest 

while also reducing computational time. 

 

 

Figure 3.14: Three sled acceleration pulses from physical tests, with the average pulse shown in 

red. 
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The THOR-5F in the Rigid Bench FE model was solved using a commercial explicit finite element 

solver (LS-DYNA R12.2.1, MPP, single-precision) on a parallel computing platform (32 Cores, Intel 

6972P processor at 2.4 GHz, 348MB cache). The following channels were used to compare the FE 

model with the physical test: head resultant acceleration, 1D chest sensor deflections, pelvis resultant 

acceleration, iliac loads, and belt loads (Figure 3.15). These channels were selected based on their 

availability across the physical tests, as well as their relevance to rear seat occupant injury regions 

(e.g. chest deflection), occupant kinetics and kinematics, and belt-occupant interaction. The selected 

channels also overlapped with those reported in Richard et al. (2022), which were used for the Semi-

Rigid Bench assessment described in Section 3.4.4. The simulation results were filtered using SAE 

J211 recommended filters (Table 3.4) and then compared with physical test results by calculating 

scores according to ISO 18571. 

 

 

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

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

 

 

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

Assessment Using Reported Experimental Test Data  

The THOR-5F FE was simulated in the Semi-Rigid Bench model to investigate the potential effects 

of seat deformation on ATD response. The first step was to develop a Semi-Rigid Bench FE model 

including seat belt anchor positions, seat pan angle, and anti-submarining pan position, matching the 

physical sled described in the literature. Although a publicly available model of the Semi-Rigid 

Bench existed (Lebarbé et al., 2023), it was not used due to its higher level of complexity, which 

would have resulted in increased model setup time and computational cost without providing 

additional benefit for this study. The next step was to validate the THOR-5F FE in the Semi-Rigid 

Bench. The THOR-5F FE was simulated to match the first (non-submarining) configuration in the 

study, as this configuration provided anchor locations and seat stiffness that most accurately 

represented the rear seat configuration (Richard et al., 2022). 

Metric  Filter  

Head resultant acceleration SAE 1000 

Chest left lower deflection SAE 600 

Chest left upper deflection SAE 600 

Chest right lower deflection SAE 600 

Chest right upper deflection SAE 600 

Left iliac force SAE 600 

Right iliac force SAE 600 

Pelvis resultant acceleration SAE 180 

Shoulder belt load SAE 1000 

Lap belt load SAE 1000 
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3.4.1 Semi-Rigid Bench  FE Model  

The Semi-Rigid Bench model was created as a simplified version of the ENOP bench described in 

Section 2.4.2. The simplified model was used because it required less computational time and model 

setup, while still capturing key features such as belt anchor geometry, seat pan deflection, and footrest 

interaction. The reduced model complexity enabled simple and efficient anchor location adjustment 

and seat belt routing for the ATD model. The Semi-Rigid Bench FE model included the main 

components of the physical Semi-Rigid Bench designed by Uriot et al. (2015) and used by Richard et 

al. (2022), including a seat pan, anti-submarining ramp, seatback and footrest (Figure 3.16). 

Similar to the physical Semi-Rigid Bench, the model also included separate shoulder and lap seat 

belts, retractors on the shoulder and left and right lap belt anchor assemblies to remove slack, an 

additional right-side anchor assembly, and no sliprings. The anchor assemblies were identical to the 

ones modelled in Section 3.3.1. 

For the shoulder belt, the retractor was applied at the location corresponding to the reported shoulder 

belt anchor position from the physical test and implemented at the upper shoulder belt webbing guide 

(D-ring). The seat belt-D-ring interaction point was positioned at the reported shoulder belt anchor 

location, and the D-ring was fixed in all DOF. The D-ring was used as the retractor, as it originally 

revolved about the Y-axis only. In contrast, the lap belt webbing guides were modelled with 3 DOF 

rotation, which allowed them to align with the occupant during the crash pulse. The retractor was at 

the seat belt webbing guide. The lap belt anchor locations were therefore kept at the physical lap belt 

anchor locations. 

The Semi-Rigid Bench model consisted of 1 mm shell elements for the anchors, seatback, seat pan 

and footrest. Beam elements were used for the revolute joints of the anchors, and discrete elements 

were used for the springs of the anti-submarining pan and the seat pan. The foam used in the seatback 

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

in the literature and to reduce the potential for numerical instability in simulations. 
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Figure 3.16: Semi-Rigid Bench FE model used in THOR-5F FE assessment simulations. 

 

The geometry of the Semi-Rigid Bench FE model was defined using representative rear seat 

dimensions (Figure 3.17). The seatback height was based on the upgraded representative bench 

assembly detailed in a report by Wietholter et al. (Wietholter et al., 2021), and the bench width was 

the average lateral distance between lap belt anchors from the same report (Figure 3.17A). To match 

the study by Richard et al. (2022), the kinematically relevant features, such as the seatback angle, seat 

pan angle and position, anti-submarining ramp geometry, and footrest ramp position, were set to the 

reported geometry. The seat pan length was extended rearward to intersect with the seatback to 

simplify the geometry and eliminate gaps between the components. The seatback height in the FE 

model was 74 mm shorter than the physical Semi-Rigid Bench described by Richard et al. (2022). 

The modelled seatback provided adequate posterior support during the seat belt slack removal prior to 
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the crash pulse; therefore, extending the seatback beyond the region contacted by the THOR-5F FE 

would not affect kinematic responses. 

 

 

Figure 3.17: Semi-Rigid Bench model dimensions. (A) Front view rotated 20º about the Y-axis 

to show the bench. (B) Side view of the bench with dimensions. (C) Dimensions of the anti-

submarining pan. All measurements are in mm. The red circle represents the origin (0, 0, 0), 

the green dot represents the seat pan spring and revolute joint, and the blue dot represents the 

anti-submarining pan spring and revolute joint. *Dimensions adjusted to match Richard et al. 

(2022). 

