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Abstract 

There has been limited investigation regarding occupant safety in transit bus crash scenarios. 

Experimental testing and numerical modelling can provide the insight required to reduce injury risk to 

transit bus passengers. Transport Canada (TC) has conducted a series of full-scale bus crash and frontal 

impact deceleration sled experiments as part of a research program to inform the development of 

crashworthiness standards for transit buses. Anthropomorphic Test Devices (ATD) were used in the TC 

experiments to assess occupant injury. ATDs have known limitations in replicating the response of a 

human passenger, primarily due to an overly stiff neck and thorax. Finite element ATDs and Human 

Body Models (HBM) are biofidelic occupant surrogate models that can be used in numerical crash 

simulations to predict response and localized tissue injury. This study expanded on the TC experimental 

work by using numerical simulations to assess transit bus passenger response and injury risk using a 

contemporary detailed HBM in a frontal impact scenario. 

A numerical model of the TC sled buck was developed and validated for a series of eight frontal impacts 

utilizing 50th and 5th percentile Hybrid III (HIII) ATD models as the occupants. The Global Human Body 

Models Consortium (GHBMC) male 50th percentile (M50) and female 5th percentile (F05) HBMs were 

seated in the test buck model and simulated for a 6.5g frontal impact pulse. The 50th percentile occupants 

impacted the forward handrail on the anterior side of the neck, which posed a risk of a crushing injury to 

the larynx cartilage. A crushing injury to the larynx could occlude airways and is a potentially fatal injury. 

The 5th percentile passenger showed a potential for impacting the forward handrail on the lower face 

instead of the anterior neck, resulting in a mandible and upper neck injury.  

This study investigated passive safety designs that could minimize the potential for passenger injury on 

transit buses without implementing seat belts. A lowered handrail resulted in the passenger being 

impacted on the thorax instead of the neck, effectively eliminating the injuries of the larynx, mandible, 

and neck at the expense of increased chest compression. The chest compression of the small stature HBM 

predicted a sternum fracture, which was still preferable over the crushing larynx injury observed in the 

experimental test buck design.  

This study demonstrated that the placement of rigid handrails could put passengers at risk of focal impact 

injuries during a crash. Simple design changes, such as lowering the handrail to engage the thorax instead 

of the face or neck, proved to be an effective way to avoid potentially lethal injury. Future work should 

investigate passenger injury using HBMs in other transit bus impact configurations, such as rear and side 

impacts with varying pulse severities.  
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1. Introduction 

1.1. Research Motivation 

Transit buses form an integral part of urban transportation networks. Canadians used an average of 153 

million monthly passenger trips on public transit from 2017 to 2019 [1]. Governments and municipalities 

are investing in public transit buses to reduce transportation emissions and achieve carbon reduction 

targets [2], [3]. Passenger safety on transit buses has received little attention historically. Recent crashes 

that resulted in passenger fatalities have exposed the gap between perceived passenger safety and the 

actual risk of fatality [4], [5]. 

A research study conducted by Transport Canada was initiated following an incident involving a transit 

bus that resulted in multiple passenger fatalities. On September 18, 2013, an OC Transpo double-decker 

transit bus driving from Ottawa to Toronto collided with a VIA rail passenger train at a rail crossing. The 

bus was travelling at a speed of 8 kph with the brakes fully applied when it impacted the side of the train, 

which was travelling at a speed of 70 kph. The front of the bus was completely sheared off due to the 

impact, resulting in six bus passenger fatalities and nine serious injuries. The fatalities occurred 

predominantly to passengers on the second floor at the front of the bus.  

An ensuing investigation by the Transportation Safety Board (TSB) of Canada identified that one of the 

factors contributing to the crash severity was the lack of structural and passenger crashworthiness 

standards applicable to transit buses. The TSB made the following recommendation directed to Transport 

Canada: 

 “The Department of Transport develop and implement crashworthiness standards for commercial 

passenger buses to reduce the risk of injury.” [4] 

Crashworthiness describes the ability of a vehicle to protect passengers from fatality and severe injury 

during a crash event [6]. Over the last five decades, a combination of federally implemented 

crashworthiness standards and research conducted by the automotive industry have significantly reduced 

injury and fatalities of private automobile occupants [7]. Frontal impact crashworthiness standards in 

Canada and the US that govern the protection of passengers in small vehicles are not applicable to transit 

buses [8], [9]. Crashworthiness standards are only applicable to vehicles with a weight under 2495 kg, 

which transit buses far exceed. In addition, seat belts are not implemented on passenger seats of transit 

buses. 
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1.1.1. Transport Canada Experimental Work and Collaboration 

In response to TSB recommendation R15-02, Transport Canada (TC) has undertaken a multi-year 

research program to develop crashworthiness standards for transit buses [10]. TC initiated the research by 

conducting two full-scale transit bus impacts using decommissioned buses. Hybrid III (HIII) 

Anthropomorphic Test Devices (ATDs) were seated inside the bus and used to assess passenger injury. 

The motion of the unrestrained ATDs was captured using highspeed video. 

TC fabricated a test buck to re-create the impact conditions of the full-scale impacts in a lab-controlled 

environment. HIII ATDs of the 5th and 50th percentile statures were used to assess passenger injury in the 

deceleration sled tests. 

The current study used numerical modelling to expand on the findings from the experimental tests 

conducted by TC. A Finite Element (FE) model of the physical test buck was developed and validated 

using previously developed HIII ATD models. Developing a numerical model of the physical test buck 

allowed for the implementation of a Human Body Model (HBM, GHBMC M50 v5.1 and F05 v5.1) in 

place of the ATDs as occupant surrogates.  

HBMs are high fidelity occupant models designed to replicate the response of a human passenger in 

automotive crash simulations. HBMs incorporate tissue geometry informed by medical imaging of a 

human subject and tissue material characterization based on experimental testing of biological tissues. 

HBMs serve a similar purpose as ATDs, which is to assess passenger injury in crashworthiness testing. 

HBMs provide increased biofidelic capabilities such as the prediction of localized tissue injury and the 

implementation of active musculature. 

1.2. Research Objectives 

The aim of this study was to assess the potential for passenger injury using a biofidelic HBM in a transit 

bus frontal impact. The simulations were conducted using the explicit finite element software LS-DYNA 

version 9.2 on the Graham Cluster (Digital Research Alliance of Canada).  

 The research objectives of this study were: 

Objective 1: Develop and validate a numerical model of the physical test buck used by Transport 

Canada. Assess the responses of the 50th and 5th percentile HIII ATDs for kinematics in eight test 

configurations that varied the acceleration pulse magnitude, ATD posture, and ATD seating location. 

Objective 2: Incorporate the GHBMC M50 and F05 human body models into the test buck model. Assess 

the HBMs and ATDs motion and injury potential in the test buck model. Compare the responses of the 

biofidelic HBMs with the HIIIs to determine any differences in kinematics and injury resulting from 
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occupant surrogate biofidelity. Compare the responses of the small and mid-stature passengers to 

determine the effect of passenger size on kinematics and injury potential.  

Objective 3: Investigate passive safety measures for a transit bus interior design using two simulation 

studies. The first study was a parametric analysis using the test buck model with varying seat pitch, seat 

height, and passenger seating location. The second study investigated three alternative seat and handrail 

geometries. Both studies assessed the occupant motion and injury potential in comparison with the 

baseline test buck model. 

Objective 4: Investigate a proposed seat design based on the findings from Objective #3. Assess the 

potential for injury in the proposed seat design following the same procedure used with the experimental 

test buck model. Determine the effectiveness of the passive safety measures by comparing the results with 

those from the experimental test buck (Objective #2) 

1.3. Thesis Organization 

This thesis begins with background information (section 2) that covers the safety statistics for public 

transit buses, federal crashworthiness regulations, ATD models, HBMs, injury metrics, and tissue level 

injury assessment. The background section demonstrates the gap in the current literature that this study 

will address, and the required information to understand the work that was done.  

Section 3 covers the series of experimental tests conducted by Transport Canada for their research 

programme (Figure 1). The section will show the full-scale bus impacts and the series of experimental 

sled tests. A summary of the findings from the experiments is provided. 

Section 4 covers the methodology of the current study, which begins with the development and validation 

of the numerical test buck model. The methods used to assess injury with the ATD and HBM models are 

presented. The methodology used to assess passive safety measures through a parametric analysis and the 

three alternative seat geometries is presented. The section concludes by showing how the proposed seat 

design was created by combining the results from the passive safety studies and the subsequent 

assessment in relation to the experimental test buck model. 

Section 5 will present the results from the simulations, which includes the validation of the test buck 

model, assessment of passenger injury using the ATDs and HBMs, the passive safety investigation, and 

the assessment of passenger injury in the proposed seat design. 

Section 6 discusses the findings from the study which begins with the validation of the test buck model 

and explaining any discrepancies with the experiments. The potential for injury in the test buck model 

using the ATDs and HBMs is then discussed. The effective, and non-effective passive safety measures 
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found through the series of simulations is discussed. The effectiveness of the proposed seat design is 

discussed by comparing with the results from the test buck model using all the occupant surrogates. The 

section concludes by discussing the effect that occupant surrogate (ATD vs HBM) has on injury potential, 

and the effect of occupant stature (small vs mid-sized) on injury. 

Section 7 presents the concluding remarks of the study and some recommendations for future work.  

 

Figure 1: Thesis Visual Summary  
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2. Background 

2.1. Public Transit Bus Design and Operational Characteristics 

Transit buses service a fixed route in urban environments, frequently stopping to allow passengers to get 

on and off the bus. The interior design of a typical transit bus features a low floor profile with handrails 

and handholds for passengers to hold on to while the bus is moving. Bench style seats with forward-

facing and side-facing configurations are standard (Figure 2). Seat belts are not implemented on transit 

buses.   

 

Figure 2: Typical transit bus interior (“Regina Transit Bus 833 Cabin September 2020” by 

Johnnyw3 is licensed under CC BY-SA 4.0) 

 

2.2. Government Initiatives to Improve Transit Bus Crashworthiness 

Transit bus crashworthiness safety has not received the same level of attention as other modes of 

transport, such as small passenger cars and trucks. Cafiso et al. suggested that this is due to the 

assumption that adequate safety measures have already been implemented in public transit [11]. In recent 

years, municipal and federal agencies in Canada, the US, and the UK have expressed intentions of 

improving the crashworthiness of transit buses to address the issue of passenger safety. 

➢ A 2019 Canadian House of Commons report on bus safety issues recommended developing 

crashworthiness standards applicable to transit buses [12].  
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➢ The Federal Transit Administration (FTA) made recommendations in a 2017 report for 

crashworthiness improvements to public transit buses [13]. 

➢ The "Mayor's Transportation Plan" for the city of London, UK, aims to eliminate all 

transportation deaths by 2041 [14]. The plan includes the improvement of transit bus 

crashworthiness. 

2.3. Transit Bus Fatalities 

The annual fatality data for various forms of transportation is made available in Canada by Transport 

Canada (TC) [15], [16] and in the US by the Federal Transit Administration (FTA) [17]. Transit buses 

account for less than 0.1% of annual transportation fatalities in both countries (Figure 3). 

 

Figure 3: Average annual fatalities by all transportation modes in a) Canada [15], [16] and b) the 

US [17] 

Fatality rates assess the relative risk of death for passengers among various transport modes. Data from 

the US [18] and Europe [19] show that bus passengers on transit and motorcoaches have 6% of the 

fatality rate as car passengers on a per km travelled basis (Figure 4). 
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Figure 4: Transportation mode fatality rates in the US and European Union Nations [18], [19] 

 

2.4. Transit Bus Fatality Risk to Other Road Users 

Transit buses pose a high risk of fatality to other road users, such as pedestrians, because they are 

operated in dense urban environments [20]. Ensuring that the fatality data delineates the fatalities of the 

bus passengers and other road users is essential for determining the actual risk posed to passengers. 

Transport for London (TfL) [21] compared the fatality rates for transit buses and cars in the city of 

London, UK (Figure 5). The data showed that buses had a higher fatality rate for other road users, and a 

lower fatality rate for occupants when compared with cars.  

 

Figure 5: Comparison of fatality rates of passengers and other road users between transit buses and 

cars in London, UK [21] 
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TC reported the delineated transit bus fatality data in Canada from 1989 to 1999 [22] and showed that 

none of the deaths attributed to transit buses were passengers (Figure 6). Data from the Bureau of 

Statistics shows that passengers made up 3% of annual transit bus fatalities in the US in 2019 [17]. 

 

Figure 6: Fatalities attributed to transit buses in a) Canada [22] and b) the US [17] 

 

2.5. Transit Bus Injuries 

Injuries are more common than fatalities on buses as a transport mode [17]. In the US, transit buses 

account for 0.64% of all transport injuries compared with 0.02% of all transport fatalities (Figure 7a). The 

US data includes information about the user type for all the injuries attributed to transit buses (Figure 7b). 

Transit bus passengers accounted for 47% of total transit bus injuries in 2019.  

 

Figure 7: a) Injuries by Transport Mode in US (2010 to 2019) [17]; b) Transit Bus Injuries by User 

(2019) [17] 

Transit buses allow passengers to remain standing, which maximizes occupant capacity and allows people 

to move around the bus while it is in motion. Transit bus drivers must account for unpredictable motorists 

and other road users, resulting in occasional rapid accelerations, decelerations, or sharp maneuvers [23]. 
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Standing passengers risk tripping or falling during these situations, referred to as non-collision events 

[24]. A 1996 report from the US [25] showed that almost half of transit bus injuries occurred to 

passengers in non-collision events (Figure 8a). A 2004 study examined people admitted to Israeli 

hospitals with injuries from non-collision transit bus incidents [26]. Rapid acceleration and deceleration 

of the bus contributed to over half of all passenger injuries (Figure 8b). 

 

Figure 8: a) Contribution of non-collision events to total transit bus passenger injuries [23]; b) Type 

of non-collision event that led to transit bus passenger injury [26] 

Passenger position/action data showed that more than half of the passengers were standing, and about a 

quarter were sitting at the time of injury (Figure 9a). A study in the UK [27] reported that almost half of 

all non-collision injuries were passengers seated before injury (Figure 9b). The data from both studies 

showed that seated passengers are still at risk of injury in a non-collision event. 

 

Figure 9: Passenger position/action prior to non-collision injury in a) Israel (2004) [26] and b) UK 

(1999-2001) [27] 

The UK study also provided the age distribution of the injured passengers (Figure 10a). The data showed 

that elderly female passengers (>65 y/o) were at a higher risk of being injured when compared with other 
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age/gender groups. Injuries to the limbs, head, and spine accounted for more than three-quarters of all 

injuries in the Israeli study (Figure 10b). 

 

Figure 10: a) Age distribution of injured passengers in non-collision transit bus events (Adapted 

from [27]) b) Site of secondary impact injuries on passengers [26] 

A 2019 study investigated non-collision injuries of UK bus passengers from 2016 to 2017. Seated 

passengers had one-third the risk of a non-collision injury as standing passengers [28]. The most frequent 

parts of the bus impacted by seated passengers were the vertical handrails (27%) and the forward seat 

(27%). For the seated passengers who were injured from impacting interior structures, they were caused 

by vertical handrails 31% of the time and horizontal handrails 20% of the time.  

2.6. The Direction of Travel of Transit Buses Prior to Impact 

A 2005 report by the National Institute for Aviation Research (NIAR) investigated transit bus impact 

direction that resulted in passenger injuries and fatalities [29]. Frontal impacts resulted in more than half 

of all bus passenger fatalities, while there was an even distribution for crashes that resulted in injuries 

(Figure 11). 

 

Figure 11: Bus impact direction prior to a) fatalities and b) injuries of bus passengers [29] 
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2.7. Transit Bus Interior Design Recommendations 

Previous reports have concluded that improving the design of transit bus interiors can reduce the potential 

for passenger injury [25], [30]. Recommendations have included improving the design of handrails, seats, 

and ticket machines to prevent serious injury when impacted by passengers. Transport for London (TfL) 

identified the challenge of changing the rigidity and geometry of handrails to reduce injury potential 

while still maintaining the functionality [31]. 

A 2019 study detailed a design improvement session for transit bus interiors that included bus 

manufacturers and stakeholders in the transit industry [32]. Despite the acknowledged effectiveness, the 

designers expressed concerns about retrofitting buses with seat belts due to the legal responsibility of the 

bus driver to check that every passenger uses them correctly. Adding to this, requiring seatbelts could 

imply that standing is not a safe way to ride the bus. High seat backs were suggested as a potential design 

to mitigate the risk of whiplash.  

2.8. Computational Models in Crashworthiness Research 

Numerical modelling utilizes mathematical equations to describe a physical phenomenon, such as 

electromagnetism, fluid flow, or a car crash. The Finite Element Method (FEM) is a form of numerical 

modelling which describes a physical body in a computational environment using discretized elements. 

Differential equations are used to describe the motion of the finite element body when boundary 

conditions (force, acceleration, displacement, etc.) are applied [33]. Materials characterization and 

boundary conditions play an integral role in the accuracy of the response of a FE model.  

Numerical models are cost-effective relative to experimental testing and allow for the use of biofidelic 

occupant surrogates in crashworthiness research. Validation is the process where a numerical model is 

compared against a series of experimental tests to evaluate how accurately the model reproduces the 

experimental response [34]. Comprehensive validation of a model includes a qualitative and quantitative 

component. The qualitative assessment visually compares the highspeed video of the experiment with the 

simulation to check for visual agreement. The quantitative assessment involves comparing signals from 

the experiment and model response, such as acceleration or force traces. Quantitative assessments use 

cross-correlation software to objectively rate how well the signal responses from a model compare with 

an experiment. 

2.8.1. Cross-Correlation and Objective Rating of Model Response 

Correlation and Analysis Software (CORA) compares and rates the correlation between two temporal 

signals (i.e. time history and model response) [35]. CORA generates an objective rating between 0 and 1 

that corresponds to a level of biofidelity (Table 1).  
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Table 1: CORA Biofidelity Ratings 

Biofidelity Level CORA Rating 

Excellent 0.86<rating<1 

Good 0.65<rating<0.86 

Fair 0.44<rating<0.65 

Marginal 0.26<rating<0.44 

Unacceptable 0<rating<0.22 

 

CORA employs the cross-correlation method, combining three sub-ratings, progression (V), phase shift 

(P), and magnitude (G) into the final rating (C) (Eq. 1). Each sub rating 𝑉, 𝑃, 𝑎𝑛𝑑 𝐺 is between 0 and 1, 

with 0 corresponding to no agreement and 1 corresponding to perfect agreement. The terms 𝑔𝑉 ,𝑔𝑃, 𝑔𝐺  are 

the weights assigned to progression, size, and magnitude. 

 𝐶 = 𝑔𝑉 ∙ 𝑉 + 𝑔𝑃 ∙ 𝑃 + 𝑔𝐺 ∙ 𝐺 (1) 

The weights attributed to progression, phase shift, and magnitude can be adjusted when calculating the 

final cross-correlation score. Each of the weights must be between 0 and 1 (Eq. 2) and must all sum to a 

value of 1 (Eq. 3). 