 

The Semi-Rigid Bench anchors were positioned to match the non-submarining configuration in the 

study by Richard et al. (Table 3.5). The bench had the same material properties as the Rigid Bench 

(Table 3.1), with springs that enabled the anti-submarining ramp and the seat pan to deform (Figure 
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3.18). The Semi-Rigid Bench seatback did not include foam properties, as they were not available in 

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

 

Table 3.5: Semi-Rigid Bench belt anchor locations from origin. 

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

Shoulder belt retractor -169.3 -248.0 -716.5 

Shoulder belt anchor -51.3 230.0 -35.5 

Right lap belt anchor 3.7 269.0 16.5 

Left lap belt anchor 3.7 -269.0 16.5 

 

 

Figure 3.18: Spring stiffnesses of seat pan and anti-submarining pan in the Semi-Rigid Bench 

(Richard et al., 2022). 
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3.4.2 Positioning of THOR-5F FE in Semi-Rigid Bench  FE Model  

The THOR-5F FE was positioned to match the non-submarining configuration (Configuration 1) 

from the study conducted by Richard et al. (2022), using the available measurements from the study 

(Figure 3.19). The positioned model was used to generate target node positions, which were achieved 

in a pre-simulation described in Section 3.1.3 (Figure 3.20). 

 

 

Figure 3.19: Tilt sensors and points used to position the THOR-5F FE to match with Richard et 

al. (2022) Configuration 1 position. The upper and lower lap belt edges were used to position 

the lap belt to match the Configuration 1 position. 
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Figure 3.20: Positioning pre-simulation process for the THOR-5F in the Semi-Rigid Bench, 

where cables moved the THOR-5F FE model from a (A) start position to a (B) target position. 

The Semi-Rigid Bench seat pan and anti-submarining pan were constrained from deforming to 

simplify the positioning process. 

 

After the THOR-5F FE was positioned and prior to the application of the crash pulse, the Semi-Rigid 

Bench seatback was translated forward in the X direction toward the THOR-5F FE to achieve 

minimal spacing between the seatback and the THOR-5F FE jacket without node interference (Figure 

3.21). This translation was applied to replicate the posterior support from the physical Semi-Rigid 

Bench foam seatback following occupant settling. 
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Figure 3.21: Positioning of seatback from (A) standard position of rigid plane in Richard et al. 

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

interference. 

 

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

The seat belts used in the Semi-Rigid Bench model had the same properties as those in the Rigid 

Bench model, but with a width of 45 mm, as in Richard et al. (2022). The slope of the seat belt force-

strain curve at higher strain levels was reduced to match the physical seat belt force-strain curve 

reported in the literature (Figure 3.22). Additionally, the seat belt FE model was modified to align 

with the literature, with separate lap and shoulder belts, four anchor points with anchor assemblies 

described in Section 3.1.1, no load limiter, and a pretensioner. The updated seat belt model used in 

the Semi-Rigid Bench was referred to as the 4-point 2-belt model. 

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

from the belt while ensuring 50 N tension at each side, as confirmed by the study authors. 
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Figure 3.22: Seat belt force-strain curves for  the original belt model used in the Rigid Bench 

model and the modified belt in the Semi-Rigid Bench model. The slope of the modified belt in 

the higher strain region (>0.06) was reduced to match the physical seat belt force-strain 

response reported by Richard et al. (2022). 

  

In the model, the retractor was set to lock immediately after the crash pulse was initiated, preventing 

any pullout, which matched the description of the physical test setup. The retractor pullout to match 

the belt forces to the timing of the physical sled was then determined through an incremental retractor 

pullout study, in which the validation simulation was run with increasing retractor pullout by 5 mm. 

The retractor pullout with the closest lap belt, shoulder belt peak and pelvis acceleration to the 

physical tests was then chosen for the final assessment simulation. 

 



 

61 

 

3.4.4 Assessment of THOR-5F FE Model in the Semi-Rigid Bench  

After positioning, the 4-point 2-belt seat belt model was integrated into the Semi-Rigid Bench model, 

and the crash pulse from literature (Richard et al., 2022) was applied (Figure 3.23). 

 

 

Figure 3.23: Acceleration pulse used in Configuration 1 (non-submarining) sled tests from 

Richard et al. (2022). 

 

The response traces from the physical tests were digitized using WebPlotDigitizer v5.2 (Rohatgi, 

n.d.), a free web-based plot digitizing tool, and used to compare the simulation to the physical test 

data. For consistency with the Rigid Bench validation process and the availability of data from the 

study, the following simulation measurements were recorded and filtered using the SAE J211 filter 

values (Table 3.4): head resultant acceleration, 1D chest sensor deflections, pelvis resultant 

acceleration, iliac forces, and belt loads. As only two response curves were available for each 

measurement, the ISO 18571 cross-correlation scores were calculated for each test curve and 

averaged across both curves. 

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

After assessing the Semi-Rigid Bench model using the 4-point, 2-belt configuration, the next step was 

to implement the 3-point seat belt system in the Rigid Bench model (Figure 3.24). The 3-point belt 

was used for the current study in place of the 4-point 2-belt setup to create consistency between the 
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Rigid Bench and Semi-Rigid Bench models, and to represent belt configurations found in modern 

vehicles. The lap belt anchor locations remained the same, while the lower anchor for the shoulder 

belt was removed, and the shoulder belt was routed from the shoulder belt anchor to the right-side lap 

belt anchor. 

 

Figure 3.24: Process of changing belt configuration from the (A) 4-point 2-belt configuration to 

the (B) 3-point belt configuration. 

 

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

Responses  

A Design of Experiment (DOE) approach (Montgomery, 2017) was used to test the influence of 

shoulder and lap belt anchor locations on ATD kinematics. A 3-factor, 3-level (33) full factorial 

experiment was designed using minimum, midpoint, and maximum values from a study that 

measured the X, Y, Z distances (SAE J211 coordinates) from the shoulder and lap belt anchors to a 

fixed reference point for 24 vehicles, including multi-purpose vehicles, passenger cars, and trucks 

(Aram & Rockwell, 2012). The midpoint value was used rather than the mean value to ensure even 

spacing of factor levels, as the midpoint corresponded to the geometric center of the range. These 
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anchor value combinations were simulated to examine the responses at the location combination, 

which were then used to identify the main and interactive effects (Montgomery, 2017). Main effects 

refer to how shifting a factor (e.g., moving the seat belt anchor in X) influences the overall response. 