 0 ≤ (𝑔𝑉 ,𝑔𝑃, 𝑔𝐺 ) ≤ 1 (2) 

 𝑔𝑉 +  𝑔𝑃 + 𝑔𝐺 = 1 (3) 

When the signal from a model and experiment starts at the same time (i.e. t=0), the phase shift (𝑔𝑉) is 

omitted from the cross-correlation analysis to avoid an artificially high rating. The progression analyzes 

the shape of the two signals (Figure 12a), and the phase shift analyzes the degree of overlap of the signals 

(Figure 12b). 
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Figure 12: a) CORA progression analysis; b) CORA phase shift analysis 

The magnitude analyzes the agreement between the area under the curve from both signals (Figure 13). 

 

Figure 13: CORA magnitude analysis 

 

2.9. Hybrid III ATD 

The Hybrid III (HIII) is a family of Anthropomorphic test devices (ATD) and is the primary test device 

used to ensure compliance with frontal impact safety standards. The HIII is available in various sizes, 

including a 50th percentile male and a 5th percentile female. The 50th male represents an average-sized 

male passenger [36], while the 5th percentile represents a small stature female. Livermore Software 

Technology Company (LSTC) provides free-to-use FE models of the HIIIs for explicit FE simulations 

(Figure 14). The M50 model is validated for neck flexion/extension and thorax deflection response [37]. 

The HIII model is also available in the smaller stature 5th percentile female, validated for head, neck, 

thorax, and femur load response [38]. 
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Figure 14: Left: Humanetics physical 50th and 5th HIII ATDs (Copyright [39]); Right: LSTC 

numerical 50th and 5th HIII models [37] 

 

2.9.1. Passenger Stature and Crash Safety 

Previous studies have shown that smaller stature female passengers are at an increased risk of injury in 

automobile accidents [40]. Physiological differences between males and females, such as bone geometry 

and density can place females at an increased risk [41]. Non physiological risks are related to vehicle 

design, such as the height of handholds or seatbacks and their effect on passenger kinematics and injury 

[42]. When airbags were first implemented in production vehicles, the head of a small stature female 

sitting close to the steering wheel could be in the deployment zone of the airbag, where the power of the 

deployment could cause a fatal blow to the head [43]. Improving the crashworthiness of transportation 

systems requires the assessment of different stature passengers to ensure that safety improvements benefit 

all. 

2.9.2. HIII Model Instrumentation 

The nodes located at the center of gravity of the head, chest, and pelvis of the HIII model monitor the 

kinematics (Figure 15). The nodes correspond to accelerometers in the physical HIII.  
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Figure 15: Head, Chest, and Pelvis nodes for tracking kinematics 

The HIII model monitors the forces and moments in the upper neck via an element set corresponding to a 

load cell in the physical HIII (Figure 16). 

 

Figure 16: HIII upper neck cross-section for measuring forces and moments 

A rotating bar element in the chest cavity of the HIII model measures the chest deflection (Figure 17). 
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Figure 17: HIII chest compression measurement via a deflecting bar 

The femur axial load is measured in the HIII model using an element cross-section in the upper leg 

(Figure 18). 

 

 

Figure 18: Location of Femur Cross Section in HIII 
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2.9.3. Biofidelity of the HIII ATD 

The biofidelity of the HIII refers to how accurately it replicates the response of a biological surrogate 

(PMHS or human volunteer). The HIII demonstrates excellent biofidelity at the head region and femur 

region and an overly stiff response of the neck and thorax regions [44], [45]. 

The overly stiff neck and thorax of the HIII results in reduced forward head excursion in frontal impacts 

compared with PMHS [46]. Agaram et al. demonstrated that the artificially stiff design of the HIII neck 

resulted in higher bending moments in the upper neck from airbag loading [47]. The stiffness of the HIII 

neck is partly due to the design, which uses multiple metal discs joined by rubber inserts, with a single 

metal cable running down the center [48].  

The thorax of the HIII exhibits less peak thorax deflection under belt loading in frontal impacts compared 

with PMHS [49]. The HIII thorax was developed using pendulum impact loading and lacked validation 

for the response of focal belt loading [50], [51], [52], [53]. The lack of validation for focal impacts on the 

thorax results in an overly stiff response of the HIII under low-rate loading. 

2.10. ATD Injury Metrics 

Crashworthiness researchers use ATDs to assess the probability of an occupant sustaining an injury 

during a crash. The Abbreviated Injury Scale (AIS) describes the injury severity of a given tissue or body 

region. The AIS ranges from AIS-1 being a minor injury to AIS-6 being a maximal (fatal) injury (Table 

2) [54]. The AIS codebook provides descriptions and an AIS score for various types of injuries 

throughout the body. 

Table 2: Abbreviated Injury Scale (AIS) 

AIS level Injury Severity 

AIS-1 Minor 

AIS-2 Moderate 

AIS-3 Serious 

AIS-4 Severe 

AIS-5 Critical 

AIS-6 Maximal 

 

Injury metrics correlate peak accelerations, forces, and displacements measured with an ATD during a 

crash to the probability of sustaining a specific AIS level injury (e.g., Peak femur force and probability of 

AIS-2 femur injury). Some injury metrics involve comparing a maximum value with a reference limit 

(e.g., peak head linear acceleration). Other metrics use functions to calculate the risk from multiple 

kinematic inputs (e.g., Neck injury criteria is a combination of neck moments and axial forces to 

determine neck injury potential). Injury Assessment Reference Values (IARV) are thresholds for injury 
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potential set by industry regulators to minimize passenger injury during crash events. The IARV values 

correspond to a specific probability of sustaining a given AIS level injury. The following sections detail 

the method of calculating each injury metric and the injury risk curves for determining the injury 

probability. 

2.10.1. Head Injury Criterion 

The Head Injury Criterion (HIC15) measures the maximum head injury potential using a 15 ms integral of 

head linear acceleration (Eq. 4).  

 𝐻𝐼𝐶 = 𝑚𝑎𝑥 ((𝑡2 − 𝑡1) ∙ [
1

𝑡2 − 𝑡1
∙ ∫ 𝑎(𝑡)𝑑𝑡

𝑡2

𝑡1

]

2.5

) (4) 

Prasad and Mertz [55] formulated injury risk curves for HIC15 (Figure 19). A HIC15 of 700 indicates a 

31% risk of an AIS-2 skull fracture or a less than 5% risk of an AIS-4 brain injury for the 50th percentile 

male [56]. 

 

Figure 19: AIS risk curves for HIC15 [55] 

The related head injury for different levels of AIS head injuries has been summarized in the literature [57] 

(Table 3). 
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Table 3: Head Injury AIS level description, adapted from [57] 

AIS 

code 
Description 

1 Skin and scalp: abrasions, superficial lacerations. Face: fracture of the nose. 

2 Leather: more abrasions. Simple or decomposed fractures to the face, open fractures or 

displacements of the jaw, fractures of the jaw. 

3 Different fractures, total loss of scalp, bruises to the cerebellum. 

4 Complex facial fractures, exposure or loss of brain tissue, small epidural or subdural 

hematoma. 

5 Greater penetration of brain injuries, damage and hematoma to the trunk, epidural or subdural 
compression, and axonal damage spread. 

6 Mass destruction of both the skull and the brain 

 

2.10.2. Neck Injury Criterion 

The neck injury criterion (Nij) is calculated by summing the ratio of axial loading (tension/compression) 

to a critical intercept with the ratio of sagittal bending moment (flexion/extension) to a critical intercept 

(Eq.5). 

 𝑁𝑖𝑗 =
𝑁𝑀𝑜𝑚𝑒𝑛𝑡

𝑁𝑀𝑐
+

𝑁𝐴𝑥𝑖𝑎𝑙 𝐹𝑜𝑟𝑐𝑒

𝑁𝐶𝐹
 (5) 

The Critical intercepts, Nmc and Ncf, are dependent on ATD size (Table 4). The IARV value of 1 for Nij 

corresponds to a 22% chance of an AIS-3 neck injury.  

Table 4: Nij critical intercept values for 50th and 5th percentile ATDs [58], [59] 

ATD 
Sagittal Plane Bending 

Moment (Nm) 

(Flexion/Extension) 

Axial Force (N) 
(Compression/Tension) 

HIII 50th 310/135 6160/6806 

HIII 5th 155/67 3880/4287 

The value of Nij determines the probability of an AIS-2 to AIS-5 injury using the associated risk curves 

(Figure 20).  
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Figure 20: Nij Risk Curve [60]  

 

2.10.3. Peak Neck Tension and Compression 

The IARV of 4170 N for peak neck tension and 4000 N for peak neck compression corresponds to a 50% 

risk of an AIS-3 neck injury. 

2.10.4. Thorax Compression and Peak Acceleration 

Thorax compression can result in damage to vital organs, such as the heart and lungs. Rib fracture from 

excessive compression can result in a puncture to the vital organs and can be fatal if not treated 

immediately [61]. The risk of associated thoracic injuries can be calculated based on the total deflection 

of the chest (Figure 21). The IARV for chest deflection is 63 mm and corresponds to a 30% risk of an 

AIS-3 injury. 

 

 

Figure 21: Chest Deflection Injury Risk Curves [60] 
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The peak acceleration measured at the chest can also be used to assess the potential for thorax injury. An 

IARV of 60 g is set for the 50th percentile male for the FMVSS 208 standard and corresponds to a 37% 

risk of an AIS-4 chest injury (Figure 22). 

 

Figure 22: Peak Chest acceleration AIS Curves [60] 

 

2.10.5. Lower Extremity Injury Criterion 

The Lower Extremity (LE) criterion uses the femur axial force to determine the risk of femur fracture 

(Table 5). 

Table 5: Lower Extremity Criteria critical values 

Passenger IARV 

50th percentile male 10 000 N 

5th percentile female 6800 N 

The IARVs for femur loads correspond to a 35% risk of an AIS-2 femur injury (Figure 23). 
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Figure 23: Femur Load AIS2 Injury Curve [60] 

 

2.10.6. Combined Thoracic Injury Criteria (CTI) 

The Combined Thoracic Criteria (CTI) calculates the probability of an injury to the thorax using a 

combination of chest acceleration and deflection (Eq. 6) [60]. Each HIII stature has specific critical 

intercepts used to calculate CTI (Table 6). 

 𝐶𝑇𝐼 =  
𝐴𝑚𝑎𝑥

𝐴𝐼𝑛𝑡
+

𝐷𝑚𝑎𝑥

𝐷𝑖𝑛𝑡
 (6) 

 

Table 6: Critical intercepts for CTI based on ATD size 

Dummy Type 
Mid-Sized 

Male 

Small 

Female 

Chest Deflection Intercept for CTI (Dint) 103 mm 84 mm 

Chest Acceleration Intercept for CTI (Aint) 90 g 90 g 
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A CTI value of 1 is associated with a 25% risk of an AIS-3 thoracic injury for the 50th percentile male 

(Figure 24). 

 

Figure 24: CTI AIS risk curves [60] 

 

2.10.7. Viscous Criterion (VC) 

The Viscous Criterion (VC) measures the potential for thoracic injury using a combination of normalized 

chest compression and chest compression rate (Eq. 7). The VC accounts for experimental findings that 

lower chest compression at very high deflection rates can still lead to thoracic injury [62]. 

 𝑉𝐶 = 𝑉(𝑡) × 𝐶(𝑡) (7) 

The calculated value of VC can be used with the associated injury risk curve to calculate the probability 

of an AIS-4 thoracic injury (Figure 25). 

 

Figure 25: Viscous Criterion AIS-4 Injury Curve [62] 
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2.10.8. Brain Injury Criteria (BrIC) 

The Brain Injury Criteria (BrIC) measures the potential for brain injury using the angular velocity 

components of the head CG [63], [64]. The BrIC equation divides the peak angular velocity of the head in 

the x, y, and z-axis by critical intercepts (Eq. 8) (Table 7). 

 𝐵𝑟𝐼𝐶 =  √
𝜔𝑥

𝜔𝑥𝑐
+

𝜔𝑦

𝜔𝑦𝑐
+

𝜔𝑧

𝜔𝑧𝑐
 (8) 

 

Table 7: Critical intercepts of angular velocity for calculating BrIC 

Axis of 

Rotation 
Rads/sec 

𝜔𝑥 66.3 

𝜔𝑦 53.8 

𝜔𝑧 41.5 

 

 The value of BrIC correlates with a risk of traumatic brain injury (TBI) (Figure 26).  

 

Figure 26: Injury risk of traumatic brain injury using BrIC [64] 
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2.10.9. Mertz Neck Criteria 

Mertz reported additional IARVs for the peak neck flexion, extension, and shear force (Table 8). The 

IARV for the peak extension moment corresponds to a 20% risk of an AIS-3 neck injury, and the neck 

flexion moment and shear force corresponds to a 5% AIS-4 neck injury risk. 

Table 8: Mertz Neck injury criteria 

Neck Load Metric IARV 

Neck Sagittal Bending Flexion Moment (Nm) 190 

Neck Sagittal Bending Extension Moment (Nm) 96 

Neck Shear Force (N) 3100 

 

2.10.10. Mandible Fracture Prediction Using Impact Force 

Impacts to the face of passengers, from steering wheels and other structures located in the driver space, 

posed a risk of fracture to the mandible and maxilla prior to the widespread implementation of 3-point 

belts and airbags [65]. Experimental drop tower tests on PMHS subjects generate impact tolerances for 

the mandible and maxilla of the human face (Figure 27). 

 

Figure 27: GHBMC M50 skull 

A drop weight impactor is aimed at the bone of interest on the PMHS, and fracture occurrence is 

monitored for varying impact velocities. Experiments generate mean or minimum fracture thresholds for 

the maxilla and mandible (Table 9). 
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Table 9: Impact Fracture loads for the maxilla and mandible 

Study Experiment type Region Fracture Load 

Nyquist (1986) [66] Impactor, PMHS 

(unembalmed), Nose 

impact 

Maxilla 3000 N (Mean) 

Allsop (1988) [67] Impactor, PMHS 

(unembalmed) 

Maxilla 1000 – 1800 N 

Schneider (1972) [68] Drop tower, supine PMHS 

(unembalmed) 

Mandible 1779 N (Minimum) 

Daniel (2021) [69] Drop tower, PMHS 

(unembalmed) 

Mandible 2834 N (50% risk of 

fracture) 

 

Daniel et al. [69] generated an injury risk curve for the impact force on the mandible and the 

corresponding risk of fracture (Figure 28). The AIS codebook states that a fracture to the mandible is an 

AIS-1 injury. 

  

Figure 28: Injury risk curve for mandible fracture due to anterior-posterior impact, adapted from 

Daniel et al. [69] 

 

2.10.11. Larynx Cartilage Fracture 

The larynx (voice box) is a hollow tissue located along the anterior of the neck that allows for breathing 

and voice production (Figure 29). 
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Figure 29: a) Larynx tissue in the GHBMC M50, b) Diagram of the human larynx tissues (Olek 

Remesz (wiki-pl: Orem, commons: Orem), CC BY-SA 2.5 

<https://creativecommons.org/licenses/by-sa/2.5>, via Wikimedia Commons) 

Focal impact on the anterior neck can result in fractures to the cartilages of the larynx, which are critical 

for maintaining open airways (Figure 30) [70]. Severe damage to the larynx cartilages has a prehospital 

fatality rate of 80% [71].  

 

 

Figure 30:Thyroid and Cricoid Cartilage fracture modes (Copyright Permission [72]) 

 

Prior to the widespread adoption of seatbelts and airbags, passenger impacts with the dashboard or 

steering wheel (Figure 31a) led to larynx trauma, or even cervical spine fracture, referred to as the 

"padded dash syndrome" [73], [74]. The widespread adoption of 3-point belts in the automotive industry 

has mostly eliminated the issue of focal impact on the anterior neck [75].  
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Figure 31: a) Focal impact on the larynx of a passenger in a car crash; b) Location of the cricoid 

and thyroid cartilages; c) Front view of the cricoid and thyroid cartilages (Copyright Permission 

[72]) 

Impact testing of PMHS generates fracture tolerances for the thyroid and cricoid cartilages (Figure 31b,c) 

of the larynx. Melvin reported that loading of the larynx initially increases until the thyroid cartilage 

fractures. At that point, there is a slight decrease in the load before increasing as the cricoid cartilage 

bears all the load (Figure 32). 

 

Figure 32: Dynamic Compression response of large larynges (Copyright Permission [72]) 

 The AIS codebook states that a crushing injury to the larynx cartilage is an AIS-5 injury (Table 10). 
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Table 10: Fracture thresholds for the larynx cartilages 

Study Test Subject Bone/cartilage Fracture Force 

Bockholdt [76] Extracted Tissue Sample Thyroid Horns 29 N 

Gadd [77] PMHS (Embalmed) Thyroid, Cricoid 

Cartilages 

200-250 lbs, 175-225 

lbs 

Gadd [78] PMHS (unembalmed) Thyroid, Cricoid 

Cartilages 

90-100 lbs (both 

cartilages) 

Melvin [72] PMHS (unembalmed) Thyroid, Cricoid 

Cartilage 

180 N, 248 N 

(Average) 

2.11. Numerical Human Body Models 

Researchers have primarily used physical ATDs and post mortem human subjects (PMHS) for crash 

safety testing. ATDs are made from non-biological tissues, such as rubber and metal, which makes them 

less biofidelic than PMHS [79]. PMHS provides a more accurate assessment of tissue-level injury but 

suffer from limited supply, tissue degradation, and a lack of muscle activation. 

Human Body Models (HBM) replicate the tissue geometry and material properties of a live human for use 

in numerical simulations. There are numerous computational HBMs in use today. Three of the most 

widely used HBMs are the Global Human Body Models Consortium (GHBMC) model (Figure 33), the 

Total Human Model for Safety (THUMS) model, and the VIVA+ model [80]. 
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Figure 33: GHBMC M50 Model V-5.1 a) Entire Model; b) Musculoskeletal; c) Skeleton 

The GHBMC consolidates the work of multiple Centers of Excellence (COE) that each focus on the 

development of a specific body region [81]. The GHBMC full-body model combines the separate body 

regions developed by the COEs [82]. Version 5-1 of the GHBMC M50 model is made up of 2,473,387 

elements and 1,355,605 nodes. The model uses various materials to characterize the behaviour of tissues 

such as muscle, adipose tissue, ligaments, bone, vasculature, and organs. 

2.11.1. Human Body Models in Transit Bus Crashworthiness Research 

The safety risks posed to standing passengers in transit buses was investigated using an active Human 

Body Model (Madmyo-HBM) in a 2007 study [83]. The passenger model was positioned in a transit bus 

model and subjected to a crash pulse. The potential for severe head injury was identified based on the 

impact severity between the head and the rigid handrails. The HBM was not used in a seated 

configuration in bus model. 

2.12. Tissue Level Injury Assessment by Body Region 

Human Body Models provide the ability to assess localized tissue injury. Predicting injury at the tissue 

level requires comparing element level metrics such as stress, strain, and pressure with the thresholds 
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provided in the user GHBMC user manual [84]. This section will detail the tissue injuries assessed in this 

study and the corresponding injury thresholds. 

2.12.1. Diffuse Axonal Injury 

Traumatic brain injury (TBI) is brain tissue damage that can lead to permanent neurocognitive 

impairment. TBIs are common in vehicular crashes and can result from a direct blow, impulse, or rapid 

head movement [85]. Axons are long thin cells arranged throughout the brain in the form of a network 

that conducts signals to facilitate brain activity [86]. A Diffuse Axonal Injury (DAI) is a form of TBI 

caused by the damage to the axonal structures during the rapid deformation of brain tissue [87].  

Researchers generate injury thresholds for DAI using measured head accelerations from concussive 

impacts suffered by athletes during training and competition. Accelerometers embedded in the athlete 

helmets and mouthguards in sports such as American Football, boxing, and mixed martial arts record the 

peak head accelerations that lead to physician-diagnosed concussions. The accelerations are applied to FE 

brain models to correlate brain strains at the element level with concussive symptoms (Table 11). 

The GHBMC currently uses a threshold of 0.48 for maximum principal strain in a given brain region to 

predict a DAI. Typically, the 95th percentile maximum principal strain in the brain region is used to 

determine the severity of brain tissue deformation while filtering out distorted elements with excessive 

strain. 
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Table 11: Brain Strains associated with concussion via FE modelling of concussive impacts 

Study Brain Region Sport Metric Value predicting 

concussion 

Viano (2005) 

[88] 

Midbrain, Thalamus,  Football Strain 

(mean) 

0.344 (SD 0.14), 

0.376 (SD 0.193) 

Hernandez 

(2015) [89] 

Corpus Callosum American Football, 

boxing, MMA 

Peak 

Strain 

0.498 (loss of 

consciousness),  

Beckwith 

(2018) [90] 

Cerebrum, Cerebellum, 

brain stem, corpus 

callosum 

Football MPS 

(Median) 

0.18, 0.09, 0.14, 0.13 

Patton (2013) 
[91] 

Midbrain, Corpus 
Callosum, Thalamus, 

Gray Matter 

Australian football, 
rugby 

MPS 
(mean) 

0.25, 0.31, 0.26, 0.47 

GHBMC User 
Manual 

All brain regions   0.48 

 

2.12.2. Acute Subdural Hematoma 

Acute subdural hematoma (ASDH) occurs when the bridging veins that connect the cerebral cortex to the 

superior sagittal sinus rupture during an impact event (Figure 34) [92] [93]. Bridging veins from cadavers 

have been loaded to failure experimentally with a resulting failure strain of 18±7% [94]. The GHBMC 

implements a failure strain of 25% for an ASDH. 

 

Figure 34: Bridging Veins in the GHBMC M50 Model 
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2.12.3. Cerebral Contusion 

A cerebral contusion is the localized tissue damage to the brain that occurs during head impacts. As the 

brain moves within the skull during impact, a high positive pressure develops at the site of impact 

between the brain and the anterior skull, which is called a "coup injury." A pressure wave is generated at 

the coup injury location which travels through the brain and reflects off the skull on the opposite side of 

the brain, generating localized negative pressure [95] The negative pressure can cause localized damage 

to the brain tissue called a "contrecoup injury" (Figure 35).  

 

Figure 35: Coup and contrecoup injury to the brain 

PMHS head impacts with recorded intracranial pressure are subsequently assessed for contusion injury by 

researchers to generate injury thresholds [96], [97]. The experimental data was then used with FE 

modelling to develop an injury tolerance for a positive pressure of 234 kPa [98]. Element pressures 

throughout the brain regions of interest allow the prediction of cerebral contusion with the GHBMC 

model using positive/negative pressure thresholds of 237/-104 kPa. 

2.12.4. Neck Ligament Failure 

Injuries to the ligaments in the cervical spine can result in long-lasting pain and disability. Multiple 

ligaments connect the ascending cervical spine vertebrae from the base of the skull (occipital condyle) 

down to the thoracic spine. These include the Anterior Longitudinal Ligament (ALL), Posterior 

Longitudinal Ligament (PLL), Ligamentum Flavum (LF), Interspinous Ligaments (ISL), and the Cervical 

Capsular Ligament (CL) (Figure 36). 
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Figure 36: Neck Ligaments in the Cervical Spine of the GHBMC M50 Model 

There are ligaments specific to the upper cervical spine connecting C2, C1, and the Occipital Condyle 

(Figure 37). 

 

Figure 37: Upper Cervical Spine Ligaments 

Yoganandan found that ligaments in the cervical spine displayed a nonlinear behaviour under loading 

that initiates with a toe region where the fibres of the ligaments are initially engaged [99]. As the 

displacement increases, the stress response exhibits a linear elastic response. At a certain point the 

ligament begins to fail, causing a drop in stress (Figure 38). 
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Figure 38: Stretch response of neck ligament with initial toe region, linear region, and reduction in 

stiffness corresponding to ligament failure (Figure adapted from [99]) 

Mattucci et al. performed a series of quasi-static and high strain rate tensile tests on cervical spine 

ligaments from PMHS to measure the stretch-stiffness response and failure limit [100]. The experimental 

data was curve fit for implementation in HBM neck models, including the predicted failure distraction for 

each ligament (Table 12) [101]. The GHBMC model implements ligament failure by deleting elements 

once the tensile displacement of the element surpasses a threshold. 

Table 12: Cervical Spine ligament high strain rate failure distraction [101]  

Ligament 
High Strain Rate 

Failure (mm) 
SD 

ALL 3.65 0.81 

PLL 2.85 0.76 

LF 4.08 1.51 

CL 4.39 1.8 

ISL 4.8 1.12 

 

2.12.5. Intervertebral Disc Avulsion 

Intervertebral disc avulsion (IDA) occurs when the disc tissue separates from the bone due to high 

stresses. The GHBMC model sets a failure limit for the tied connection between the disc endplates and 

the cervical spine vertebrae to predict an IDA injury. DeWitt demonstrated that a cervical spine segment 

model implementing avulsion accurately predicted injury observed in experiments [102]. Tied 
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connections between the endplates and the vertebral body (Figure 39) get deleted when the tensile stress 

in the connection surpasses 30 MPa. 

 

Figure 39: Cervical spine superior and inferior endplates at the isolated C2 level 

 

2.12.6. Hard Tissue Fracture  

Bone is a rigid tissue made up of collagen and calcium phosphate which functions to support the human 

body and protects vital organs [103]. Cortical bone makes up the dense outer layer of a bone and does the 

primary load-bearing. The interior of the bone is a sponge-like structure called trabecular (cancellous) 

bone (Figure 40). When bones are loaded past their ultimate strength, cracks can develop and eventually 

lead to fractures. 
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Figure 40: Cortical and trabecular bone (Copyright [104]) 

Bone is modelled as an elastic-plastic material in the GHBMC model. Elastic-plastic material models 

allow for permanent deformation to develop once the stress in the material surpasses the yield stress 

(Figure 41). Effective plastic strain describes the amount of permanent deformation in an element 

modelled with an elastic-plastic material. Bone failure is modelled in the GHBMC HBM by deleting 

elements that have surpassed a limit for effective plastic strain.  

 

Figure 41: Elastic-plastic material stress-strain curve 
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Failure strains are typically determined experimentally using PMHS bone samples loaded to failure 

(Table 13). The yield strain and failure strain (ultimate strain) have been reported in the literature for 

various bones throughout the body.  

Table 13: Plastic strains measured at failure from experiments 

Study Bone Failure Strain GHBMC User Manual 

McElhaney Cervical body 

(Cortical) 

1.78% 
1.78% 

Lindahl Cervical Body 
(Trabecular) 

9.5% male, 9% female 
9.5% 

Kemper Ribs (Cortical) 1.82% 
1.8% 

Duma Ribs (Cortical) 1.1-2.5 % 

Keller et al. 1990, 

Currey et al. 1997 

Femur (Cortical) 0.85% 

0.88% 
Burnstein 1976 Tibia and Femur 

(cortical) 

0.89% 

Song 2005 Pelvis (Cortical) 3% 3% 

 

2.12.6.1. Ribs and Sternum  

The human ribcage consists of twelve levels of ribs (left and right) which attach at the anterior side of the 

body at the costal cartilage and sternum (Ribs 1-10), and on the posterior side at the spine (Figure 42). 

 

Figure 42: Ribs and sternum in the GHBMC M50 model 
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2.12.6.2. Lower Extremities  

The major bones in the lower extremities consist of the coxal and sacrum in the pelvis region, and the 

femur, tibia, and fibula in both the left and right legs (Figure 43). 

 

Figure 43: Bones that make up the lower extremities which include the pelvis (coxal and sacrum), 

the upper leg (femur), and the lower leg (fibula and tibia) 

 

2.13. Frontal Crashworthiness Standards by Region and Applicability to 

Transit Buses 

This section will cover the frontal automotive crashworthiness regulations in various regions and discuss 

the application, if any, to transit buses. 

2.13.1. Federal Crashworthiness Standards in Canada and the United States 

The Canadian Federal Motor Vehicle Safety Standards (CMVSS) and the Federal Motor Vehicle Safety 

Standards (FMVSS) set the safety regulations for the automotive industry in Canada and the US. Standard 

208 (CMVSS & FMVSS) covers the protection of occupants in passenger vehicles in frontal impacts [8], 

[9]. The standard sets limits for injury metrics measured at the head, neck, chest, and lower extremities 

during a crash. The crash pulse for the sled testing procedure for standard 208 must be within specified 

bounds (Figure 44). 
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Figure 44: FMVSS and CMVSS 208 Acceleration pulse corridors 

Standard 208 only applies to passengers in vehicles weighing less than 2495 kg. The weight of a typical 

transit bus is in the range of 9500-13500 kg, excluding it from standard 208 [105]. The weight restriction 

for standard 208 is only applicable for passenger seats, thus the driver seat of transit buses is required to 

be equipped with a 3-point belt.  

2.13.2. Crashworthiness Standards in Europe and Australia 

The United Nations Economic Commission for Europe (UNECE) implements regulation ECE 80, which 

regulates the crashworthiness of large passenger buses [106], [107]. ECE 80 requires that seat structures 

withstand the load generated from a passenger impacting it from the rear during sled tests that utilize an 

acceleration pulse that falls within specified corridors (Figure 45). ECE 80 sets maximum thresholds for 

injury metrics at the head, chest, and lower extremities in frontal impacts (HIC15 under 500, Thoracic 

Acceptability Criteria (ThAC) under 30 g, Lower Extremity (LE) under 10 kN). ECE 80 only applies to 

passenger vehicles weighing 4 534 kg or less and thus excludes transit buses. 

 

Figure 45: ECE80 acceleration pulse corridors 
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Australia implemented safety regulations mandating 3-point belts for motorcoaches following two mass 

casualty events in 1989 that resulted in 56 fatalities [108]. Australia implements a similar standard to ECE 

80 for large buses called Australian Design Rule (ADR) 68 [109]. The standard uses a more severe pulse 

than ECE 80, which requires a change in velocity of 49 km/hr and 20 g of deceleration within the first 30 

milliseconds. ADR 68 sets the minimum requirement for protection of the head, thorax, and lower 

extremities, with higher thresholds than ECE 80 due to the increased pulse severity (HIC36 under 1000, 

ThAC under 60, LE under 10 kN). ADR 68 explicitly omits transit buses from its regulations.  

2.14. American Public Transportation Association Bus Procurement 

Guidelines 

The American Public Transportation Association (APTA) is an international non-profit association that 

advocates for and conducts research on behalf of the public transit industry. The APTA releases bus 

procurement guidelines created in collaboration between the public and private sectors. The guidelines 

cover many aspects of bus design and performance standards, including some related to bus 

crashworthiness [110].  

The transit bus crashworthiness standards state that the bus must be able to withstand a 25-mph side 

impact by a 4000 lb. automobile with no more than 3 inches of deformation at the passenger hip height 

and cannot result in protrusions into the passenger compartment. The roof structure of the bus can deflect 

no more than 6-inches when subjected to a 150% curb weight load. 

The guidelines also cover the design of the passenger compartment, including seats and handrails. The 

passenger seats must be cantilevered to provide adequate cleaning room and have at least 27 in. 

separating two rows of seats in the transverse direction. A minimum seat height from the floor (17+- 1 

in.), seat width (35 in.), and seat depth (17 +-1 in.) are all specified. Each transverse seat row must 

incorporate a 7/8 in. handhold along its top edge. The guidelines also state that the handrail should not be 

hazardous to passengers during a severe deceleration. The transverse seat rows are required to deflect no 

more than 2 in. if two 95th percentile passengers impact the forward seat during a 10 g deceleration.  

There are two passenger crashworthiness requirements included in the guideline. The femur axial loads 

cannot exceed 4500 N, and the Head Injury Criterion (HIC15) cannot exceed 400 for passengers ranging in 

size from the 5th percentile female to the 95th percentile male. The test condition is for a 10 g deceleration 

that peaks between 0.05 and 0.150 seconds from initiation. 

The guideline states that new transit buses should pass the Altoona bus testing procedure conducted at 

Penn State University to assess vehicle performance. The tests assess rapid lane-changing capabilities and 
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braking strength of new bus models [111], [112]. The Altoona tests do not include any assessment of the 

crashworthiness or protection of passengers for new bus models. 

2.15. Transit Bus Crashworthiness Literature Review 

This section will cover the previous research investigating the crashworthiness of transit buses and the 

potential for injury to passengers. The key findings from each study will be shown, along with the test 

conditions tested, and the occupant surrogates tested. This section will identify the gaps in the current 

literature that the current study will seek to address. 

2.16. Full Transit Bus Model Impact Simulations 

Kumbhar and Joshi utilized a full transit bus FE model provided by the bus manufacturer Optima Bus 

Corporation to assess passenger injury in frontal and rear impacts [113] [114]. Both studies validated the 

bus model for a frontal, rear, and side-impact using experimental data from tests conducted by the 

manufacturer to comply with the APTA bus crashworthiness guidelines (see section 2.9). Following 

validation, Kumbhar assessed passenger injury in rear impacts, and Joshi assessed the potential for injury 

to passengers in frontal impacts, 

Kumbhar reported bus CG accelerations under varying rear impact conditions. The impacts included a 

100% and 60% overlap with another transit bus at initial speeds of 0, 5, and 15 mph. Additional 

simulations included the bus impacting a midsize car, a minivan, and a pickup truck, with both vehicles 

having initial speeds of either 20 or 30 mph. The maximum bus acceleration occurred during the 100% 

overlap impact with another transit bus.  

The second stage of the Kumbhar study assessed passenger injury under the Insurance Institute for 

Highway Safety (IIHS) test condition. The IIHS test condition required a rear impact by a vehicle of 

equivalent weight (transit bus) at 20 mph. The bus model incorporated Madymo HIII ATD models (5 th, 

50th, and 95th percentiles) in various seating locations for the rear impact injury assessment. The results 

showed minimal potential for head, neck, chest, and lower extremity injury under the IIHS rear impact 

test condition. 

Joshi reported the resulting center of gravity (CG) acceleration for a full transit bus model under varying 

frontal impacts. The impact conditions included a rigid barrier impact at 18.6 mph, impacting a small car 

at 30 mph, and impacting a minivan at 30 mph. An acceleration sled model consisting of four forward-

facing and one side-facing seat taken from the full bus model was used to assess passenger injury in 

frontal impacts. HIII ATDs of varying sizes (5th, 50th, and 95th percentile) were seated in the forward-

facing seats, and a 50th male was seated in the side-facing seat. 
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Acceleration pulses from the full bus model impacts were applied to the acceleration sled model. The 

injury assessment with the rigid barrier pulse showed that the 5th percentile ATD impacted the forward 

handrail on the lower face. The axial forces and bending moments measured in the upper neck of the 5 th 

percentile female predicted a severe neck injury as a result. The forward-facing 50th male ATD showed a 

potential for a head injury in the car and minivan impact pulses due to the head impacting the forward 

seatback. In general, the results showed a low potential for injury to the thorax and the lower extremities 

and a high potential for head and neck injury if the face of the passenger impacted the forward handrail.  

The Joshi and Kumbhar studies were limited because the ATD models were simplified. The simple 

Madymo occupant models did not have the capabilities to analyze the focal impact injuries of passengers 

on transit buses. 

2.16.1. Enhanced Coach and Bus Occupant Safety (ECBOS) 

A 2004 study out of Europe investigated rapid transit bus decelerations and the potential for passenger 

injury [115]. Multibody HIII models were seated in a bay-style seating arrangement in a full-scale bus 

model facing the front of the bus. 

The unrestrained ATDs were thrown forward under the rapid deceleration and impacted the forward seat. 

The passenger stature determined the impact location between the ATD and the forward seat. The small 

stature female impacted the forward seat headfirst, while the 95th percentile ATD impacted the forward 

seat with its lower extremities. The most significant injury source was the focal impact of the head with 

the forward seat, which resulted in a severe neck injury for the small stature female. The report 

recommended 3-point belts on transit buses to reduce the potential for injury in a frontal impact scenario. 

One of the limitations of this study was that the passenger models used were rudimentary multibody 

models that lacked the detail required to capture all of the injury potential. The report did not include the 

pulse magnitude used to simulate the rapid deceleration. 

2.16.2. Federal Transit Administration Research 

From 2005 to 2010, the National Institute for Aviation Research (NIAR) at Wichita State University 

conducted a research program into passenger injury on transit buses on behalf of the Federal Transit 

Administration (FTA) [116], [117], [118].  

The study used an acceleration sled with two rows of forward-facing transit bus seats and a side-facing 

seat. Frontal, side, and rear impacts were conducted with the sled buck using 5th, 50th, and 95th percentile 

HIII ATD models. The 95th male ATD was seated in the front seat facing a knee-high panel, the 50th male 

and 5th female were seated in the row behind, and a 50th male was seated in the side-facing seat. The 
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frontal impact pulse was sourced from the Joshi study where the bus impacted a minivan at 30 mph 

(Figure 46) [114]. The rear impact pulse was taken from the Kumbhar study and corresponded to a rear 

transit bus impact at 20 mph [113]. The side impact pulse corresponded to a large truck impacting the side 

of the transit bus at 25 mph. A FE model of the test buck was developed and validated using the 

experimental data from the sled tests.  

 

Figure 46: Frontal impact pulse corresponding to bus impacting a minivan (Copyright Permission 

[118]) 

The ATDs impacted the forward handrail on the face during the frontal impacts, which resulted in the 

upper neck bending moment surpassing the injury thresholds for the small stature ATD. In some 

instances, the ATDs impacted the forward handrail on the anterior surface of the neck, but the study did 

not report the resulting impact forces or injury assessment. 

The rear impact caused severe hyperextension of the neck and predicted a high probability of neck injury. 

The side impact showed that ATDs seated in the side-facing seats were thrown across the aisle into 

passengers on the other side of the bus, resulting in a high probability of neck and femur injuries.  

The test buck model was used to conduct a parametric analysis to investigate safety improvements for the 

bus seat design. The seat pitch, height, handrail, and headrest design were varied and assessed separately 

with ATDs of varying sizes. An optimal design was identified based on ATD injury assessment for each 

impact direction. The optimized design for the frontal impact increased the seat pitch and maintained a 

low seat back. The optimized design for the rear impact included raised headrests to prevent 

hyperextension injury to the neck.  

The final FTA report included a proposed new seat design that incorporated raised headrests (Figure 47). 

The headrest design aimed to eliminate the risk of a hyperextension neck injury, deemed the most 

injurious loading source to the passengers. The report did not include any experimental tests or numerical 
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simulations with the new seat design to test its effectiveness. The report recommended using human body 

models with muscle activation to further improve transit seat design. 