In contrast, interaction effects consider how changing another factor impacts the effect of a variable 

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

3.5.1 Shoulder Belt Anchor Position Investigation  

Twenty-seven simulations were conducted with the shoulder belt anchor positioned at parametrically 

defined combinations of maximum, minimum, and midpoint locations in X (fore-aft), Y (lateral), and 

Z (vertical) locations, based on the reported data from Aram & Rockwell (2012). The lap belt anchor 

locations were held constant at the midpoint of the reported maximum and minimum lap belt anchor 

values for all simulations. The full -factorial design was used to quantify the sensitivity of the THOR-

5F FE kinematic response to shoulder belt anchor placement effects on the Rigid and Semi-Rigid 

Benches (Figure 3.25, Tables 3.6ï3.7). 
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Figure 3.25: Shoulder belt anchor locations simulated with Rigid Bench (top) and Semi-Rigid 

Bench (bottom). 

 

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

configurations. 

Configuration X [mm] Y [mm] Z [mm] 

MIN -579.5 -457 -863.5 

MID -348.3 -318 -672 

MAX  -117 -179 -480.5 
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Table 3.7: Shoulder belt anchor location effect simulations corresponding to Figure 3.25. 

Simulation X Y Z  X Y Z  X Y Z 

1 MIN MIN MIN 10 MID MIN MIN 19 MAX  MIN MIN 

2 MIN MIN MID 11 MID MIN MID 20 MAX  MIN MID 

3 MIN MIN MAX  12 MID MIN MAX  21 MAX  MIN MAX  

4 MIN MID MIN 13 MID MID MIN 22 MAX  MID MIN 

5 MIN MID MID 14 MID MID MID 23 MAX  MID MID 

6 MIN MID MAX  15 MID MID MAX  24 MAX  MID MAX  

7 MIN MAX  MIN 16 MID MAX  MIN 25 MAX  MAX  MIN 

8 MIN MAX  MID 17 MID MAX  MID 26 MAX  MAX  MID 

9 MIN MAX  MAX  18 MID MAX  MAX  27 MAX  MAX  MAX  

 

After setting each shoulder belt anchor location, the seat belts were routed around THOR-5F FE 

model using LS-PrePost V4.10 and simulated with the 23g crash pulse. In some configurations, the 

2D seat belt segment would interact with the D-ring during the slack removal phase. The interaction 

of the 2D belt with the D-ring in these configurations was prevented by slightly increasing the 

adjacent 1D belt length. The kinematic measurements investigated included the peak value of 

deflection-time response from each of the four 1D chest sensors (upper right, upper left, lower right, 

lower left), as well as the overall peak chest deflection, defined as the maximum value of the four 

sensors. The peak resultant pelvis acceleration was also investigated. Peak chest deflection was 

examined because thoracic deformation is a primary injury assessment metric in frontal crash tests. In 

NCAP testing using the THOR-50M, the peak chest deflection of the four sensors is recorded 

(Brumbelow et al., 2022). Additionally, the thorax is a major injury region in rear seat occupants 

(Beck et al., 2016). Pelvis resultant acceleration was used as a scalar measure of lower-body 

kinematics and an indicator of seat belt engagement timing. 

3.5.2 Lap Belt Anchor  Position  Investigation  

The lap belt anchor positions were also investigated for both the Rigid Bench and the Semi-Rigid 

Bench. The lap belt anchors were modified in the X, Y, and Z directions at the maximum, minimum, 

and midpoint lap belt anchor locations (Figure 3.26, Tables 3.8ï3.9). The lateral lap belt locations 

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

were set up symmetrically to maintain simplicity. Since lap belt anchor Positions 10 and 19 were 
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inside the THOR-5F pelvis, they were excluded from the analysis. The lap belt anchor positions were 

labelled as maximum, midpoint and minimum based on the inboard anchor position and the SAE 

coordinate system. The inboard lap belt positioning enabled a straightforward and intuitive 

understanding of the maximum distance between the lap belt anchors. For each simulation, the 

shoulder belt anchor position was held constant at the midpoint of the reported max and min values 

from Aram and Rockwell (2012). Each lap belt anchor configuration required re-routing of the 

shoulder and the lap belt, as the inboard lap belt anchor connected the two belts, influencing the 

overall belt path. 

 

 

Figure 3.26: THOR-5F in Rigid Bench (top) and Semi-Rigid Bench (bottom) with (A) inboard 

lap anchor positions simulated with each configuration (B) outboard lap belt anchor simulated. 

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

Simulation X Y Z  X Y Z  X Y Z 

1 MIN MIN MIN 10 MID MIN MIN 19 MAX  MIN MIN 

2 MIN MIN MID 11 MID MIN MID 20 MAX  MIN MID 

3 MIN MIN MAX  12 MID MIN MAX  21 MAX  MIN MAX  

4 MIN MID MIN 13 MID MID MIN 22 MAX  MID MIN 

5 MIN MID MID 14 MID MID MID 23 MAX  MID MID 

6 MIN MID MAX  15 MID MID MAX  24 MAX  MID MAX  

7 MIN MAX  MIN 16 MID MAX  MIN 25 MAX  MAX  MIN 

8 MIN MAX  MID 17 MID MAX  MID 26 MAX  MAX  MID 

9 MIN MAX  MAX  18 MID MAX  MAX  27 MAX  MAX  MAX  

 

 

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

configurations for outboard location. 

Configuration X [mm] Inboard Y [mm] Outboard Y [mm] Z [mm] 

MIN -176.6 116 -116 -116 

MID -34.1 186.8 -186.8 69.1 

MAX  108.4 257.5 -257.5 256.6 

 

3.5.3 Calculation of Main and Interaction Effects  

The calculation of main and interaction effects was based on two key responses: the pelvis resultant 

acceleration and the peak chest deflection. Five peak chest deflection metrics were defined for each 

anchor location: the peak value at each of the four chest sensor locations and an overall peak chest 

deflection, defined as the maximum value across all sensors. The X,Y,Z coordinates of the shoulder 

and lap belt anchors were treated as quantitative factors. Each factor was coded numerically as -1 

(minimum), 0 (midpoint), 1 (maximum), consistent with the standard three-level factorial design 

practice (Montgomery, 2017). 

The effects were defined as the difference between the average responses at the maximum and 

minimum coded levels of the anchor position factors (X, Y, Z). For example, the main effect of X on 

chest deflection was defined using the difference between the average responses of the simulations 
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with X = 1 and X = -1 (Figure 3.27). The peak deflection at each simulation at X = 1 and X = -1 was 

recorded (Figure 3.27A). Then peak values were averaged across all simulations at X = 1 and X = -1 

(Figure 3.27B), and the difference between the average at X = 1 and X = -1 was used to calculate the 

effect. Interaction effects were calculated in a similar manner by comparing the combined influence 

of factors. For example, the XZ interaction effect was calculated as the difference between the 

average responses when X and Z were at the same level (X*Z = 1) and when they were at opposite 

levels (X*Z  = -1). 

 

Figure 3.27: Calculation of the X main effect of shoulder belt anchor positioning on chest 

deflection. (A) Each anchor position at the maximum (X = 1) and minimum (X = -1) is 

simulated, and the peak deflection is obtained from the recorded trace. (B) The peaks are 

averaged for each X position, and the difference between the averages is the main effect. 

 

Several configurations were excluded from the analysis due to uncharacteristic occupant response 

(e.g. submarining, seat belt slipping from the shoulder) or infeasible anchor geometries (e.g. anchor 

located in the pelvis region of the THOR-5F FE). To account for the excluded configurations, the 

remaining simulations were analyzed using multiple linear regression with interaction terms based on 

the least squares method. The fitted model was then used to capture the underlying trends in the 
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remaining simulations, estimate the expected response at the excluded configurations, and quantify 

the main and interaction effects. This approach enabled an unbalanced DOE analysis resulting from 

missing runs (Montgomery, 2017). 

A first-order linear model, including main effects and interaction terms (Equation 3.1), was fit to the 

data for each response to ensure that the models did not overfit the smaller sample sizes. In the 

equation, ɓ represented the regression coefficient of each effect or interaction, and ɓ0 represented the 

mean response at the coded center. The regression model was used to quantify the main and 

interaction effects. 

 

 After establishing the linear model, an analysis of variance (ANOVA) was performed to evaluate the 

statistical significance of the model terms. All regression and ANOVA analyses were performed 

using JMP Student Edition Version 19.0.1 (JMP Statistical Discovery LLC, Cary, NC, USA). The R2 

value was used to assess how each model fit the data, and the F-test p-value was used to determine 

the significance of effects (p < 0.05). 

 

 

 

 

 

 

 

Response = ɓ0+ ɓ1 X + ɓ2 Y + ɓ3Z + ɓ4 XY + ɓ5 XZ+ ɓ6YZ + ɓ7 XYZ                 (Equation 3.1) 
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Chapter 4  

Results 

4.1 Physical Rigid Bench Testing at Transport Canada  

The physical THOR-5F ATD was positioned in the Rigid Bench with the same target position for the 

three test repeats. The FAROArm 3D coordinate measurements for the belts and key anatomical 

landmarks of the ATD, including the H-point, glabella, and shoulder bolts, were all within 10 mm of 

each other between the three tests (Table 4.1). The H-point measurements had a maximum difference 

of 9 mm in the Z direction. The largest discrepancies in positioning were found in the left ankle and 

foot: the ankle front bolt showed a maximum difference of 18 mm in Y, the heel of the left foot a 

maximum difference of 14 mm in Y, and the toe a maximum difference of 14 mm in Z. The 

differences in leg positions were less relevant, as the ATD measurements focused more on the pelvis 

and upper body. 
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Table 4.1: Maximum difference between FAROArm measurements for ATD positioning 

landmarks for the three physical tests. 

FAROArm  Measurement 

 

Maximum difference between 

test positions [mm] 

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

Head target sticker, right side 3 4 4 

H-Point, on tool, right side 5 3 9 

Left knee, interior side 1 1 5 

Left ankle front bolt, center of the bolt head 2 18 4 

Heel of left foot 9 14 11 

Left toe, foremost point 5 6 14 

Right knee, exterior side 6 4 5 

Right ankle front bolt, center of the bolt head 3 6 2 

Heel of right foot 6 8 4 

Right toe, foremost point 6 5 5 

Glabella (Nose, at the top between the eyes) 6 2 3 

Chin center 2 1 0 

Yaw reference point, right side 6 0 4 

Shoulder belt, upper edge, at y=0 3 1 6 

Shoulder belt, lower edge, at y=0 2 1 6 

Lap belt, upper edge, at y=0 3 0 2 

Lap belt, lower edge, at y=0 3 1 4 

Shoulder front bolt, left shoulder, center of the head or tail of the bolt 9 5 3 

Left arm exterior elbow bolt, center of the bolt head 3 5 4 

Left arm wrist interior bolt, center of the bolt head 2 5 4 

Shoulder front bolt, right shoulder, center of the head or tail of the bolt 1 4 4 

Right arm exterior elbow bolt, center of the bolt head 3 3 3 

Right arm wrist interior bolt, center of the bolt head 1 1 3 

Shoulder front bolt, right shoulder, center of the head or tail of the bolt 1 4 4 

Right arm exterior elbow bolt, center of the bolt head 3 3 3 

Right arm wrist interior bolt, center of the bolt head 1 1 3 

 

The kinematic and kinetic responses of the physical ATD for the 23 g crash pulse showed low 

variability across all three tests for chest deflections, resultant acceleration, and shoulder belt loads 

(Figure 4.1B,C,D,E,F,I). For all tests, the right lower chest deflection plateaued at approximately 60 

mm deflection. Slight differences in measurements were observed in the head resultant acceleration 
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and the lap belt force (Figure 4.1A,H,I,J). TC 99-913-3 reported a 7% higher peak lap belt force 

compared to the next highest test. Additionally, TC 99-913-3 showed a 5.4% higher absolute peak 

head resultant acceleration, with the initial peak occurring 1.2 ms later than the next highest test. 