 

Figure 47: a) Rear impact hyper extension of the neck; b) Frontal impact ATD contacts the 

forward seat on the anterior surface of the neck; c) Proposed new seat design with headrests 

(Copyright Permission [116]) 

 

2.16.3. Transit Bus Sled Experiments Using Adult and Child ATDs 

Martinez et al. [119] investigated the passive safety features of public transit seating using an acceleration 

sled comprised of two rows of forward-facing seats (Figure 48). The ATDs used in the experiment 

included a HIII 50th, 95th, 6-year-old, 3-year-old, and 18-month-old seated in the sled buck. A 12 g pulse 

corresponding to a 50 km/hr head-on collision between a bus and car was applied to the test buck model 

to replicate frontal and rear impacts. The 3-year-old dummy suffered a severe upper neck injury in the 

frontal impact from impacting the forward seat with the face. The 50th percentile ATD impacted the 

forward handrail on the neck or the lower face but did not predict a head or neck injury. In the rear impact 

simulation, the 50th male reported neck extension moments that surpassed the threshold for a 

hyperextension injury. The peak femur loads surpassed the lower threshold for femur fracture in elderly 

passengers, highlighting the risk of a lower extremity injury for elderly passengers. Martinez 

recommended implementing a raised headrest seat design to prevent the risk of neck hyperextension 

injury, identified as the most significant risk of injury. 
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Figure 48: a) Test buck with HIII 50th percentile ATD and 6 YO ATD; b) Rear impact 

hyperextension of neck due to low seat back; c) Face of ATDs impact the top of the forward seat in 

the frontal impact (Copyright Permission [119]) 

 

2.17. Passenger Safety in School Buses, Motorcoaches, and Passenger Rail 

and the Implementation of Passive Safety 

Other forms of mass transit, such as school buses, motor coaches, and passenger rail, implement 

passenger safety mechanisms in various ways. This section will review the safety features implemented 

on these vehicles, including active safety (seat belts) and passive safety. Passive safety refers to the 

orientation of seats, placement of rigid structures such as handrails, and seat geometry to improve safety 

without requiring seat belts. 

2.17.1. School Bus Passenger Safety and Injury 

NHTSA considers school buses one of the safest forms of travel for students, stating that it is eight times 

safer than commuting by private automobile [120]. An average of two passenger fatalities occur during 

school bus frontal crashes each year [121]. Fatalities of school bus passengers typically occur during 

rollover events where ejection and roof crush injuries are likely [122]. 

School buses include several safety features, including a raised frame, bright reflective exterior paint, and 

stop signs that allow children to cross the street safely [123]. FMVSS and CMVSS 222 set 

crashworthiness standards for school buses, including performance standards for protecting the head and 

the lower extremities. The most recent update to the standard in 2009 requires equipping small school 

buses (under 4536 kg) with seatbelts at all passenger seating locations and for seat back height to be 

increased by 10 cm [124]. Large school buses (over 4536 kg) are not mandated to provide 3-point belts 

for passengers. 

School buses implement compartmentalization as a means of passenger crash protection. 

Compartmentalization functions by maintaining the passenger in their seating zone during a crash event 
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with high seat backs and minimal seat row spacing [125]. Seat backs absorb energy and reduce the 

potential for impact injuries to passengers. 

NHTSA undertook a series of full-scale crash experiments with school buses in the early 2000s to 

investigate the effectiveness of compartmentalization [126], [127]. NHTSA impacted a school bus into a 

rigid barrier at 48.3 kph with ATDs of various sizes (adult male, small female, child) seated throughout 

the bus. None of the ATDs showed a potential for head or chest injury. There was a risk of severe neck 

hyperextension injury for the small female and child ATDs due to the face impacting the forward seat. 

Further investigation by NHTSA demonstrated that implementing a lap belt could pose a head and neck 

injury risk. Lap belts are effective at restraining the pelvis of an ATD from sliding forward, but allow the 

torso to rotate forward, resulting in the head striking the forward seat and causing severe head and neck 

injury [128], [129], [130]. The study also showed that using a 3-point belt significantly mitigated all 

passenger injuries in a frontal impact. 

2.17.2. Motorcoach Passenger Safety and Injury 

Motorcoaches operate primarily on highways at elevated speeds. A single collision involving a 

motorcoach can result in numerous fatalities, as was the case in 1999, 2004, and 2005 in the US (Figure 

49) [131]. 

 

Figure 49: Motorcoach passenger fatalities in the US from 1996 to 2005 (Figure adapted from 

[131]) 

Motorcoaches typically have high-backed forward-facing seats. Unrestrained passengers have shown a 

potential for injuries to the head, neck, and lower extremities in frontal collisions [132], [133]. Similar to 

what was observed in school buses, the head of the passenger impacts the forward seat back and can 

cause severe neck hyperextension.  
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Research investigating the improvement of crash safety for motorcoaches has demonstrated that 

optimizing seat pitch, height, and seatback stiffness are effective passive safety measures [134]. Peng 

demonstrated that, in general, having a decreased seat pitch resulted in a lower potential for a head, neck, 

and femur injury due to the improved compartmentalization [135].  

Due to the elevated operating speeds of motorcoaches, most research into safety improvement has 

focused on the implementation of seatbelts. Experiments have shown that lap belts tend to result in the 

head impacting the forward seatback due to the torso pitching forward, similar to school buses [136]. 

Implementing 3-point belts is recommended because they effectively eliminate contact with the forward 

seat [134]. Recent regulation updates in Canada and the US now require 3-point belts at every passenger 

seat in motor coaches [137], [138]. The operating characteristics of motorcoaches facilitate 3-point belt 

usage for passengers since trips are often long-distance and do not involve passengers continuously 

getting on and off the bus. 

2.17.3. Rail Transportation Passenger Safety and Injury 

Passenger rail operates at high speeds, and passengers are not required to wear seatbelts in the US or 

Canada [139]. A "secondary impact" describes how unrestrained passengers impact the surrounding seats 

or structures during a crash, which is the primary source of injury for passengers [140], [141]. An 

unrestrained passenger will continue their forward motion during an impact at a constant velocity until 

they impact the forward seat (Figure 50). The distance separating seat rows determines the free-flight time 

of the passenger and the secondary impact velocity. The longer the free flight time, the greater the 

velocity differential between the passenger and the surrounding seat structures.  

 

Figure 50: Secondary impact velocity of a passenger in a rail car undergoing a collision (Figure 

adapted from [141]) 
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Carvalho et al. demonstrated that unrestrained, small-stature passengers are at an increased risk of neck 

hyperextension injuries when they impact the forward seat back with their face [142]. Improvement of the 

design of the upper portion of the seatback mitigated the risk of head and neck injury. The potential for 

head and neck injuries with passengers using lap belts has also been observed in the passenger rail 

industry [143].  

Multiple studies have investigated methods of passive safety for reducing passenger injury. One study 

found that implementing swivel seatbacks reduced the potential for head and neck injury to passengers 

[144]. Another study used a numerical model to develop an improved table design that incorporated a 

crushable honeycomb structure to reduce the potential for a chest injury as the passenger impacted it 

[145], [146]. Like motorcoaches, the most effective means of protecting passengers on rail is by 

implementing 3-point belts [147].  
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3. Transport Canada Transit Bus Crashworthiness Research 

Transport Canada (TC) has initiated a research program to investigate transit bus crashworthiness [10]. 

Their research is intended to inform the development of crashworthiness standards for transit buses as per 

recommendation by the Transportation Safety Board of Canada (TSB) [4]. TC’s research has progressed 

in multiple phases. The first phase involved full scale collisions using two retired low floor transit buses. 

Two separate impacts were conducted where one bus impacted the rear end of the other at 40 km/hr. The 

second phase of the research involved lab impact tests using a test buck on a deceleration sled designed to 

replicate the kinematics observed during the full-scale transit bus impacts. HIII ATDs were used in both 

the full-scale impacts and test buck impacts to observe passenger kinematics.  

Development and validation of a numerical model of the test buck in the current study depended on the 

experimental data generated in TCs experiments. The experimental data included the deceleration pulse of 

the test buck, the highspeed video of the HIII motions, and the kinematic responses of the HIII’s.  

3.1. Full Scale Transit Bus Impact Tests 

The full-scale bus impacts involved impacting one bus into the rear of the other at 40 km/hr with a 40% 

overlap (Figure 51). The bus positions were reversed for the second test, with the impacting bus from the 

first test being impacted in the second test. Both crash tests utilized the same initial velocity and overlap. 

The second test incorporated reinforcements to the front frame of the impacting bus to measure the 

change in response. The accelerations at the centers of gravity of each bus, as well as under the seats in 

each bus were recorded during both tests.  

 

Figure 51: a) Full-scale transit bus impact experimental setup (side view); b) 40% overlap (top 

view) [10] 

HIII ATD’s of various sizes, including a 50th percentile male, 5th percentile female, and child dummies 

were placed at various locations throughout the striking bus (Figure 52).  
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Figure 52: Schematic of full-scale bus impact with locations of the seated HIII ATD's inside of 

striking bus [10] 

Highspeed video captured the motion of the ATDs during the impact. The unrestrained ATDs were 

observed to impact the interior structures of the bus as they were thrown in the forward direction during 

the collision (Figure 53).  

 

Figure 53: 5th percentile HIII ATD impacting the forward seatback and handrail during the 

frontal impact [10] 

The HIII ATDs were instrumented with accelerometers and load cells. Accelerometers recorded 

kinematics in the head, chest, and pelvis. Load cells recorded forces in the upper neck and femurs.  Peak 

accelerations and forces for each HIII were included in TCs interim report. 



52 

 

3.2. Test Buck Fabrication for Replication of Full-scale Impact Conditions 

TC fabricated a test buck to replicate the frontal impact of the full-scale experiments in a repeatable, lab-

controlled environment. The deceleration pulse recorded during the first full-scale impact with no 

structural reinforcement was applied to the test buck. The test buck included three rows of seats taken 

from the buses used in the full-scale experiments. A HIII 50th percentile male ATD was seated in the rear 

row of the test buck, and a HIII 5th percentile female ATD was seated in the middle row (Figure 54). 

 

Figure 54: a) test buck (isometric view) b) test buck side view [10] 

 

3.3. Test Matrix for Test Buck Series of Experiments 

TC conducted 10 frontal impact tests using the test buck (Table 14). Three parameters were varied among 

the tests to observe the change in response of the ATDs. The varied parameters included the initial ATD 

posture, acceleration pulse magnitude, and ATD seating location. There were eight unique tests based on 

selected parameters. The parameters used for Test #2 was repeated three times to observe the repeatability 

of the HIII tests. The posture and seating location of the 5th percentile HIII was matched to the seating 

location and posture of the 50th percentile HIII for each test. 
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Table 14: Experimental test matrix with varying ATD posture, pulse magnitude, and ATD seating 

location 

Test Name Posture 
Acceleration Pulse 

Magnitude (g) 
Inboard/Outboard 

Test 1 Upright 6.5 Inboard 

Test 2a Reclined 6.5 Inboard 

Test 2b Reclined 6.5 Inboard 

Test 2c Reclined 6.5 Inboard 

Test 3 Upright 5.7 Inboard 

Test 4 Upright 6.5 Outboard 

Test 5 Reclined 6.5 Outboard 

Test 6 Upright 5.7 Outboard 

Test 7 Reclined 5.7 Outboard 

Test 8 Reclined 5.7 Inboard 

 

3.3.1. Test Buck Parameter 1: ATD Posture 

The ATD posture was varied between upright and reclined for the test buck experiments. The upright 

posture eliminated contact between the back of the HIII and the seatback cushion. The reclined posture 

resulted in contact between the back of the HIII and the seatback cushion (Figure 55).  

 

Figure 55: a) M50 HIII with upright posture; b) Reclined posture 

3.3.2. Test Buck Parameter 2: Acceleration Pulse Magnitude 

The test buck acceleration pulse magnitude was set at a peak of either 6.5g or 5.7g. The two acceleration 

pulses were scaled down from the 7g pulse recorded using an accelerometer located under one of the seats 

in the full-scale experiment (Figure 56). There was concern by TC that the ATDs could be damaged after 

initial testing with the 7g pulse. Through additional testing it was found that the responses of the ATDs in 

the 6.5g pulse did not indicate the potential for damage with repeated testing. 
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Figure 56: 6.5 g and 5.7 g acceleration pulses scaled down from the 7 g recorded pulse recorded 

during the full-scale experiment 

 

3.3.3. Test Buck Parameter 3: ATD Seating Location 

The passenger seating location was varied between the inboard and outboard seats (Figure 57). The 

inboard seat was located closest to the aisle, while the outboard seat was located closest to the window. 

The handrail curved down lower to the top of the seat on the outboard side which created a potential 

difference in impact location with the ATD (Figure 58). 

 

Figure 57: a) M50 HIII seated in the inboard seat Vs. b) Outboard seat in test buck 
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Figure 58: Handrail mounted on top of each seatback curved down lower on the outboard side 

 

3.4. HIII Initial Positioning Data 

The positioning of the HIIIs seated in the test buck were recorded prior to each test. Locations of the hip 

centre point, limb joints, and the location of the forward handrail relative to the HIII was recorded by TC 

(Figure 59). 

 

 

Figure 59 a) Positioning points for head, face, shoulders, and knees; b) Positioning points for the 

knee, pelvis, and ankles as recorded by TC (HIII Image Copyright Permission [39]) 
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3.5. Geometry of Test Buck Seats and Handrail 

Measurements of the seat geometry in the test buck were recorded using a 3D coordinate measurement 

tool (Quantum Max FaroArm® Series, Faro Industries, Florida). Coordinates were captured on multiple 

surfaces on the seats including the seat foam, seat back, seat shell, handrail, and support brackets (Figure 

60). Measurements were taken with a targeted separation of 1 cm. The coordinates were written to an 

.xslx file using in house software at TC. 

 

Figure 60: 3D point capture of experimental test buck geometry for a single seat row 

 

3.6. HIII Sensors for Recording ATD Kinetics During Impact 

The HIIIs were fitted with sensors to record kinematics and kinetics throughout the duration of the 

impact. There were accelerometers located in the head, chest, pelvis, as well as load cells in the upper 

neck and femurs. A potentiometer located in the thorax allowed for the measurement of chest deflection. 

The sensor data for the experiments was presented along with the corresponding results from the models 

in the results section (Section 5.1). 

3.7. Test Buck Experiment Results: Highspeed Video of M50 and F05 ATDs (test 

case #1) 

Highspeed video freeze frames (1000 FPS) of the HIII motions presented in the following section was 

limited to a single sample (test case #1). 

Highspeed video of the M50 HIII in the test buck showed that as the test buck decelerated, the HIII slid 

forward off the seat. The knees impacted the forward seatback, causing the HIII to swivel forward at the 

hip. The anterior portion of the neck subsequently impacted the forward handrail. The impact with the 
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handrail first caused flexion of the neck, which was followed by extension as the forward motion of the 

HIII stopped. The kinematics led to the HIII rebounding from the forward seat (Figure 61). 

 

Figure 61: M50 HIII highspeed video (test case #1) 

The highspeed video of the HIII F05 showed that the smaller stature of the ATD resulted in the lower face 

impacting the forward handrail instead of the neck (Figure 62). The impact with the lower face resulted in 

flexion of the upper neck as the HIII F05 continued forward. Eventually, the lower face lost contact with 

the handrail, causing the neck to extend. The HIII F05 finished the kinematic sequence with the pelvis 

raised up off the seat and the legs extended under the forward seat. 
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Figure 62: F05 highspeed video (test case #1) 

 

3.8. Results of Varying Parameters in the Test Buck (ATD posture, pulse 

magnitude, and ATD seating location) 

The results from the 10 tests showed that the ATDs tended to slide forward off the seat and impact the 

forward handrail. Varying the ATD posture, sled pulse magnitude, and ATD seating location had the 

effect of changing the impact location of the handrail with the ATD. 

Results showed that varying the posture of the ATDs affected the impact location with the handrail. With 

the M50 HIII in the reclined posture, one of the tests resulted in the chin impacting the handrail, while in 

the upright posture the ATD cleared the handrail and impacted the neck with the handrail (Figure 63). 
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Figure 63: a) M50 HIII chin clears the handrail with upright posture; b) M50 HIII chin impacts the 

handrail with the reclined posture 

When the pulse magnitude was increased from 5.7g to 6.5g, it was observed that the location of impact 

between the ATD and the forward handrail was lower (Figure 64). With the higher magnitude pulse, the 

impact location between the M50 and the handrail was on the neck, whereas with the 5.7g pulse the face 

of the M50 impacted the handrail. The higher magnitude pulse resulted in the HIII maintaining a more 

upright posture as it slid forward off the seat, causing the difference in impact location with the handrail.  
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Figure 64: a) M50 impact location moves from the lower face with the 5.7g pulse to b) the anterior 

neck with the 6.5g pulse 

Varying the seating location from inboard to outboard consistently resulted in an impact between the 

handrail at a lower location with the HIII for both the M50 and the F05. For the M50, the outboard 

seating location resulted in the impact with the handrail being lowered from the neck to the upper chest. 

When the F05 was moved to the outboard seat it resulted in the handrail impacting the neck instead of the 

face (Figure 65). 
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Figure 65: a) M50 HIII impacted the handrail at the upper neck in the inboard seat and b) at the 

upper chest in the outboard seat; c) the F05 impacted the lower face in the inboard seat and d) at 

the neck in the outboard seat. 
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4. Methods 

4.1. Methodology Overview 

The aim of this study was to incorporate a numerical human body model (HBM) into a test buck model to 

assess passenger injury. Prior to incorporating the HBM, the ATD coupled test buck model was validated 

using experimental data. 

A FE mesh was generated to replicate the seats, handrails, and other components of the experimental test 

buck. Commercially available and validated FE models of the 50th percentile male and 5th percentile 

female HIII ATDs were implemented as the passengers. The motions and kinematics of the FE ATDs in 

the test buck model were compared with the experiments for the purpose of validation.  

The GHBMC HBM M50-O v5.1, 50th percentile male, and the GHBMC HBM F05-O v5.1, 5th percentile 

female models were implemented into the test buck model with the 6.5g pulse, upright posture, and 

inboard seating location. Results with the HBMs were compared with the HIII ATDs for kinematics and 

injury metrics. 

The injury potential for the HIIIs and HBMs were assessed in the test buck model using established injury 

metrics at the head, neck, chest, and lower extremities. The potential for a focal injury to the larynx and 

lower face of the passenger was assessed using tissue fracture forces and strains reported in the literature. 

A tissue level injury assessment was conducted with both HBM models at the head, neck, thorax, and 

lower extremities.  

Potential design improvements to the test buck seats were investigated with the aim of reducing passenger 

injury. Creation of the improved seat design was informed through two studies, both of which utilized the 

M50 HIII as the passenger surrogate due to increased computational efficiency. The first study was a 

parametric analysis using the original geometry of the test buck seats and handrails. The parametric 

analysis investigated modified positioning of the seats and ATD in the test buck to observe the effect on 

injury metrics. The second study assessed three alternative seat and handrail geometries to assess the 

effect on injury metrics. The findings from the parametric analysis and alternative seat and handrail 

geometries were incorporated into a new seat and handrail design. 

The new seat and handrail design was assessed using the HIIIs and the GHBMC HBMs, both M50 and 

F05, using the same methods applied to the experimental test buck model. The motion of each occupant 

surrogate, and potential for injury using the injury metrics, was compared with the results from the 

experimental test buck. The tissue level injury risk for both HBMs was compared between the responses 

in the experimental test buck and the improved seat design to determine if there was a reduction in injury.  
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4.2. Development and Validation of HIII Coupled Test Buck Model 

Development of the test buck model involved meshing individual parts and combining them into a single 

assembly. Material properties and element formulations were then applied to each part in the assembly. 

Development of the test buck model took eight iterations of development. The test buck modeling detail 

was increased progressively which included adding parts such as the lower bracket, improving mesh 

quality, and updating friction and material properties based on values obtained from the literature.  

The experimental test buck included three rows of seats. Each row had identical seats and handrails. The 

support brackets were different between the three seat rows, with the rear and front rows having curved 

lower brackets and the middle row having straight support brackets (Figure 66). The spacing between the 

rear and middle rows was 29.5 in. and the spacing between the middle and forward rows was 30.5 in.  

 

Figure 66: a) forward and rear seat row support brackets; b) middle seat row support bracket  

The undersides of the seats were reinforced with rectangular brackets that provided structural integrity 

and prevented buckling (Figure 67). 
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Figure 67: Support brackets under seat pan in a) experimental test buck and b) test buck model 

The 3D point measurements of the experimental test buck provided by TC were used to create the 

geometry of the test buck model parts. The 3D points were loaded from an .xlsx file into FE meshing 

software (Altair Hyperworks, Altair Engineering, Michigan) and used as a guide to generate the geometry 

of the test buck parts. The geometry was then used to generate the mesh for the seat shells (Figure 68), 

handrails, seat foam, and lower support brackets. The mesh had a targeted size of 5 mm and was adjusted 

to accommodate corners and bends. All parts were meshed with quadrilateral elements. 

 

Figure 68: Rear view of seatback meshed using quadrilateral shell elements 

Mesh quality was reported using the mesh quality checking tool in the pre/post processing software LS-

PrePost (Livermore Software Technology Corporation, Ansys, Pennsylvania). The relative simplicity of 

the geometry of the parts in the model resulted in all elements passing the set criteria (Table 15). 

  



65 

 

Table 15: FE Mesh quality criteria 

Hard Target, All elements 

Warpage < 30 

Aspect Ratio < 6 

Skew < 60 

Jacobian > 0.4 

Quad min. angle > 30 

Quad max. angle < 150 

 

The test buck model was assembled from all the meshed parts (Figure 69). The spacing between seat rows 

and the configuration of the lower brackets was adjusted depending on whether the M50 or F05 HIII was 

seated in the model. 

 

Figure 69: FE test buck model corresponding to the rear and middle rows of the experimental test 

buck and used with the M50 HIII 

Connections between parts were achieved by kinematically constraining the adjacent nodes 

(CONSTRAINED_NODAL_RIGID_BODY in LS-DYNA) (Table 16). 
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Table 16: FE model nodal rigid body connections (see Figure 69 for schematic) 

Connection # Connection Description 

1 Handrail connection to seat shells. 

2 Seat pan support bracket attachments to seat shells. 

3 
Support bracket arms to triangular bracket (upper & 

lower) 

4 Triangular bracket to lower seat shells. 

5 Left seat shell rigid connection to test buck side. 

 

4.2.1. Crushable Foam Material Model 

Public transit seating typically has a low-density crushable foam layer to provide comfort for the 

passenger while sitting. Implementation of a low-density foam material model in a numerical model 

requires material characterization for density, stiffness, and a nominal stress strain curve to define the 

increase in material stiffness as it is compressed. 

Krishan [148]conducted material testing on polyurethane foam samples from automotive seats for the 

purpose of modeling in FE. The material density was measured as 63
𝑘𝑔

𝑚3  , Young’s Modulus was 

measured to be 90kPa, and the nominal stress strain curve was generated through compression testing 

(Figure 70). Once the material surpasses a strain value of 0.6, the material behaves elastically. 

  

Figure 70: Polyurethane foam stress strain curve 
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4.2.2. Friction of Passenger on Seat Foam 

The unrestrained motion of a passenger in a public transit bus exhibits friction between the ATD and the 

seat as well as between the shoes and the floor. A 2011 paper [149] reported friction coefficients for 

rubber soled shoes on ceramic tiles with a range of 0.82-1.15 (Table 17). The floor of the experimental 

test buck is observed to be a painted metal surface, and thus would not exhibit the same level of friction 

as nonslip flooring used in a transit bus. A value of 0.9 for static and dynamic friction was selected for the 

model based on the range provided in the report. Values for friction of the passenger on the seat fabric 

were sourced from a study where a passenger form was slid across various automotive seat fabrics [150]. 

Table 17: Friction coefficients of floor and seat fabric 

Part Static Friction Dynamic Friction 

Seat Foam 0.9 0.75 

Floor 0.9 0.9 

 

4.2.3. Positioning of FE HIII Limbs and Posture to Match Experiment Initial 

Conditions 

TC recorded the spatial coordinates of the lower extremities, shoulders, head (left and right side), and face 

(bridge of nose and chin) while positioning the physical HIII prior to the experimental tests. The spatial 

coordinates of the physical ATD joints were loaded into the commercial preprocessor (LS-PrePost) as 

nodal points. The FE ATD was repositioned in the preprocessor to match the physical ATD coordinates 

(Figure 71). The arms and hands of the FE ATDs were repositioned to match the pre-test positioning 

photos because there was no positioning data provided for the arms and hands of the physical ATDs 
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Figure 71: a) M50 HIII with limbs in default positioning b) Spatial coordinates of head, face, 

shoulders, pelvis, knees, and ankles provided by TC for the physical ATD prior to the experiment c) 
M50 HIII model with limbs and posture adjusted to match the physical ATD positioning, arms of 

model were positioned to match pretest photos provided by TC 

 

4.2.4. Seating the HIII Prior to Applying Acceleration Pulse 

The HIII model was integrated with the seat prior to applying the acceleration pulse, using a method 

known as settling. The HIII model was positioned slightly above the surface of the seat foam and gravity 

(1g vertical down) was applied to achieve an equilibrium seating position over a duration of 125 ms. After 

achieving equilibrium (125 ms) the sled acceleration pulse was applied (Figure 72) to the test buck.  
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Figure 72: a) HIII positioned above seat at start of simulation; b) HIII compressing seat foam at the 

end of the 125 ms of gravity  

 

4.2.5. Applying the Acceleration Pulse to the Test Buck Model 

The acceleration pulse was applied to the test buck model as a prescribed motion to the floor (Figure 73, 

Figure 74). 

 

Figure 73: Test buck acceleration direction (sled pulses from Figure 6 applied) 
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Applying the acceleration pulse to the test buck model from rest had the same dynamic effect as applying 

it to the test buck with an initial velocity. The required condition at the beginning of the simulation was 

that the HIII and test buck were not moving relative to each other. 

 

Figure 74: Acceleration of test buck with fixed point of view relative to the ground 

 

4.2.6. HIII Sensor Data Processing and CORA Analysis 

The acceleration, force, and displacement traces from the HIIIs were filtered using industry standards 

[151] (Table 18). 
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Table 18: Kinematic outputs for HIII with corresponding filters 

Metric Axis Unit Filter 

Head Acceleration X,Y,Z g SAE 1000 

Chest Acceleration X,Y,Z g SAE 1000 

Pelvis Acceleration X,Y,Z g SAE 1000 

Upper Neck Forces X,Y,Z kN SAE 1000 

Upper Neck Moments X,Y,Z Nm SAE 600 

Left & Right Femur Force Z kN SAE 600 

Chest Deflection X mm SAE 600 

 

4.2.7. Calculation of Weights for CORA Analysis 

CORA generated a final numerical score for cross-correlation to determine the biofidelity of the model in 

comparison with the experiment for each test case. The CORA score was an equal combination of the 

responses from each sensor. The response of each sensor was a weighted combination of the responses 

from the experiment and model (Figure 75). The weights for a given sensor were calculated based on the 

area under the curve for each axial response (x-axis, y-axis, and z-axis). 
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Figure 75: a) Weights are calculated for the response of the traces from the model and experiment 

based on area under curves; b) Weights are averaged between the model and experiment for each 

axis; c) The scores from all the traces are multiplied by their respective weights and combined to 

calculate the final CORA cross-correlation score 

The table below presents an example of the calculated weights for the load case of 6.5g upright inboard 

for the M50 HIII (Table 19).  
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Table 19: CORA metrics and weights, test case #1 

Output 

No. 
Output ID Resultant 

Weight 

Experimental 

Weights 

Simulation 
Weights 

Load 

Case 
Weights 

1 Head X-Acceleration 

1 

0.045 0.04868 0.046600 

2 Head Y-Acceleration 0.005 0.00429 0.004721 

3 Head Z-Acceleration 0.061 0.05813 0.059790 

4 Chest X-Acceleration 

1 

0.062 0.05366 0.058065 

5 Chest Y-Acceleration 0.006 0.00759 0.006689 

6 Chest Z-Acceleration 0.043 0.04986 0.046357 

7 Pelvis X-Acceleration 

1 

0.063 0.05399 0.058711 

8 Pelvis Y-Acceleration 0.008 0.01643 0.012104 

9 Pelvis Z-Acceleration 0.040 0.04069 0.040296 

10 Head X Rotational Velocity 

1 

0.008 0.00665 0.007450 

11 Head Y Rotational Velocity 0.095 0.10010 0.097445 

12 Head Z Rotational Velocity 0.008 0.00435 0.006216 

13 Neck X Moment 

1 

0.010 0.01207 0.011079 

14 Neck Y Moment 0.095 0.09424 0.094517 

15 Neck Z Moment 0.006 0.00480 0.005515 

16 Neck X Force 

1 

0.043 0.04954 0.046247 

17 Neck Y Force 0.006 0.00337 0.004746 

18 Neck Z Force 0.062 0.05821 0.060118 

19 Left Femur Force- Z axis 1 0.111 0.11111 0.111111 

20 Right Femur Force- Z axis 1 0.111 0.11111 0.111111 

21 Chest Displacement- X axis 1 0.111 0.11111 0.111111 

Sum 1.0 1.0 1.0 

 

4.3. Test Buck Model Assessment Using HBM and HIII with 6.5 g Pulse, Upright 

Posture, and Inboard Seating Location 

4.3.1. Integration of the GHBMC HBM and Test Buck Model 

The second phase of the study focused on incorporating the GHBMC M50 and F05 detailed human 

models into the test buck. The responses of the HBM models were compared with the HIII responses 

using kinematics and injury metrics. The HBMs were also used to conduct a tissue level injury 

assessment of the passenger. 
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3.1.1.1. Repositioning of HBM for Seating in the Test Buck Model 

The first step in implementing the HBM in the test buck model was to reposition it from the standard 

automotive seating position to the transit seating position. A simulation based repositioning technique 

was implemented to move the hands and feet of the HBM from the initial positioning to the required 

positioning for the test buck model (Figure 76) [152]. A boundary prescribed motion was applied to the 

hands and feet to displace them the required distance. The remaining body regions of the HBM, including 

the torso, head, and neck were rigidized during the repositioning simulation. Once the hands and feet of 

the HBM reached the desired locations the simulation was terminated. The repositioned HBM was then 

used as the starting position for the proceeding simulations.  

 

Figure 76: a) HBM with standard automotive seat positioning b) HBM with repositioned arms and 

legs for transit seating 

 

3.1.1.2. Maintaining HBM Posture While Settling in the Sled Buck Seat 

The first 125 ms of the simulation was used to settle the HBM in the seat, as was done with the HIII. In 

early attempts, a lack of muscle activation in the HBM resulted in a loss of initial upright posture while 

being seated under the load of gravity, as would happen with an actual human without muscle tone.  The 

upper spine of the HBM began to round which led to the loss of upright posture needed to replicate the 

initial positioning used with the HIII. To address this issue, the spine and pelvis of the HBM were 

rigidized to maintained the upright posture during the seating process (DEFORMABLE_TO_RIGID in 

LS-DYNA) (Figure 77) [153].  
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Figure 77: Spine and pelvis of HBM constrained from all motion except vertical displacement for 

first 115 ms of simulation 

The spine was maintained as rigid for the first 115 ms, coinciding with most of the seating phase of the 

simulation. The spine was then transformed to deformable at the 115 ms mark in preparation for the 

dynamic phase of the simulation where the acceleration pulse was applied, allowing the spine of the HBM 

to deform in a biofidelic manner. 

3.1.1.3. Extracting Kinematics from the Head and Pelvis of the HBM 

Linear accelerations for the head and pelvis of the HBM were extracted from the model via a node located 

at the center of gravity (CG) of each region (Figure 78). The accelerations were filtered with an SAE 

1000 filter as per industry standard [151]. Both the head and pelvis accelerations were directly compared 

with the equivalent outputs from the HIII. 
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Figure 78: HBM head and pelvis nodal output locations 

 

3.1.1.4. Extracting neck cross section forces and moments 

The M50 HBM was capable of reporting forces and moments acting through five cross-section levels in 

the cervical spine that ranged from the base of the skull to the lower cervical spine. These cross-sections 

included the occipital condyle (OC), Cervical 1 (C1), C2, C4, and C7 (Figure 79) [154]. The cross-

sections included the forces and moments acting in the bone and surrounding tissues. 

 

Figure 79: M50 HBM Neck Cross-section levels 
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The OC level cross-section was comparable with that of the upper neck load cell in the HIII. The F05 

HBM reported forces and moments acting through four cross-section levels which included the C1, C2, 

C4, and C7 levels. The C1 level was selected as the cross section for the F05 HBM for comparing with 

the upper neck load cell of the F05 HIII, as there is no OC cross section level available in the F05 model.  

3.1.1.5. Chest Band Displacement to Measure Chest Compression 

Chest compression was measured in the HBM via three levels of chest bands that reported the 

displacement of nodes relative to a local origin located along the spine [155](Figure 80). 

 

Figure 80: Chest Band Locations on M50 HBM 

The middle chest band of the HBM was comparable with the location of measured chest compression in 

the HIII. The velocities of each node of the chest bands were extracted and used for calculating the VC. 

3.1.1.6. Compression of Larynx Cartilage in the HBM 

Compression of the larynx cartilage of the HBM was measured via the change in distance of nodes on the 

anterior and posterior of the larynx structure (Figure 81). The peak magnitude of larynx compression was 

compared with values of cartilage strain associated with fracture that were reported in the literature [72]. 
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Figure 81: HBM Larynx compression assessment using nodes on anterior and posterior.  

4.3.2. Anterior Neck and Lower Face Force Measurement with HIII 

Impact forces on the anterior of the neck of the HIII models were measured by defining a series of 

segment sets that ascended the front of the neck (Figure 82). There was an individual segment set for each 

metal disc and rubber layer that made up the neck of the HIII.  

 

Figure 82: a) Front view of segment sets on HIII neck; b) Side view with labelled segment set levels 

The F05 HIII included a segment set to measure impact forces on the lower face in addition to segment 

sets on the anterior neck (Figure 83). 
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Figure 83: F05 lower face and anterior neck segment sets 

 

4.3.3. Injury Metrics 

Injury metrics were calculated using the HIII kinematics and kinetics for comparison with the IARVs 

from the literature (Table 20). Each IARV corresponded to a probability of injury level, as ranked on the 

AIS.  
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Table 20: Injury Metrics and associated injury probability by body regions 

 Injury Metric IARV Associated Injury 

Probability Head M50 F05 

HIC15 700 700 
31% AIS ≥ 2 skull fracturea 

5% AIS ≥ 4 brain injurya 

BrIC 2 2 49% AIS ≥ 3 Injurye 

Neck    

Nij 1 1 22% AIS 3a 

Pk. Upper Neck Moment, Extension (Nm) 96 49 20% AIS ≥ 3c 

Pk. Upper Neck Moment, Flexion (Nm) 190 95  <5% risk AIS 4c 

Pk. Upper Neck Axial Force, Tension (N) 4170 2620 50% AIS ≥ 3c 

Pk. Upper Neck Axial Force, Compression (N) 4000 2520 50% AIS ≥ 3c 

Pk. Upper Neck Shear Force (N) 3100 1950 <5% risk AIS 4c 

Larynx Crush, Thyroid cartilage (N)** 180 180 N/Af 

Larynx Crush, Cricoid cartilage (N)** 248 248 N/Af 

Larynx Crush, Thyroid and Cricoid (Strain)*** 50% 50% N/Af 

Maxillofacial Fracture (anterior-posterior) (N)** 2834 2834 50% AIS 1b 

Thorax    

CTI* 1 1 25% AIS ≥ 3a 

Pk. Chest Acceleration (g)* 60 60 37% AIS ≥ 4a 

Pk. Chest Deflection (mm) 50 41 30% AIS ≥ 3a 

Viscous Criterion (VC) 1 1 25% AIS 4d 

Pk. Chest Deflection Rate (m/s) 8.2 8.2 50% AIS 3, 15% AIS 4a 

Lower Extremity    

Pk. Femur Axial Force (N) 10000 6800 35% AIS ≥ 2a 
a. NHTSA (1999) [60] b. Daniel 2021 [69] 

c. Mertz (2003) [56] d. Viano 1988 [62] 

e. Laituri (2016) [64] * HIII specific 

f. Melvin 1973 [72] ** Segment set force assessment 

 *** HBM Specific 

 

4.3.4. HBM Tissue Level Injury Assessment 

The initial injury assessment with the HBM was done using the same injury metrics and IARVs that were 

used with the HIII and outlined in section 4.4. The CTI and peak chest acceleration was not assessed with 

the HBM due to excessive noise in the chest CG node.  

The biofidelic nature of the GHBMC HBMs allowed for an injury assessment at the tissue level. The 

GHBMC user manual listed the available Crash Induced Injury (CII) metrics and the corresponding 

model assessment method (Table 21). Extracting the strains, pressures, and deformations of elements in 

regions of interest allowed for the assessment of injury.  
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Table 21: HBM tissue level injury assessment metrics by body region 

Injury Type GHBMC model assessment metric Injury Threshold 

Head 

Diffuse Axonal Injury Maximum Principal Strains 0.48 

Cerebral Contusion Pressure in solid elements 
237kPa coup/-104kPa 

countrecoup 

Acute Subdural Hematoma Axial strain in beam elements 0.25 

Skull Bone Fracture Maximum Principal Stress/Strain 20 MPa/0.0042 

Neck 

Ligament Distraction Change in length of beam element 
 

Table 22, Table 23 

Intervertebral Disc Avulsion Tensile stress in elements 30 MPa 

Cervical Spine Bone Fracture Effective plastic strain in elements 
(Cortical/Trabecular) 

0.0178/0.095 

Thorax 

Rib Fracture Effective plastic strain in elements 
(Cortical/Trabecular) 

0.018/0.13 

Lower Extremity 

Pelvic Fracture Effective plastic strain in elements 
(Cortical/Trabecular) 

0.03/0.25 

Leg Fracture (Thigh-knee-

leg) 
Effective plastic strain in elements 

(Cortical) 

0.0088 

 

The change in length of the beam elements that modeled the neck ligaments in the HBM were extracted 

from the simulation and compared with values provided in the GHBMC user manual to determine the 

potential for ligament failure (Table 22). The distraction level of each ligament was reported based on the 

classification of the peak distraction and whether it corresponded to the toe region, linear region, 

traumatic region, or failure region (Figure 38).  
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Table 22: C2-T1 Neck Ligament Distraction Failure Levels 

Ligament 
Average Failure Distraction (mm) 

Average ‐ 1 S.D. Failure Distraction 

(mm) 

C2C3/C3C4 C4C5/C5C6 C6C7/C7T1 C2C3/C3C4 C4C5/C5C6 C6C7/C7T1 

ALL 3.8 3.3 4.2 2.8 2.2 3.3 

PLL 3.3 2.8 2.8 2.1 1.9 1.7 

CL 4 4.9 5.1 2.5 3 2.7 

LF 4.5 5.5 7.5 2.6 3.5 4.7 

ISL 5.9 6.6 8.1 3.4 3.4 4.1 

The strains in the ligaments in the upper neck were compared with the corresponding failure distraction 

limits listed in the GHBMC user manual (Table 23). 