 

 

Figure 4.1: Response traces from three physical tests conducted by TC/PMG with the THOR-

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

Experimental Tests  

4.2.1 Rigid Bench  FE Model  

The Rigid Bench FE model matched the physical Rigid Bench geometrically (Figure 4.2). The 

lengths and widths of the seat pan, seatback, and raised platform matched the physical measurements, 

with minor differences attributed to scan variability. The seatback and seat pan angles, seat belt 

anchor locations, and retractor location were defined from physical measurements and were identical 

to the physical Rigid Bench. 

  

 

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

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

The marionette method positioned the THOR-5F FE such that the H-point was within 0.1 mm of the 

average physical test H-point. Following positioning, the seat belt slack removal was applied prior to 

the crash pulse, resulting in minor positional adjustments of the THOR-5F FE relative to the target 

position (Table 4.2). After the seat belt slack removal and at the onset of the crash pulse, the H-point 

of the THOR-5F FE was 1.2 mm forward, 0.1 mm inboard and 2 mm lower than the average of all 

three physical test measurements. The largest discrepancy between the FE model position and the 

average physical test position was measured at the head target, with a -12.9 mm difference in the Z-

direction. All other measured locations, including the shoulders, elbows, wrists and arms, were within 

10 mm of the physical test position, indicating good overall agreement between the FE model and the 

physical test positions. 

 

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

(distinguishable) nodes after positioning simulation. 

Distance of THOR-5F FE from average of measured values after pre-sim 

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

Head, target sticker, right side 1.0 -2.0 -12.9 

H-Point 1.2 0.1 -2.1 

Left ankle front bolt -7.1 -1.1 -7.9 

Right ankle front bolt 1.2 -1.4 -5.1 

Shoulder front bolt, left shoulder -2.6 -4.9 -5.2 

Left arm exterior elbow bolt -8.3 2.6 -4.7 

Left arm wrist interior bolt 0.8 0.5 -1.1 

Shoulder front bolt, right shoulder -3.8 1.4 -2.8 

Right arm exterior elbow bolt -6.8 -1.6 -2.3 

Right arm wrist interior bolt -0.5 -1.0 -1.6 
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4.2.3 Implementation of Belts in Rigid Bench  FE Model  

The belts generated for the THOR-5F FE on the Rigid Bench exhibited a smooth geometric fit  to the 

ATD, with no visible warping or abnormal elements, and no interference with the THOR-5F jacket. 

Following seat belt fitting and prior to the crash pulse, the slack in the seat belt was removed. The 

simulation remained numerically stable, with no error terminations or instabilities, resulting in 

improved belt conformity and contact with the THOR-5F FE and closer alignment with the physical 

test belt position. After belt slack removal, the distance between the THOR-5F FE model and the belt 

position in the physical ATD model at the midpoint (Y = 0) was within 20 mm in X and 10 mm in Z 

(Table 4.3). The lap belt upper and lower edges at the midpoint were farther rearward and lower than 

the physical test belt (Figure 4.3), while the shoulder belts were farther forward and lower. The lower 

edge of the FE shoulder belt had the largest difference, as it was 17 mm forward in X. 

 

 

Figure 4.3: Definition of seat belt measurement points on the THOR-5F FE in the Rigid Bench 

for comparison to the physical test. 
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Table 4.3: Distance between THOR-5F FE model and average physical ATD belt position. 

Distance of belt point from average of measured values 

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

Shoulder belt, upper edge, at y = 0 1.7 0.0 -7.2 

Shoulder belt, lower edge, at y = 0 17.0 0.0 -3.6 

Lap belt, upper edge, at y = 0 -8.7 0.0 -7.0 

Lap belt, lower edge, at y = 0 -1.8 0.0 -9.5 

 

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

After completion of the Rigid Bench simulation, a qualitative comparison of the physical test video 

and model response was conducted (Figure 4.4). From the initial excursion (Figure 4.4A,D) to 

approximately 70 ms, the seat belt placement and occupant posture in the simulation matched the 

physical test, with both belts contacting similar regions of the THOR-5F shoulder in the FE model 

and the physical ATD. After approximately 70 ms, the differences in the rotational behavior of the 

THOR-5F FE and the physical ATD became apparent. The physical ATD exhibited more leftward 

rotation than the THOR-5F FE, while the THOR-5F FE maintained forward motion with minimal Z-

rotation. As a result of the increased Z-rotation in the physical THOR-5F, the physical belt migrated 

to the outboard edge of the THOR-5F shoulder, while the simulation belt remained in a central 

position. At approximately 85 ms (Figure 4.4B,E), corresponding to peak seat belt loads, and at the 

end of the simulation (Figure 4.4C,F), the forward torso excursion remained similar between the FE 

model and the physical ATD, with differences in torso Z-rotation.  
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A (t*  = 12 ms) B (t*  = 85 ms) C (t*  = 125 ms) 

   

D (t = 12 ms) E (t = 85 ms) F (t = 125 ms) 

   

Figure 4.4: Images of the THOR-5F physical ATD (AïC) and THOR-5F FE model (DïE) at 

synchronized times t = 12 ms, 85 ms and 125 ms (*Video time offset by -50 ms and 

simulation time offset by -100 ms to synchronize test images (AïC) with model (DïF)). At  12 

ms, the FE model posture matched the physical ATD. At 85 ms and 125 ms, lower Z-

rotation was observed in the FE model than in the physical ATD. 

 

Additionally, the kinematic and kinetic responses measured by the FE model were compared to the 

physical ATD test data (Figure 4.5). The shoulder belt, lap belt, and peak pelvis resultant acceleration 

(Figure 4.5F,I,J) of the THOR-5F FE model had similar magnitudes and timing to those of the 
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THOR-5F physical ATD, indicating accurate interaction of the model with the belt and lower body 

kinematics. From the kinematic traces, it was observed that there were notable differences between 

simulation and experiments in the upper body, especially in the head (Figure 4.5A), which 

experienced nearly 30% higher peak accelerations after matching the rise in acceleration. 