Table 23: OC/C1 Neck Ligament Distraction Levels 

Ligament 
Average Failure 

Distraction (mm) 

Average ‐ 1 S.D. Failure 

Distraction (mm) 

AAOM 18.9 16.2 

AAAM 11.8 4.8 

CL OC-C1 9.9 1.5 

CL C1-C2 9.3 4.8 

PAOM 18.1 2.7 

PAAM 9.6 5.3 

TM 11.9 9.4 

Apical 8 2.7 

Alar 14.1 6.9 

SC 12.5 7.6 

 

4.4. Alternate Seat Configurations Assessment using M50 HIII for Development 

of Proposed Seat Design 

Development of an improved test buck seat was conducted in two separate studies. The first study was a 

parametric analysis utilizing the experimental test buck seat geometry. The parametric analysis varied the 

seat pitch, forward seat height, and passenger seating location. The second study assessed three 

alternative seat /handrail designs. Both studies utilized the HIII M50 as the passenger surrogate with the 

6.5g pulse and the ATD in the upright posture. The HIII was utilized as the passenger surrogate for the 
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development of the new seat geometry due to its reduced computation time when compared with the 

HBM. 

Injury metrics (HIC15, Nij, CTI, and LE) were assessed for each simulation of the parametric analysis and 

alternative seat designs. A linear regression analysis was conducted with the results from the parametric 

analysis to determine how varying parameters affected injury metrics. For the alternative seat designs the 

injury metrics were compared with the original model to determine which designs improved injury. The 

results from the two studies helped inform the creation of the final improved seat design incorporating the 

most effective measures.  

4.4.1. Parametric Analysis Using Experimental Test Buck Model Seat Geometry 

A parametric analysis was conducted with the experimental test buck model by varying the forward seat 

pitch, forward seat height, and the passenger seating location (inboard/outboard) for a total of 24 

simulations (Table 24).The seat pitch was varied from its original distance of 745 mm by a magnitude of 

50 mm to distances of 715 mm, 795 mm, and 845 mm (Figure 84). The 50 mm variation was based on a 

similar parametric analysis done for motorcoach seat optimization [135]. The forward seat height was 

varied from its original height of 365 mm to heights of 335 mm and 415 mm. A seat height of 335 mm 

was identified by TC as the minimum height for the forward seat due to limitations imposed by the seat 

mounting bracket. 

 

Figure 84: Seat pitch and forward seat height were varied for the parametric analysis 

 The passenger seating location was varied using the inboard and outboard seats (Figure 85). The two 

seating configurations were included as a means of testing the effect of the lower handrail height on the 

outboard side. 
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Figure 85: Inboard and outboard seating locations in the test buck model 
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Table 24: Parametric analysis test matrix 

 Test ID Pitch 
Forward 

Seat Height 
Inboard/Outboard 

Test #1 745 mm 365 mm Inboard 

Test #2 795 mm 365 mm Inboard 

Test #3 745 mm 415 mm Inboard 

Test #4 795 mm 415 mm Inboard 

Test #5 745 mm  365 mm Outboard 

Test #6 795 mm 365 mm Outboard 

Test #7 745 mm 415 mm Outboard 

Test #8 795 mm 415 mm Outboard 

Test #9 845 mm 365 mm Inboard 

Test #10 845 mm 415 mm Inboard 

Test #11 845 mm 365 mm Outboard 

Test #12 845 mm 415 mm Outboard 

Test #13 715 mm 365 mm Inboard 

Test #14 715 mm 335 mm Inboard 

Test #15 715 mm 365 mm Outboard 

Test #16 715 mm 335 mm Outboard 

Test #17 745 mm 335 mm Inboard 

Test #18 795 mm 335 mm Inboard 

Test #19 845 mm 335 mm Inboard 

Test #20 745 mm 335 mm Outboard 

Test #21 795 mm 335 mm Outboard 

Test #22 845 mm 335 mm Outboard 

Test #23 715 mm 415 mm Inboard 

Test #24 715 mm 415 mm Outboard 

 

4.4.2. Assessing Statistical Significance of Parameter Variation on Injury Metrics 

using Linear Regression Analysis 

A linear regression analysis was used to determine the effect of varying each parameter in the parametric 

analysis on each given injury metric (e.g. the effect of varying seat pitch on HIC15). A linear regression 

analysis creates a linear equation to describe the relation between the dependant (injury metric) and 

explanatory variable. A linear equation is fit to the data by minimizing the error between the data points 

and the line (Figure 86). 
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Figure 86: a) Linear equation fitted to the data, the errors between the data points and the line are 

minimized; b) Example calculation of the R-squared value 

The coefficient of determination (R-squared) is then calculated to determine how much of the variation is 

explained by the explanatory variable. The variation between each data point and the fit line is calculated, 

squared, and summed to find the Sum of the Residuals (RSS). The variation of each data point in relation 

to the mean is calculated, squared, and summed to find the Total Sum of Squares (TSS). R-squared is then 

calculated from the ratio of the Sum of Residuals and the Total Sum of Squares.  

In this study, the explanatory variables were the seat pitch, forward seat height, and seating location. A 

linear equation and R-squared was calculated for each explanatory variable in relation to each dependant 

variable (HIC15, Nij, CTI, LE), for a total of 12 linear relationships. 

4.4.3. Three Alternative Seat Geometries to Improve Passive Safety for the 

Passenger 

Three alternative seat and handrail geometries were created to assess the effectiveness of implementing 

passive safety for transit bus seating. The focus on passive safety features was maintained for this 

research due to the relative ease of implementation when compared with active safety features such as 

seat belts which would require various design and operational changes. Passive safety measures operate 

on the assumption that the passenger will be free to impact surrounding structures during a crash event. 

Implementation of passive safety required these structures to be designed to minimize the potential for 

injury to the passenger upon impact. Several mechanisms of injury were identified and addressed in the 

alternative seat geometries based on the results of the experimental test buck model (section 5.1).  
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The focal impact of the neck on the handrail was addressed by incorporating a lowered handrail to move 

the impact location from the anterior neck to the thorax (Figure 87). The handrail diameter was increased 

to spread the impact force over a greater area. 

 

Figure 87: Forward handrail lowered from top of seat to eliminate impact with the anterior neck 

The second seat geometry design addressed the forward pelvis sliding of the passenger by incorporating a 

raised lip on the seat pan (Figure 88).  

 

Figure 88: Raised lip on seat pan to limit the forward sliding of the passenger 

The third alternative seat geometry was based on recommendations made in the literature. It was 

suggested by Olivares [116] and Martinez [119] that including a raised headrest would prevent 

hyperextension of the neck during a rear impact. A model that incorporated a raised headrest was created 

and assessed in the frontal impact scenario (Figure 89). 
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Figure 89: Forward seat with headrest and raised seatback 

The results of the simulations with the alternative designs were first assessed using the motions to observe 

the difference in contact locations with the test buck parts. In addition, each of the three designs were 

assessed using the injury metrics HIC15, Nij, CTI, and LE. The injury metrics were compared with the 

experimental test buck model to determine if there was a reduction in injury.  

4.4.4. Generation of Proposed Seat Design 

The findings from the parametric analysis and alternative seat geometries were combined to generate a 

final improved seat design.  

The linear regression model was used to determine the effect of varying a parameter on a given injury 

metric. For example, whether increasing seat pitch had a positive or negative impact on HIC15. The linear 

regressions with the strongest correlations were used to inform the creation of the new design.  

The alternative geometries were initially assessed for the ability to limit the focal impact on the anterior 

neck or face of the passenger, as this was identified as the most injurious aspect of the experimental 

design. The design aspects of the alternative geometries that were shown to reduce injury metrics were 

considered for the final improved design. 

Combining the results of the parametric and alternative seat designs, a proposed seat design was created. 

The proposed seat design incorporated multiple improvements while ensuring that the model would still 

be practical. 
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4.5. Proposed Seat Design Assessment and Comparison with Experimental Test 

Buck Model Using HBMs and HIIIs with 6.5g Pulse, Upright Posture, and 

Inboard Seating Location 

The proposed seat design was initially assessed by repeating the steps that were done with the 

experimental test buck model (Section 4.3). The motions and injury metrics for the HIII and HBM were 

assessed in the proposed seat design and compared with the results of the experimental test buck model. 

The aim was to determine if there was any improvement in injury outcome for the passenger in the 

proposed seat design. 

The second stage of the assessment of the proposed seat design was done using the tissue level injury 

assessment. Results were compared at each body region for the tissue level injury assessment for the 

responses of the HBMs in the experimental test buck and proposed seat design.  
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5. Results 

5.1. Results Overview 

The results for this study are presented in the same four step sequence that was presented in the methods 

section. The first section (5.2) covers the validation of the test buck model using the HIII M50 and F05 

models. The comparison of the motion of the ATDs between the experiment and model, along with the 

kinematic trace comparison are only presented for a sample test case #1. The highspeed video motion and 

kinematic trace comparison for test cases #2 - #8 are available in appendices A and B. 

Section 5.3 presents the GHBMC models response in the test buck and the comparison with the HIIIs. 

The motion, kinematic traces, and injury metrics are all compared between the HBMs and HIIIs. The 

tissue level assessment with the HBMs in the experimental test buck model was not presented until 

section 5.5 for the comparison with the results with the proposed seat design. 

Section 5.4 presents the results of the parametric analysis and alternative seat geometry models.  

Section 5.5 concludes the results by presenting the responses of all four occupant surrogates seated in the 

proposed seat design model and the comparison with the results from the experimental test buck model. 

The motion, injury metrics, and tissue level injury assessment are presented as a comparison of the 

response of the occupant surrogates in the experimental test buck model and the proposed seat design. 

5.2. Validation of HIII Coupled Test Buck Model 

This section presents the results for the validation of the HIII (M50 & F05) coupled test buck model using 

the experimental data from the eight TC experimental test configurations. A sample test case (#1) was 

selected to present the qualitative comparison of ATD motion and the kinematic traces for both the M50 

and F05 HIIIs. In general, the results for the eight test configurations were comparable with the sample 

test case #1. Section 5.2.5 will present the notable findings from test configurations #2-#8 that did not 

align with the sample test case. 

5.2.1. Qualitative Assessment of HIII Model Using Highspeed Video (Sample Case 

#1: 6.5g Pulse, Upright Posture, Inboard Seat) 

5.2.1.1. M50 HIII 

The highspeed video of the experiment provided by TC was compared with the simulation (Figure 90).  
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Figure 90: a) The HIII knees impact the forward seatback; b) The neck of the HIII contacts the 

forward handrail; c) The neck of the HIII reaches peak flexion; d) The HIII rebounds from the 

handrail and the head rotates in extension 

The knees of the HIII in the model and experiment both impacted the forward seatback at 121 ms. The 

HIII in the experiment impacted the handrail on the rubber between the first and second discs in the neck 

(186 ms). The HIII in the model impacted the handrail on the rubber between the second and third discs in 

the neck (186 ms). The neck of the HIII transitioned from flexion to extension at 270 ms in both the 

model and experiment. The HIII rebounded from the forward seat with the pelvis displaced vertically at a 

height of 16 cm in the model and 31 cm in the experiment (347 ms). 
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5.2.1.2. F05 HIII 

The highspeed video of the experiment provided by TC was compared with the simulation (Figure 91). 

 

Figure 91: a) F05 slides forward off seat and the knees impact the forward seatback; b) The torso of 
the F05 tilts forward at the pelvis and the lower face impacts the handrail; c) The forward 

momentum of the F05 causes severe flexion of the neck; d) Contact with the handrail is released 

and the ATD ends up in a semi standing position 

The impact between the lower face and the handrail in the model (218 ms) exhibited increased sagittal 

rotation (63 deg.) of the HIII head when compared with the experiment (45 deg.). The HIII pelvis was 

displaced 20 cm vertically in both the model and experiment as it rebounded from the forward seat at 318 

ms.  

5.2.2. Kinematic Trace Comparison (Test Case #1: 6.5g Pulse, Upright Posture, 

Inboard Seat)  

5.2.2.1. M50 HIII Kinematic Traces 

The acceleration, velocity, displacement, force, and moment traces from the HIII in the experiment and 

model were plotted. The kinematics quantitatively compared were the head x-axis acceleration, head 

sagittal angular velocity, neck axial and shear forces, neck sagittal bending moment, chest deflection, 

chest x-axis acceleration, pelvis x-axis acceleration, and femur axial forces. In general, the plots showed 

good agreement between the model and the experiment.  

The increase and peak values for the pelvis acceleration and femur forces showed good response 

synchronization between the model and experiment (Figure 92).  
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Figure 92: a) Pelvis acceleration (x-axis); b) Right femur axial force; c) Left femur axial force 

The increase in neck forces/moments and the maximum values (positive/negative) showed that the impact 

between the anterior neck and handrail resulted in similar head and neck kinematics for the model and 

experiment (Figure 93). 

 

Figure 93: a) Head sagittal plane angular velocity; b) Neck shear force; c) Neck sagittal plane 

bending moment; d) Neck axial force  

The head and chest acceleration traces showed good agreement between the model and experiment. A 

negative value for the chest deflection sensor corresponded to compression of the thorax of the HIII 

(Figure 94). The results showed primarily positive values for chest deflection which did not correspond to 

a reduction in thorax volume. The peak chest compression, which was shown via a negative chest 

deflection value, was less than 1% of initial thorax depth. 
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Figure 94: a) Head acceleration (x-axis); b) Chest acceleration (x-axis); c) Chest deflection 

5.2.2.2. F05 HIII Kinematic Traces 

The acceleration, velocity, displacement, force, and moment traces outputted from the HIII in the 

experiment and model were plotted. The kinematics quantitatively compared included the head x-axis 

acceleration, head sagittal angular velocity, neck axial and shear forces, neck sagittal bending moment, 

chest deflection, chest x-axis acceleration, pelvis x-axis acceleration, and femur axial forces. 

The pelvis acceleration and femur force plots showed that the impact between the knees and the forward 

seatback occurred 10 ms earlier in the model than in the experiment (Figure 95). The femur loads and 

pelvis acceleration in the model peaked at approximately half (average 47%) the maximum values in the 

experiment.  

 

Figure 95: a) Pelvis acceleration; b) Right Femur Axial Force; c) Left Femur Axial Force 

The neck shear force, sagittal bending moment, and head angular velocity plots showed good agreement 

between the model and experiment (Figure 96). The plots showed that the head and neck kinematics 

peaked 10 ms earlier in the model. The neck axial forces in the experiment peaked in the range of 1 kN 
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for tension and compression compared with peaks of 500 N tension and 400 N compression for the 

model.  

 
Figure 96: a) Head sagittal plane angular velocity; b) Upper Neck Shear Force; c) Upper neck 

sagittal moment; d) Upper neck axial force 

The head and chest accelerations showed good agreement between the model and the experiment (Figure 

97). The chest deflection in the model peaked at 3 mm whereas in the experiment it peaked at 0.5 mm. 

 
Figure 97: a) Head acceleration (x-axis); b) Chest acceleration (x-axis); d) Chest deflection 

5.2.3. CORA Analysis Results for Test Buck Model Validation Using Eight Test 

Configurations 

The CORA ratings for each experimental test and corresponding model were calculated and averaged to 

generate a final score for the M50 and F05 coupled test buck models (Table 25). 
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Table 25: CORA ratings for all tests (M50 & F05) 

 CORA score 

Test Case M50 F05 

Test #1 (6.5g, Upright, Inboard) 0.913 0.677 

Test #2a (6.5g, Reclined, Inboard) 0.792 0.665 

Test #2b (6.5g, Reclined, Inboard) 0.782 0.719 

Test #2c (6.5g, Reclined, Inboard) 0.763 0.694 

Test #3 (5.7g, Upright, Inboard) 0.86 0.595 

Test #4 (6.5g, Upright, Outboard) 0.819 0.642 

Test #5 (6.5g, Reclined, Outboard) 0.802 0.713 

Test #6 (5.7g, Upright, Outboard) 0.866 0.45 

Test #7 (5.7g, Reclined, Outboard) 0.751 0.577 

Test #8 (5.7g, Reclined, Inboard) 0.674 0.695 

Average 0.779 0.634 

 

The average among all M50 tests was 0.779, which classified it in the good biofidelity rating. The average 

among the F05 tests was 0.634 which placed it in the fair category.  

5.2.4. Injury Metrics and Associated Injury Risks (Test Case #1: 6.5g Pulse, 

Upright Posture, Inboard Seat) 

5.2.4.1. M50 HIII Injury Metrics 

The injury metrics were assessed for the experiment and model for test case #1 (Table 26). Injury 

assessment reference values (IARV) were listed in the table as a reference for the probability of injury. 

The injury metrics for the remaining test cases (#2 - #8) were presented in section 5.3. 
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Table 26: Injury metrics and risk of injury for the M50 HIII model and experiment 

Metric Model Experiment IARV 
Injury 
Risk 

Model 

Injury Risk 
Experiment 

Associated 
Risk 

Head       

HIC15 35.5 36.8 700 0% 0% 
AIS 3 Skull 

Fracture 

BrIC 0.87 0.94 2 1% 1% 
AIS 3 
Brain 

Injury 

Neck       

Nij 0.38 0.51 1 8% 10% 
AIS 3 

Injury 

Pk. Upper Neck 
Moment, Extension 

(Nm) 

38.5 46.3 96 0% 0% 
AIS 3 
Injury 

Pk. Upper Neck 
Moment, Flexion (Nm) 

40.2 59.6 190 <5% <5% 
AIS 4 
Injury 

Pk. Upper Neck Axial 

Force, Tension (N) 
977.7 973.0 4170 0% 0% 

AIS 3 

Injury 

Pk. Upper Neck Axial 

Force, Compression (N) 
233.7 220.2 4000 0% 0% 

AIS 3 

Injury 

Pk. Upper Neck Shear 

Force (N) 
726.0 826.2 3100 <5% <5% 

AIS 4 

Injury 

Pk. Larynx Force, 
Cricoid 

300 N/A 248 Fracture N/A 
Cartilage 
Fracture 

Pk. Larynx Force, 

Thyroid 
300 N/A 180 Fracture N/A 

Cartilage 

Fracture 

Thorax       

CTI 0.15 0.15 1 0% 0% 
AIS 3 

Injury 

Pk. Chest Acceleration 

(g) 
11.57 13.14 60 7% 7% 

AIS 3 

Injury 

Pk. Chest Deflection 

(mm) 
1.03 0.35 50 2% 2% 

AIS 3 

Injury 

VC 0 N/A 1 0% N/A 
AIS 4 
Injury 

Pk. Chest Deflection 

Rate (m/s) 
0.42 N/A 8.2 0% N/A 

AIS 3 

Injury 

Lower Extremity       

Pk. Left Femur Axial 

Force (N) 
2722 2880 1 0% 0% 

AIS 2 

Injury 

Pk. Right Femur Axial 

Force (N) 
2529 2837 1 0% 0% 

AIS 2 

Injury 
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The injury metrics showed good agreement between the model and experiment for HIC15, and BrIC. 

HIC15 was well below the IARV and predicted zero probability of an AIS 3 skull fracture. The low 

probability of skull fracture injury was due to the lack of a direct impact on the head of the HIII in 

combination with the overall low severity test buck pulse. The value of BrIC showed a negligible risk of a 

brain injury based off the head CG angular velocities. Overall, the results showed very low probability of 

head injury to the passenger in test case #1. 

The neck injury metrics showed good agreement between the model and experiment. The values of 𝑁𝑖𝑗 

were well below the IARV of 1, predicting an 8% and 10% probability of an AIS3 neck injury for the 

model and experiment respectively. The risk of neck injury predicted by 𝑁𝑖𝑗 was the highest probability 

of injury for all the upper neck injury metrics. Peak values for the neck bending moments in both flexion 

and extension were well below the IARV, thus predicting a low probability of an AIS3 neck injury.  The 

peak values of neck tension, compression, and shear forces were well below the IARV and showed a low 

probability of neck injury.  

The peak force measured on the segment sets of the anterior neck of the HIII model (300 N) surpassed the 

experimental thresholds that resulted in larynx cartilage fracture (180 N Thyroid cartilage, 248 N Cricoid 

cartilage). As a result, fracture to the larynx cartilages is probable in this impact scenario. 

The injury metrics for the thorax showed good agreement between the model and the experiment. The 

highest probability of injury at the thorax was the peak chest acceleration which predicted a 7% 

probability of an AIS 3 injury for both the model and experiment. All the other thorax injury metrics 

predicted a less than 2% risk of injury. 

Results for the lower extremity injury metrics showed good agreement between the model and the 

experiment. The potential for a femur fracture based on the peak axial loads in both the left and right 

femurs was less than 1%. 

5.2.4.2. F05 HIII Injury Metrics 

The injury metrics were assessed for the experiment and model (Table 27). Injury assessment reference 

values (IARV) were listed in the table as a reference for a probability of injury.   
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Table 27: F05 HIII injury metrics comparison between experiment and model (test case #1) 

Metric Model Experiment IARV-

F05 

Injury 

Risk 
Model 

Injury Risk 

Experiment 

Associated 

Risk 

Head             

HIC15 25.8 82.0 700 0% 0% AIS 3 Skull 

Fracture 

BrIC 0.89 0.02 2 1% 0% ASI 3 Brain 

Injury 

Neck             

Nij 1.21 1.2 1 10% 22% AIS 4 Injury 

Pk. Upper Neck Moment, 

Extension (Nm) 
5.1 22.31 49 0% 0% AIS 3 Injury 

Pk. Upper Neck Moment, 

Flexion (Nm) 

182.7 150.6 95 >5% >5% AIS 4 Injury 

Pk. Upper Neck Axial 

Force, Tension (N) 

538.0 150.6 2620 0% 0 AIS 3 Injury 

Pk. Upper Neck Axial 
Force, Compression (N) 

365.7 22.3 2520 0% 0 AIS 3 Injury 

Pk. Upper Neck Shear 

Force (N) 

1647.5 1967.8 1950 <5% <5% AIS 4 Injury 

Pk. Lower Face Force (N) 2404 N/A 2834 30.1% N/A AIS 1 Injury 

Thorax             

CTI 0.25 0.24 1 0% 0% AIS 3 Injury 

Pk. Chest Acceleration (g) 19.1 18.55 60 13% 13% AIS 3 Injury 

Pk. Chest Deflection (mm) 3.0 0.62 41 2% 2% AIS 3 Injury 

VC 0.0 N/A 1 0% 0% AIS 4 Injury 

Pk. Chest Deflection Rate 
(m/s) 

0.2 N/A 8.2 0% 0% AIS 3 Injury 

Lower Extremity             

Pk. Left Femur Axial Force 
(N) 

1543 0.46 1 0% 0% AIS 2 Injury 

Pk. Right Femur Axial 

Force (N) 

1563 0.42 1 0% 0% AIS 2 Injury 

 

A negligible probability of injury was predicted for the head and lower extremity. The Nij peaked above 

the IARV of 1 in both the model and experiment, predicting a 22% probability of an AIS 3 neck injury. 

The peak upper neck sagittal flexion moment of 150 Nm in the model and experiment were well above 

the IARV of 95 Nm and predicted a greater than 5% risk of an AIS 4 neck injury. The peak neck shear 

force in the experiment was above the IARV of 1950 N and predicted at >5% risk of an AIS 4 neck 

injury. The peak force of 2404 N on the lower face in the model surpassed the experimental fracture 
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threshold of 1779 N. In this impact scenario a fracture to the mandible of the passenger would be 

probable. 

The highest probability of injury in the thorax was due to the peak linear chest acceleration of 18 g in both 

the model and experiment which predicted a 13% probability of an AIS 3 thorax injury. All other injury 

metrics in the thorax predicted little or no probability of injury. 

5.2.5. Injury Metrics Summary for the Eight Test Configurations 

Injury metrics were calculated for all test cases (#2-8) for the M50 and F05 and tabulated (Table 28, 

Table 29). 

In general, the injury metrics agreed well between the M50 models and experiments and predicted little to 

no injury when compared with the IARV. All the M50 models predicted forces on the anterior neck that 

exceeded the threshold found experimentally to result in larynx cartilage fracture. The experiment and 

model for test case #8 resulted in different impact locations between the M50 and the handrail.  The 

model for test case #8 resulted in the anterior neck impacting the handrail, as was the case with every 

other model. The experiment for test case #8 resulted in the lower face of the M50 impacting the handrail 

instead of the anterior neck. The lower face impact resulted in an Nij value of 1.27 which corresponded to 

a 32% probability of an AIS 3 neck injury. The remaining injury metrics for the head and neck of the 

M50 in experiment test case #8 did not predict a high probability of injury. The difference in handrail 

impact location between the model and experiment for test case #8 resulted in the biggest discrepancy 

between all M50 models and corresponding experiments. 

The injury metrics for the F05 models and experiments showed good agreement and predicted a low 

probability of injury throughout the ATD except at the neck. The test cases with the F05 seated in the 

inboard seat resulted in the lower face impacting the forward handrail which caused N ij,  neck flexion, and 

lower face force to predict injury.  When the F05 was seated on the outboard seat it impacted the forward 

handrail on the anterior neck which resulted in forces that surpassed the larynx cartilage fracture 

threshold. 
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Table 28: HIII M50 injury metrics for all experiments and test cases 

 
IAR
V 

Mod. Exp Mod Exp Exp Exp Mod Exp Mod Exp Mod Exp Mod Exp Mod Exp Mod Exp 

  
#1 #1 #2 #2a #2b #2c #3 #3 #4 #4 #5 #5 #6 #6 #7 #7 #8 #8 

Head   
                  

HIC15 700 35.5 36.8 17.8 31.4 13.2 28.0 20.2 14.5 40.6 25.2 10.8 22.1 18.3 17.3 5.4 6.8 8.4 56.0 

BrIC 2 0.87 0.94 0.70 0.86 0.74 0.82 0.80 0.88 0.82 0.86 0.66 0.69 0.69 0.75 0.63 0.62 0.66 0.84 

Neck   
                  

Nij 1 0.38 0.51 0.31 0.55 0.46 0.46 0.39 0.46 0.36 0.43 0.23 0.29 0.26 0.37 0.34 0.57 0.26 1.27 

Pk. Upper Neck Moment, 

Extension (Nm) 

96 38.5 46.3 21.9 21.7 31.9 20.2 36.8 33.8 23.8 31.4 22.7 16.7 21.7 17.1 19.5 15.6 19.3 17.6 

Pk. Upper Neck Moment, 
Flexion (Nm) 

190 40.2 59.6 29.3 46.7 47.1 49.2 37.7 47.9 33.4 30.8 19.6 35.0 28.7 44.4 16.3 56.1 26.1 144.
5 

Pk. Upper Neck Axial 
Force, Tension (N) 

4170 977 973 641 882 1372 921 687 633 1013 855 584 780 723 711 355 764 452 1267 

Pk. Upper Neck Axial 

Force, Compression (N) 

4000 233.

7 

220.

2 

119.

5 

157.

1 

120.

8 

244.

6 

154.

3 

272.

7 

80.3 47.2 156.

8 

119.

9 

56.5 110.

1 

116.

1 

72.2 84.8 369.

8 

Pk. Upper Neck Shear 
Force (N) 

3100 726 826 604 667 575 683 813 757 692 485 475 469 576 480 427 382 476 1370 

Pk. Larynx Force, 

Cricoid 

248 300 N/A 318 N/A N/A N/A 738 N/A 435 N/A 240 N/A 278 N/A 198 N/A 298 N/A 

Pk. Larynx Force, 

Thyroid 

180 300 N/A 318 N/A N/A N/A 738 N/A 435 N/A 240 N/A 278 N/A 198 N/A 298 N/A 

Thorax   
                  

CTI 1 0.15 0.15 0.12 0.15 0.11 0.14 0.12 0.12 0.20 0.14 0.11 0.11 0.14 0.11 0.15 0.08 0.10 0.13 

Pk. Chest Acceleration 

(g) 

60 11.6 13.1 9.6 12.8 8.6 11.9 9.6 10.3 16.3 12.4 8.1 9.1 11.7 8.7 6.4 6.3 8.3 11.0 

Pk. Chest Deflection 
(mm) 

50 1.0 0.3 3.8 0.0 0.0 0.2 0.5 0.3 5.5 3.2 10.9 3.1 4.5 1.3 6.3 1.7 1.4 0.4 

VC 1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.4 0.0 0.1 0.0 0.1 0.0 0.0 0.0 

Pk. Chest Deflection Rate 

(m/s) 

8.2 0.4 0.5 3.3 0.5 0.4 0.5 0.2 0.3 0.4 0.4 0.3 0.5 0.6 0.6 0.3 0.3 0.3 0.3 

Lower Extremity   
                  

Pk. Left Femur Axial 
Force (N) 

1000
0 

2722 2880 3316 2529 2477 2832 2535 2992 3087 3233 3800 3218 3205 3636 3313 2964 2960 2365 

Pk. Right Femur Axial 

Force (N) 

1000

0 

2529 2837 3060 2971 2694 3079 2278 2785 2942 2845 3743 2778 3147 3228 3290 2648 2724 2525 
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Table 29: F05 Injury metrics for all experiments and test cases 

 
IAR
V  

Mod Exp Mod Exp Exp Exp Mod Exp Mod Exp Mod Exp Mod Exp Mod Exp Mod Exp 

  
#1 #1 #2 #2a #2b #2c #3 #3 #4 #4 #5 #5 #6 #6 #7 #7 #8 #8 

Head 
                   

HIC15 700 25.8 82.0 50.8 116 96.1 93.8 31.9 67.9 68.5 48.4 48.0 42.7 40.9 36.8 17.2 21.9 37.3 66.5 

BrIC 2 0.89 0.80 0.78 0.96 0.80 0.83 0.80 0.73 0.95 0.95 0.86 0.89 0.84 0.91 0.77 0.85 0.72 0.75 

Neck   
                  

Nij 1 1.21 1.20 0.91 1.00 0.86 0.92 1.03 0.83 0.78 0.74 0.68 0.68 0.69 0.59 0.49 0.54 0.72 0.73 

Pk. Upper Neck 

Moment, Extension 
(Nm) 

49 5.1 22.3 16.2 50.4 34.8 32.7 3.6 9.1 34.7 37.2 27.7 36.8 28.6 28.6 22.8 25.2 11.9 13.9 

Pk. Upper Neck 

Moment, Flexion (Nm) 

95 182 150 126 114 95 98 150 102 35 41 35 28 32 30 21 27 102 91 

Pk. Upper Neck Axial 

Force, Tension (N) 

2620 538 1213 603 1853 1305 1414 587 941 984 1016 850 920 800 975 561 716 479 996 

Pk. Upper Neck Axial 
Force, Compression (N) 

2520 365 932 387 364 36 204 600 637 8 219 124 120 115 68 120 84 359 453 

Pk. Upper Neck Shear 

Force (N) 

1950 1647 1967 1479 1592 136 1375 1529 1427 577 589 454 500 498 444 336 382 1242 1148 

Pk. Lower Face Force 1779 2404 N/A 2460 N/A N/A N/A 2236 N/A 0 N/A 0 N/A 0 N/A 0 N/A 1994 N/A 

Pk. Larynx Force 
(Cricoid, Thyroid) 

248, 
180 

0.0 N/A 0 N/A N/A N/A 0 N/A 347 N/A 305 N/A 291 N/A 190 N/A 0 N/A 

Thorax   
                  

CTI 1 0.25 0.24 0.16 0.22 0.16 0.19 0.22 0.17 0.43 0.20 0.31 0.24 0.31 0.16 0.34 0.18 0.12 0.15 

Pk. Chest Acceleration 
(g) 

60 19.1 18.5 13.0 16.5 12.3 14.7 17.5 12.8 20.3 14.6 12.4 17.8 16.7 11.3 10.5 12.7 10.1 11.1 

Pk. Chest Deflection 

(mm) 

41 3.0 0.6 1.7 2.1 0.8 0.6 1.0 0.0 17.3 3.0 14.3 3.0 10.7 2.6 18.4 2.2 1.0 0.1 

VC 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 

Pk. Chest Deflection 
Rate (m/s) 

8.2 0.2 0.4 0.2 0.4 0.3 0.4 0.2 0.3 0.8 0.6 0.4 0.5 0.5 0.5 0.4 0.4 0.2 0.4 

Lower Extremity   
                  

Pk. Left Femur Axial 

Force (N) 

6800 1543 3129 1453 3245 2511 2951 695 2827 1225 3474 1302 3536 1857 4122 1218 3520 1468 3049 

Pk. Right Femur Axial 
Force (N) 

6800 1563 2828 1601 2832 2803 3219 985 2493 1203 3747 1491 3814 1366 3280 576 3018 1046 2749 
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5.3. Test Buck Model Assessment Using HBM and HIII with 6.5g Pulse, Upright 

Posture, and Inboard Seating Location 

This section will present the results of the HBMs (M50 and F05) seated in the test buck model with the 

6.5g pulse, upright posture, and inboard seating location. The HBM response was compared with the HIII 

from the TC case #1, which had the same test configuration. 

5.3.1. Qualitative Comparison of HBM Motion with HIII in Experimental Test 

Buck Model 

5.3.1.1. GHBMC M50 Qualitative Comparison with HIII 

The motion of the HBM M50 was qualitatively compared with the HIII motion (Figure 98). 

 

Figure 98: a) HBM seated prior to initiation of pulse; b) HBM knees impact the forward seatback 

and torso pitches forward at the pelvis; c) the anterior of the neck strikes the forward handrail; d) 

the HBM thoracic spine in flexion after impact with forward handrail 

The response of the HBM was comparable with the HIII prior to impact with the handrail. The HBM 

exhibited thoracic spine flexion after impacting the handrail which was not observed with the HIII. The 

flexion of the spine resulted in the face of the HBM impacting the top of the forward seat. The HBM neck 

was in flexion throughout the impact and did not transition to extension as was observed with the HIII. 

The pelvis of the HBM was displaced 19 cm vertically from the seat while the HIII was displaced 16 cm 

from the seat. The HBM remained positioned above the forward handrail at the end of the simulation, 

instead of rebounding horizontally as was observed with the HIII.  
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5.3.1.2. GHBMC F05 Qualitative Comparison with HIII 

The motion of the F05 HBM was qualitatively compared with the results for the F05 HIII for TC test case 

#1 (Figure 99). 

 

Figure 99: a) HBM seated prior to pulse initiation; b) knees impact forward seatback; c) anterior 

neck of HBM impacts forward handrail; d) HBM face impacts forward side of seat frame 

The chin of the HBM cleared the forward handrail which resulted in the lower anterior neck impacting the 

handrail (347 ms). There was no impact between the face of the HBM and handrail as was observed with 

the HIII. The spine of the HBM went into flexion following the impact with the handrail. The HIII was 

displaced 20 cm vertically from the seat at 420 ms while the HBM was displaced vertically 13 cm from 

the seat. 

5.3.2. Kinematic Trace Comparison Between HBM and HIII 

5.3.2.1. GHBMC M50 Kinematics Traces 

The pelvis acceleration and femur force of the HBM showed a 26 ms delay in the impact between the 

knees and seatback compared with the HIII (Figure 100). The pelvis acceleration of the HBM and HIII 

showed the same peak magnitude of 23 g. The femur force was comparable between the HBM and HIII 

models for peak force which was in the range of 2500 N for both the right and left femurs.  
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Figure 100: a) Pelvis acceleration (x-axis); b) Left femur axial force; c) Right femur axial force 

The OC cross section of the HBM neck measured a maximum shear force of 150 N compared with 700 N 

for the HIII upper neck (Figure 101). The shear force in the lower neck (C7) cross section of the HBM 

had a peak of 600 N which was more comparable with the HIII model.  

The tension force at the OC level in the HBM peaked at 500 N compared with 1000 N for the HIII. The 

C4 cross section of the HBM neck peaked at a magnitude of 1000 N, which was comparable with the 

HIII. 

The sagittal plane bending moment at the OC cross section of the HBM neck registered a peak extension 

moment of 15 Nm compared with 30 Nm for the HIII. Following the impact with the handrail at 325 ms, 

there was no flexion moment at the OC cross section of the HBM, whereas the HIII saw a 40 Nm peak in 

flexion in the upper neck. The C7 cross section of the neck was again more comparable with the upper 

neck of the HIII, seeing a peak extension moment of 30 Nm and a peak flexion moment of 60 Nm.  

 

Figure 101: a) Neck shear force; b) Neck axial force; c) Neck sagittal plane bending moment 
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The HBM head acceleration peaked at 4 g during the impact with the handrail from 320 ms-370 ms while 

the HIII peaked at 15 g (Figure 102). The 20 g peak head acceleration for the HBM occurred at 420 ms 

when the face impacted the forward side of the seat. The head angular velocity was comparable between 

the HBM and HIII after accounting for the 15 ms delay in response with the HBM. 

The response of the chest bands of the HBM did not show any thorax compression. The positive 

deflection with the middle and lower chest bands was the result of the thorax expanding as the HBM lost 

posture prior to impacting the forward handrail. 

 

Figure 102: (a) Head linear acceleration (x-axis); (b) Head sagittal plane angular velocity; (c) Chest 

deflection 

5.3.2.2. GHBMC F05 Kinematics Traces 

The pelvis acceleration peaked at 10 g for the HBM upon impacting the forward seatback with the knees 

compared with a peak of 18 g for the HIII (Figure 103). The femur loads showed that the initial impact 

between the knees and the forward seatback occurred at 156 ms with the HBM, 10 ms after the HIII 

impacted the seat. 