The chest deflections in the model (Figure 4.5B,C,D,E) had similar rise and peak timing, with the 

upper left and right chest in the FE model measuring chest deflections up to 20% higher than the 

physical test, while the lower right chest deflection was approximately 15% lower than the physical 

test. The lower left chest deflection of the THOR-5F FE (Figure 4.5C) was approximately 50% lower 

than the physical test, after having a similar rise in deflection. One of the largest differences between 

the THOR-5F FE and physical tests was observed in iliac spine force (Figure 4.5G,H): the THOR-5F 

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

 

The THOR-5F FE Rigid Bench simulation was validated using the experimental tests and quantified 

through ISO 18571 cross-correlation ratings (Table 4.4). Good agreement was observed for the seat 

belt loads and the resultant acceleration of the pelvis. Several kinematic measurements, including the 

right chest deflection, the left upper chest deflection, and the head resultant acceleration, received Fair 

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

simulation. The left lower chest deflection and iliac loads received poor ratings, indicating areas of 

discrepancy between the model and the physical test. The overall ISO 18571 rating of 0.71 indicated 

the model as ñFairò, and despite certain localized discrepancies, the THOR-5F Rigid Bench FE model 
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generally reproduced the key kinematic and kinetic responses, supporting its use for further 

simulations and analysis. 

 

Table 4.4: ISO 18571 ratings and grades for THOR -5F FE model and physical THOR-5F ATD 

in the Rigid Bench. 

 

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

Assessment Using Reported Experimental Test Data  

4.3.1 Semi-Rigid Bench  FE Model  

The components of the Semi-Rigid Bench consisted of the seatback, anti-submarining pan, seat pan, 

footrest, and seat belt anchor assemblies. The Semi-Rigid Bench seatback angle was identical to the 

ENOP bench FE model and the physical Semi-Rigid Bench described in Richard et al. (2022) (Figure 

4.6); however, after positioning the THOR-5F FE, the seatback was translated approximately 25 mm 

forward in the X direction. The Semi-Rigid Bench seatback differed in length by +64 mm relative to 

the ENOP FE model and -74 mm relative to the physical Semi-Rigid Bench. The seat pan was 20 mm 

Response Rating Grade 

Head resultant acceleration 0.69 Fair 

Chest left lower deflection 0.44 Poor 

Chest left upper deflection 0.69 Fair 

Chest right lower deflection 0.62 Fair 

Chest right upper deflection 0.78 Fair 

Pelvis resultant acceleration 0.88 Good 

Left iliac load 0.61 Fair 

Right iliac load 0.58 Fair 

Shoulder belt load 0.86 Good 

Lap belt load 0.91 Good 

Average 0.71 Fair 
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wider than the Rigid Bench. Additionally, while the physical Semi-Rigid Bench and ENOP FE model 

also had a foam cushion on the seatback, the Semi-Rigid Bench model had a rigid seatback. 

 The geometry of the key components, such as the seat pan length and angle, footrest position, anti-

submarining ramp angle, and the seat belt anchor locations, was defined using the reported values 

from Richard et al. (2022) and therefore matched the physical ENOP bench for these components. 

   

 

Figure 4.6: Overlay of Semi-Rigid Bench FE model (blue) on ENOP bench model (gray) with 

(A) Isometric view and (B) Oblique lateral view. The ENOP bench model included a foam 

cushion layer on the seat back, which was not present in the Semi-Rigid Bench model. 

 

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

The THOR-5F FE position, following marionette positioning and a 50 ms seat belt slack removal 

period, differed from the THOR-5F physical ATD position in the Richard et al. (2022) tests. 

Compared to the average physical ATD H-point measurement, the THOR-5F FE model was 2.6 mm 

rearward and 7.1 mm lower (Table 4.5). The differences in the angular measurements were generally 

small, with all angles being approximately within 1º of the physical test position. The largest 
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deviation in angular measurement was the head angle, with the THOR-5F FE having a head angle 

1.3º higher than the average of the tests. 

 

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

measurements. 

 

 

 

 

 

 

 

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

Bench  FE Model   

The lap belt positioning in the FE model was further rearward and lower than that measured in the 

physical tests, with the largest discrepancy of 11.3 mm observed at the midpoint of the upper edge of 

the lap belt (Figure 4.7). All other measurements were within 10 mm of the physical test 

measurements (Table 4.6). 

Measurement 

Difference between simulation and average of 

Richard et al. (2022) test values 

Head angle [ ] 1.3 

Lower neck angle [ ] 1.0 

Mid thorax angle [ ] 0.5 

Lower thorax angle [ ] 0.4 

Pelvis (sacrum) angle [ ] 0.7 

H-point X [mm] -2.6 

H-point Z [mm] -7.1 
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Figure 4.7: Definition of lap belt measurement points on the THOR-5F FE model in the Semi-

Rigid Bench. The midpoints (Y= 0) of the upper and lower lap belt edges were used to compare 

with the lap belt position in the physical tests (Table 4.6). 

 

Table 4.6: Distance between THOR-5F FE model and physical ATD belt position. 

Distance of belt point from average of test values 

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

Lap belt, upper edge, at y = 0 -9.4 0 -11.1 

Lap belt, lower edge, at y = 0 -6.9 0 -8.9 

 

The seat belt retractor implemented in the Semi-Rigid Bench FE model incorporated an additional 30 

mm of available pullout compared to the zero pullout reported in Richard et al. (2022), which 
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accounted for potential unintentional slack in the seat belt system. The additional pullout resulted in 

seat belt engagement timing matching the physical test data, with shoulder belt forces peaking around 

75 ms and lap belt forces peaking at approximately 80 ms. 

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

After simulating with the Semi-Rigid Bench model, the kinematics of the THOR-5F FE were 

compared with the physical test at times t = 0, 75, and 120 ms (Figure 4.8). The THOR-5F FE 

generally matched the kinematics of the physical ATD, with similar forward motion at 75 ms. At 120 

ms, the THOR-5F FE showed minor differences in kinematics compared to the physical test, with a 

slightly less forward pitch and reduced arm extension; however, the forward excursion of the pelvis 

and lower body matched the physical test. 

 

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

   

D (t*  = 0 ms) E (t*  = 75 ms) F (t*  = 120 ms) 

   

Figure 4.8: Images of the THOR-5F physical ATD (AïC) and THOR-5F FE model (DïF) at 

synchronized times t = 0 ms, 75 ms, and 120 ms. (*Simulation time offset by -50 ms to 

synchronize model (DïF) with test images (AïC)). Physical test images from Richard et al. 

(2022) reproduced with permission from the Stapp Association. 
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In addition to visual comparisons of kinematics, test traces of kinetics and kinematics were also 

compared with digitized traces from the physical tests. The shoulder belt load and peak pelvis 

resultant accelerations (Figure 4.9F,I) showed close agreement in timing and magnitude to the 

physical tests, indicating the simulation captured the loading in the physical test. The lap belt force 

(Figure 4.9J) was slightly higher than the physical test, with a peak magnitude approximately 10ï18% 

higher than physical test measurements. 

The iliac spine forces (Figure 4.9G,H) of the THOR-5F FE had similar timing to the physical test, 

with substantial differences in magnitude and signal polarity. The FE model sensor force recorded 

rising positive values, whereas the test measurements were negative and returned to 0 near the end of 

the test. The left and right iliac forces were underpredicted by approximately 90% relative to the 

physical test peaks. The head resultant acceleration peak (Figure 4.9A) was 15% lower than the 

physical tests and occurred within 2.5 ms of the physical test peaks. The chest deflection timing 

varied by region; relative to the physical tests, the left upper chest deflection (Figure 4.9B) was 

delayed by approximately 8 ms, the left lower deflection (Figure 4.9C) was within 1 ms, the right 

upper deflection (Figure 4.9D) was delayed by 17 ms, and the right lower deflection (Figure 4.9E) 

was delayed by 15 ms. Comparing the magnitudes, the chest deflections were within 14%, 46%, 12% 

and 17% of the physical test responses for the left upper, left lower, right upper and right lower 

regions, respectively. 
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Figure 4.9: Responses of THOR-5F FE model in the Semi-Rigid Bench with the 4-point, 2-belt 

configuration compared to the physical test data by Richard et al. (2022). 

 

The comparison of the THOR-5F FE in the Semi-Rigid Bench model to the experimental tests was 

quantified by calculating ISO 18571 cross-correlation scores for two physical tests, then averaging 

the results (Table 4.7). The head resultant acceleration, chest right upper deflection, pelvis resultant 

acceleration, shoulder belt load and lap belt load were rated as good, indicating strong agreement 

between the model and the physical test data. The chest left lower, left upper and right lower 

deflections were rated as fair, with the THOR-5F FE model tracking the physical tests with slight 

deviations. The iliac spine loads were rated as poor, with the THOR-5F FE having a different 

response trend than the physical test. Overall, the average rating of the model was 0.71, which 

corresponded to a ñFairò grade. Despite differences in overall iliac load measurements, the model 
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tracked the kinematics and kinetics of the physical ATD tests, demonstrating its appropriateness for 

the DOE simulations. 

 

Table 4.7: ISO 18571 ratings and grades for THOR-5F FE model in Semi-Rigid Bench 

compared to Richard et al. (2022) Tests A11 and A12. The table contains the ratings for each 

test along with the average ratings and associated grades. 

Response 
Test A11 

rating 

Test A12 

rating 
Average rating Grades 

Head resultant acceleration  0.87 0.85 0.86 Good 

Chest left lower deflection 0.73 0.67 0.70 Fair 

Chest left upper deflection 0.65 0.69 0.67 Fair 

Chest right lower deflection 0.68 0.72 0.70 Fair 

Chest right upper deflection 0.76 0.81 0.79 Fair 

Pelvis resultant acceleration  0.92 0.87 0.9 Good 

Left iliac load 0.34 0.47 0.41 Poor 

Right iliac load 0.4 0.33 0.37 Poor 

Shoulder belt load 0.91 0.94 0.93 Good 

Lap belt load 0.80 0.81 0.81 Good 

Average 0.71 0.72 0.71 Fair 

 

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

The 3-point seat belt configuration from the Rigid Bench was implemented in the Semi-Rigid Bench 

for comparison between the loading conditions. When the updated Semi-Rigid Bench with the 3-point 

belt configuration was run using the crash pulse from Richard et al. (2022), the shoulder belt peak 

force (Figure 4.10G) was 27% lower and occurred approximately 3 ms later than in the 4-point 2-belt 

configuration. The lap belt peak force (Figure 4.10H) was 22% lower and occurred approximately 10 

ms earlier. The differences in the force measurements were due to the belt engaging earlier and 

experiencing more pullout. 
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Despite differences in seat belt force timing and magnitude, the chest deflections (Figure 4.8B-E) 

were only moderately lower in magnitude (approximately 60ï80% of peak values observed in the 4-

point 2-belt configuration) with similar timing. The resultant head acceleration (Figure 4.8A) also 

exhibited a similar magnitude as the physical tests, with the peak value within 12% of the physical 

test, despite a more gradual rise in acceleration and a 24 ms delayed peak. Although the 3-point belt 

configuration exhibited a different loading response, the overall kinematic patterns remained similar, 

indicating that the Semi-Rigid Bench model with the 3-point belt configuration was suitable for the 

DOE study. 

 

 

Figure 4.10: Responses of THOR-5F FE model in the Semi-Rigid Bench with the 4-point, 2-belt 

configuration and the 3-point belt configuration compared to the physical test data from 

Richard et al. (2022). 
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4.4 Parametric Study of Belt Anchor Locations and THOR-5F FE Kinematic 

Responses  

Fifty-two (27 for shoulder belt anchor and 25 for lap belt anchor) seat belt anchor configurations were 

simulated in each of the Semi-Rigid Bench and the Rigid Benches, resulting in a total of 108 

simulations. Each simulation was run to completion with LS-DYNA v12.2.1 with 32 cores, requiring 

approximately 1.5 hours per run. For each DOE configuration, the filtered peak chest deflections and 

peak pelvis resultant accelerations were extracted and used to compare the effect of anchor positions. 

For each simulated configuration, the peak chest deflections from the 4 IR-TRACC sensors and  peak 

pelvis resultant acceleration were measured using post-processing software (LS-PrePost 4.10). The 

responses were filtered according to SAE J211 (Table 3.4). From the peak responses in each 

configuration, a linear model with interactions was fitted to determine the main and interaction effects 

using a statistical software package (JMP Student Edition Version 19.0.1). 

4.4.1 Screening of Non -characteristic Kinematics  

Most shoulder belt anchor positions resulted in the shoulder belt restraining the THOR-5F as 

intended. However, three positions (Positions 24, 21, and 12), in which the shoulder belt anchor was 

outboard and low, resulted in a shoulder belt fit that failed to remain on the upper torso of the THOR-

5F during the acceleration pulse, causing the belt to migrate downward to the lower abdomen (Figure 

4.11). The belt restraint, when sliding off the shoulder, was uncharacteristic of a properly functioning 

restraint system and was not included in any of the analyses.  
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Figure 4.11: Shoulder belt migration from shoulder to the abdomen during simulation of 

Position 21 in the (A) Rigid Bench and (B) Semi-Rigid Bench. 

 

The lap belt configurations resulted in two distinct kinematic observed between all simulations: 

submarining (Figure 4.12A,C), or a forward pitch (Figure 4.12B,D). Submarining occurred when the 

lap belt anchors were at the highest position (ZMIN), resulting in undesirable kinematics for a 

restrained rear seat occupant. To maintain focus on functional restraint performance, the submarining 

cases were excluded from the analysis. 
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Figure 4.12: Kinematic response modes resulting from lap belt anchor variations. Submarining 

occurred for  multiple  lap belt anchor configurations in both benches, with Position 1 (top row) 

shown as an example. Forward pitch was observed for a different set of lap belt anchor 

configurations in both benches, with Position 3 (bottom row) shown as an example. 

 

4.4.2 Shoulder Belt Anchor Investigation  for Rigid Bench  

The overall chest deflection peaks ranged from 42 mm to 63 mm (Figure 4.13A), with an average of 

51 mm. The average deflection was 0.3 mm more than the midpoint configuration (Position 14), 

which exhibited a peak average chest deflection of 50.6 mm. The highest chest deflection relative to 

the average (+24%) occurred at Position 19 (XMIN, YMIN, ZMIN), while the lowest deflection relative to 

the average (-17%) was recorded at Position 7 (XMIN, YMAX, ZMIN). 

The peak pelvis resultant accelerations ranged from 36.4 g to 49 g (Figure 4.13B), with an average of 

42.6 g, 0.3 g higher than at the midpoint (Position 14) configuration. The highest peak pelvis resultant 

accelerations occurred at the forward and lower anchor (+X, +Z) locations, with Position 27 (XMAX, 
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YMAX, ZMAX) having the highest acceleration compared to the average (+15 %). The lowest 

acceleration relative to the average (-14%) was observed in Position 9 (XMIN, YMIN, ZMAX). 

 

 

Figure 4.13: THOR-5F responses for shoulder belt anchor positions in the Rigid Bench. (A) 

Overall peak chest deflection for simulated anchor locations (B) Peak pelvis resultant 

accelerations for simulated anchor locations. Marker numbers correspond to the DOE position. 

*Indicates configuration removed from analysis. 

 

The right lower chest sensor (Figure 4.14D) generally measured the highest chest deflections, 

accounting for 22 of 24 overall peak chest deflections. The two exceptions were Positions 20 and 22, 

which recorded the highest deflection at the left lower and right upper sensors, respectively. The left 

lower sensor (Figure 4.14C) generally measured lower deflections. Chest deflections increased at 

more outboard (-Y) and forward (+X) anchor locations for the left chest sensors and the right lower 

chest sensor (Figure 4.14A,C,D), while the right upper sensor showed increased deflections at higher 

(-Z) and inboard (+Y) anchor locations (Figure 4.14B). 
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Figure 4.14: THOR-5F peak chest sensor deflections for  shoulder belt anchor locations in the 

Rigid Bench: (A) left upper sensor, (B) right upper sensor, (C) left lower sensor, and (D) right 

lower sensor. Marker numbers correspond to DOE position. *Indicates configurations removed 

from analysis. 

 

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

Chest Deflection 

The linear regression model explained 92% of the variance in overall peak chest deflections on the 

Rigid Bench model, with an R2 value of 0.92. The effects analysis showed that the overall peak chest 

deflection on the Rigid Bench was significantly influenced by all three main effects: the shoulder belt 

X, Y, and Z-directions, and one interaction effect: XZ (Figure 4.15). The X-direction had the largest 

effect and was positive; moving the shoulder belt anchor X-position from minimum to maximum (e.g. 
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from Position 1 to 19) increased the deflection by an average of 9.5 mm. The Y-direction effect on 

chest deflection was the second highest main effect and negative, as moving the anchor from 

minimum to maximum (e.g. Position 1 to 7) decreased the peak deflection by 6.5 mm. The Z-

direction effect on peak chest deflection was also negative; moving the anchor from minimum to 

maximum in the Z-direction (e.g. Position 1 to 3) reduced chest deflection by an average of 4.5 mm. 

The XZ interaction effect was negative, indicating that the reduction in chest deflection associated 

with Z-direction was greater at XMAX  than XMIN by 3.16 mm. 

 

 

Figure 4.15: Main and interaction effects on peak chest deflection for the Rigid Bench shoulder 

belt anchor DOE. Effects marked with a dot (Å) are statistically significant (p < 0.05). 

 

The regression models for the individual chest regions ranged from 0.91 to 0.99. The lower right 

chest sensor exhibited consistent trends compared to the overall peak chest deflection for the main 

effects for magnitude and significance. The left side sensors showed larger effect magnitudes for the 

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

In contrast, the upper right chest showed signs with a lower X-direction magnitude and a slightly 






































































