 

Figure 103: a) Pelvis acceleration (x-axis); b) Left femur axial force; c) Right femur axial force 
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The lack of focal impact on the face of the HBM resulted in significantly lower shear forces and bending 

moments throughout the cross sections of the HBM neck (Figure 104). The HBM peak neck shear force 

was less than 300 N compared with the peak shear of 1600 N for the HIII. The sagittal bending moment 

in the neck of the HBM peaked at 20 Nm flexion compared with 150 Nm flexion for the HIII. The HBM 

exhibited a peak compression force of 1100 N in the lower neck (C7) cross section because of the focal 

impact on the handrail with the anterior neck. 

 

Figure 104: a) Upper neck shear force; b) Upper neck axial force; c) Upper neck sagittal plane 

bending moment 

 The HBM head acceleration peaked between 260 ms-300 ms as a result of the face impacting the top of 

the forward seat frame (Figure 105). The angular velocity of the head for the F05 exhibited a longer 

duration of negative rotation due to the head not coming in direct impact with the handrail. The chest of 

the HBM ended up impacting the top part of the forward seatback which resulted in a peak deflection of 

25 mm (13% chest compression). 

 

Figure 105: a) Head acceleration (x-axis); b) Head sagittal plane angular velocity; c) Chest 

displacement 
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5.3.3. HBM Injury Metrics Comparison with HIII 

5.3.3.1. GHBMC M50 Injury Metrics 

The injury metrics for the M50 HBM were calculated and compared with the M50 HIII (Table 30). The 

OC neck cross section of the HBM was compared with the HIII upper neck load cell. The middle chest 

band of the HBM was compared with the HIII thorax compression. 

Table 30: M50 HBM comparison with HIII injury metrics 

Metric HIII HBM IARV 

Injury 

Risk HIII 

Model 

Injury 

Risk 

HBM 

Associated 

Risk 

Head             

HIC15 35.5 23.2 700 0% 0% 
AIS 3 Skull 

Fracture 

BrIC 0.87 0.81 1 1% 1% 
ASI 3 Brain 

Injury 

Neck             

Nij 0.38 0.16 1 8% 5% AIS 3 Injury 

Pk. Upper Neck Bending 
Moment, Extension (Nm) 

38.5 14.4 96 0% 0% AIS 3 Injury 

Pk. Upper Neck Bending 

Moment, Flexion (Nm) 
40.2 5.6 190 <5% <5% AIS 3 Injury 

Pk. Upper Neck Axial Load, 

Tension (N) 
977.7 454.0 4170 0% 0% AIS 3 Injury 

Pk. Upper Neck Axial Load, 

Compression (N) 
233.7 129.8 4000 0% 0% AIS 3 Injury 

Pk. Upper Neck Shear Load 
(N) 

726.0 128.8 3100 <5% <5% AIS 4 Injury 

Pk. Larynx Force 

Compression 
N/A 75% 50% N/A Fracture 

Cartilage 

Fracture 

Thorax             

Pk. Chest Deflection (mm) 1.03 4.80 50 0% 2% AIS 3 Injury 

VC 0 0 1 0% 0% AIS 4 Injury 

Pk. Chest Deflection Rate 

(m/s) 
0.42 0.29 8.2 0% 0% AIS 3 Injury 

Lower Extremity             

Pk. Left Femur Axial Force 
(kN) 

2722 2440 1 0% 0% AIS 2 Injury 

Pk. Right Femur Axial Force 

(kN) 
2529 2420 1 0% 0% AIS 2 Injury 

 

In general, the ATD injury metrics for the HBM were comparable to those with the HIII. The highest 

predicted probability of injury for the HBM was the Nij criteria which showed a 5% risk of an AIS3 neck 

injury. All other ATD injury metrics with the HBM predicted a negligible probability of injury.  
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The larynx compression with the M50 HBM peaked at a value of 75% which showed a potential for 

larynx cartilage fracture when compared with the 50% compression fracture threshold reported in the 

literature. 

5.3.3.2. GHBMC F05 Injury Metrics 

The injury metrics calculated for the F05 HBM were calculated and compared with the F05 HIII  (Table 

31). 
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Table 31: HBM F05 calculated injury metrics and comparison with HIII F05 (test case #1) 

Metric HIII HBM IARV 

Injury 

Risk HIII 

Model 

Injury 

Risk 

HBM 

Associated 

Risk 

Head             

HIC15 25.8 57.9 700 0% 0% 
AIS 3 Skull 

Fracture 

BrIC 0.89 0.74 2 1% 0% 
ASI 3 Brain 
Injury 

Neck (OC)             

Nij 1.21 0.26 1 30% 6% AIS 3 Injury 

Pk. Upper Neck Moment, 

Extension (Nm) 
5.1 1.2 49 0% 0% AIS 3 Injury 

Pk. Upper Neck Moment, 

Flexion (Nm) 
182.7 12.7 95 <5% <5% AIS 3 Injury 

Pk. Upper Neck Axial Force, 

Tension (N) 
538.0 91.8 2620 0% 0% AIS 3 Injury 

Pk. Upper Neck Axial Force, 

Compression (N) 
365.7 605.1 2520 0% 0% AIS 3 Injury 

Pk. Upper Neck Shear Force 

(N) 
1674.5 304.7 1950 <5% <5% AIS 4 Injury 

Larynx Compression N/A  80%       
Cartilage 

Fracture 

Thorax             

Pk. Chest Deflection (mm) 2.97 25.67 41 2% 1% AIS 3 Injury 

VC 0.00 0.10 1 0% 0% AIS 4 Injury 

Pk. Chest Deflection Rate 
(m/s) 

0.3 1.56 8.2 0% 5% AIS 3 Injury 

Lower Extremity             

Pk. Left Femur Axial Force 

(N) 
1543.00 1368.00 1 0% 0% AIS 2 Injury 

Pk. Right Femur Axial Force 

(N) 
1563.00 1351.00 1 0% 0% AIS 2 Injury 

Nij did not predict a neck injury for the HBM as was the case with the HIII. Due to the focal impact on the 

anterior neck of the HBM there was an 80% total compression of the larynx tissue in the HBM. Based on 

the 50% strain threshold presented in the literature, a larynx cartilage fracture would be probable with the 

HBM. The peak chest deflection of 25.7 mm and deflection rate of 1.6 m/s for the HBM were 

significantly higher than the HIII (3mm, 0.3 m/s). All the other injury metrics were comparable between 

the F05 HBM and HIII. 



111 

 

5.4. Alternate Seat Configurations Assessment using HIII M50 for Development 

of Proposed Seat Design 

This section presents the results from the parametric analysis and alternative seat geometry models.  

5.4.1. Parametric Analysis and Linear Regression Results 

The injury metrics HIC15, Nij, CTI, and LE were calculated for all 24 simulations in the parametric 

analysis. Plots were created comparing the influence of the parameters (seat pitch, seat height, and seating 

location) on each injury metric. A linear regression model was created for each plot and ranked based on 

the R-squared value (Table 32). 

Table 32: Linear Regression Analysis Results for Injury Metrics and Varied Parameter, Ranked by 

R-squared Value 

Injury Metric Parameter R2 

LE Seat Pitch 0.86 

CTI Seat Height 0.56 

Nij Seat Height 0.47 

HIC15 Inboard/Outboard 0.37 

HIC15 Seat Height 0.26 

Nij Inboard/Outboard 0.22 

CTI Inboard/Outboard 0.13 

HIC15 Seat Pitch 0.12 

CTI Seat Pitch 0.09 

LE Seat Height 0.05 

Nij Seat Pitch 0.04 

LE Inboard/Outboard 0.01 

The highest R-squared value was for the effect of varying seat pitch on the LE criteria. The 

parameter/injury metrics that had an R-squared above 0.3 were selected for further analysis. The injury 

metrics in each group were averaged for a given variable and replotted (Figure 106). The linear equation 

was recalculated with the averaged data to determine the magnitude of the effect each variable had on a 

given injury metric. 
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Figure 106: a) Effect of seat pitch on LE; b) Effect of forward seat height on CTI; c) Effect of 

forward seat height on Nij; d) Influence of inboard/outboard seating location on HIC15 

The linear regression analysis with the average values showed an increase in LE of 0.23 for every 

increase of seat pitch of 100 mm. An increase in seat height of 50 mm resulted in an increase in CTI of 

0.06, and an increase of Nij of 0.22. Moving the passenger from the inboard to outboard seat resulted in an 

average decrease in HIC15 of 12.5. 

The linear regression models showed that: 

• Moving from the inboard to outboard seat resulted in a decrease in head injury potential.  

• Decreasing the forward seat height resulted in a decrease in neck injury potential.  

• Decreasing the forward seat height resulted in a decrease in thorax injury potential.  

• Decreasing the seat pitch resulted in a decrease in femur injury potential.  

5.4.2. Alternative Seat Geometry Models 

This section will present the qualitative assessment of the HIII motion in the three alternative geometry 

models.  

5.4.2.1. HIII Motion in Lowered Handrail Model 

Lowering the handrail resulted in the HIII impacting the handrail on the thorax as opposed to the anterior 

neck (Figure 107).  
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Figure 107: Lowered handrail test buck model 

5.4.2.2. HIII Motion in Headrest Model 

The headrest model resulted in the face of the HIII impacting the rear side of the seat frame/headrest 

(Figure 108).  

 

Figure 108: Headrest test buck model 

5.4.2.3. HIII Motion in Bucket Seat Model 

The forward sliding of the pelvis of the HIII was reduced in the bucket seat model (Figure 109). The 

friction interaction between the feet and the floor prevented the feet from sliding forward. This resulted in 

the knees of the HIII locking and prevented them from impacting the forward seatback. The anterior neck 

impacted the handrail as was observed in the experimental test buck model.  
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Figure 109: M50 HIII motions in bucket seat design 

5.4.2.4. Injury Metric Comparison Between Alternative Geometry Models 

The injury metrics were calculated for each of the three alternative seat geometries and compared with the 

experimental test buck model (Table 33). The results of the test buck model were compared with the 

alternative geometries as the baseline for injury.  
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Table 33: Injury Metric comparison between experimental test buck model (test case #1) and 

alternative geometry models 

Metric 
Experimental 

Test Buck 

Model 

Lowered 
Handrail 

Design 

Headrest 
Design 

Bucket Seat 
Design 

Head         

HIC15 36 10 100 22 

BrIC 0.87 0.82 0.72 0.60 

Neck         

Nij 0.38 0.40 1.34 0.28 

Pk. Upper Neck Moment, Extension 
(Nm) 

39 42 7 11 

Pk. Upper Neck Moment, Flexion (Nm) 40 28 151 32 

Pk. Upper Neck Axial Force, Tension 
(N) 

978 583 683 758 

Pk. Upper Neck Axial Force, 

Compression (N) 

234 125 1061 99 

Pk. Upper Neck Shear Force (N) 726 493 1796 568 

Pk. Larynx Force, Cricoid 300 80 103 275 

Thorax         

CTI 0.15 0.18 0.19 0.16 

Pk. Chest Acceleration (g) 11.57 15.41 16.12 13.62 

Pk. Chest Deflection (mm) 1.03 28.52 0.28 0.94 

VC 0.00 0.12 0.00 0.01 

Pk. Chest Deflection Rate (m/s) 0.42 1.88 0.23 0.36 

Lower Extremity         

Pk. Left Femur Axial Force (N) 2722 2754 2527 1517 

Pk. Right Femur Axial Force (N) 2529 2641 1934 2012 

 

The peak force on the anterior neck in the lowered handrail model was below the threshold for a larynx 

crushing injury. The lowered handrail model resulted in 28 mm of chest deflection due to the focal impact 

of the handrail with the thorax. For comparison, the second largest chest deflection was in the baseline 

model with 1 mm peak deflection. None of the thorax injury metrics for the lowered handrail model 

surpassed the IARV. The femur loads with the lowered handrail model were comparable to the baseline 

model. 

There was no impact on the anterior neck of the HIII in the headrest model, which eliminated the 

potential for larynx injury. The headrest model saw a HIC15 value of 102 due to the direct impact on the 

head, which was below the threshold of 700 to predict a skull fracture. The second largest HIC15 value 

was 27 for the baseline model. The headrest model resulted in a Nij value of 1.34, which surpassed the 
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IARV of 1 to predict a high probability of neck injury. The high Nij value was due to the increased flexion 

moment in the upper neck due to the focal impact between the face and headrest.  

The bucket seat model resulted in a focal impact on the anterior neck with the handrail. The peak force of 

275 N on the anterior neck surpassed the threshold for a larynx crushing injury. The neck and chest injury 

metrics were comparable between the bucket seat model and the baseline model. The bucket seat model 

resulted in peak femur loads that were comparable with the other models despite not having an impact 

between the knees and the forward seatback. The legs of the ATD in the bucket model straightened out 

during the impact which caused the feet to become firmly planted on the floor. The axial force through 

the feet of the ATD prevented the forward motion of the pelvis of the ATD and caused an equivalent level 

of femur axial load as the other models. 

5.4.3. Combining Findings from Parametric Analysis and Alternative Seat 

Geometries into Proposed Seat Design 

Several key findings were made from the parametric analysis and the alternative geometry models. It was 

found that lowering the handrail resulted in contact with the thorax instead of the neck. Moving the 

impact location to the thorax eliminated the potential for a larynx crush injury. Having any structure 

directly in the path of the head of the passenger resulted in an increase in head and neck injury potential. 

Having a raised lip on the seat pan limited the forward sliding motion of the passenger and prevented 

impact between the knees and forward seatback. Reducing the seat pitch minimized injury by coupling 

the passenger with the forward seatback and extending the duration under which the passenger was 

decelerated, which reduced the forces exerted on the femurs. 

5.4.4. Proposed Seat Design 

The proposed seat design included a lowered handrail connected to the forward seatback with arms that 

extended down to the base of the seat (Figure 110). This allowed for the handrail to swivel forward when 

the passenger impacted it, reducing the impact rigidity. The redesigned seat pan had a raised lip at the 

front of the seat to prevent the forward sliding motion of the passenger. A rubber pad was attached to the 

surface of the forward seatback to reduce the contact force with the knees. The seat pitch was reduced by 

30 mm to minimize the distance that the passenger would slide forward before impacting the forward 

seatback. 
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Figure 110: Proposed seat design with lowered handrail, raised lip on seat pan, and rubber pad on 

forward seatback 

 

5.5. Proposed Seat Design Assessment and Comparison with Experimental Test 

Buck Model Using HBMs and HIIIs with 6.5g Pulse, Upright Posture, and 

Inboard Seating Location 

The 6.5g pulse, upright posture, and inboard seating location were used as the test configuration for the 

proposed seat design for the simulations with all occupant surrogates (HIII and HBM, 50th and 5th 

percentile). The response of each occupant surrogate seated in the experimental test buck model and the 

proposed seat design were compared using motion, injury metrics, and tissue level assessment (HBM 

only) to determine if there was a reduction in injury potential with the proposed seat design. 

5.5.1. Qualitative Assessment of Occupant Motion in Proposed Seat Design in 

Comparison with Experimental Test Buck Model 

5.5.1.1. M50 HIII Motion in Proposed Seat Design 

The motion of the M50 HIII in the proposed seat design and experimental test buck model were compared 

(Figure 111). 
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Figure 111: HIII M50 motion in the proposed seat design (left) and experimental test buck model 

with test case #1 parameters (right) 

The focal impact with the handrail occurred at the mid thorax in the proposed seat design which 

eliminated the focal impact on the anterior neck. The proposed seat design resulted in 3 cm of horizontal 

separation between the HIII pelvis and the seatback at 450 ms compared with 13 cm for the experimental 

test buck model. 

5.5.1.2. F05 HIII Motion in Proposed Seat Design 

The motion of the F05 HIII was compared between the proposed seat design and experimental test buck 

model (Figure 112). 
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Figure 112: HIII F05 Motion in proposed seat design (left) compared with motions in experimental 

test buck model for test case #1 (right) 

The F05 HIII in the proposed seat design impacted the lowered handrail on the thorax and eliminated all 

contact with the face. The F05 HIII ended the sequence (422 ms) still partially seated compared with the 

elevated pelvis of the F05 HIII in the experimental test buck. 

5.5.1.3. GHBMC M50 Motion in Proposed Seat Design 

The motion of the M50 HBM was compared between the proposed seat design and experimental test buck 

model (Figure 113). 
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Figure 113: Comparison of the motion of the M50 HBM in the proposed seat design and 

experimental test buck model 

The M50 HBM contacted the lowered handrail at the mid thorax. The handrail pivoted forward as it 

slowed the forward motion of the HBM. At 380 ms, the handrail lost contact with the thorax and pivoted 

back to its original position. The HBM remained positioned over the handrail at the end of the simulation 

(450 ms) with the spine in flexion. The face of the M50 HBM impacted the top of the forward seat in the 

proposed seat design (450 ms), similar to the results of the experimental test buck model.  

5.5.1.4. GHBMC F05 Motion in Proposed Seat Design 

The motion of the F05 HBM was compared between the proposed seat design and the experimental test 

buck model (Figure 114). 
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Figure 114: Comparison of the F05 motion between the proposed seat design and experimental test 

buck model 

The upper thorax of the F05 HBM impacted the lowered handrail in the proposed seat design. Contact 

between the handrail and the thorax was maintained throughout the duration of the simulation. As the 

lowered handrail stopped the forward motion of the HBM, it caused the spine to flex, which resulted in 

the face of the F05 impacting the top of the forward seat frame (422 ms).  

5.5.2. Injury Metrics Comparison Between Proposed Seat Design and 

Experimental Test Buck Model 

This section presents the comparison of the injury metrics of each occupant surrogate in the experimental 

test buck model and the proposed seat design with the test configuration of 6.5g pulse, upright posture, 

and inboard seating location. 

5.5.2.1. M50 and F05 HIII Injury Metrics in Proposed Seat Design 

The injury metrics were calculated for the M50 and F05 HIIIs in the proposed seat design and compared 

with the results from the experimental test buck model (Table 34). 

In general, the injury metrics were reduced in the proposed seat design when compared with the 

experimental test buck model. The focal loading on the anterior neck for the M50 and the lower face for 

the F05 was eliminated which prevented the most injurious sources of loading.  

The elimination of the focal impact on the lower face of the F05 in the proposed seat design resulted in 

the Nij being lowered to 0.48 from 1.24. The value for Nij in the proposed seat design was below the 

IARV of 1 for the F05 HIII which corresponded to an 8% risk of an AIS 3 neck injury compared with 
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34% in the experimental test buck model. The peak flexion moment in the neck of the F05 was lowered to 

25 Nm in the proposed seat design which brought it below the IARV of 95 Nm and predicted a <5% risk 

of an AIS 4 neck injury. 

The M50 chest deflection was 19 mm in the proposed seat design, compared with 1 mm in the 

experimental test buck model. The probability of an AIS 3 thoracic injury for the M50 due to the 

increased deflection was 6% for the M50, compared with 2% in the experimental test buck model. The 17 

mm chest deflection with the F05 in the proposed seat design resulted in a 7% probability of an AIS 3 

thoracic injury, compared with a 2% risk in the experimental test buck model. 

The M50 showed a 50% decrease in femur loading with the proposed seat design whereas the F05 

showed a 33% increase in femur loading. The increase in femur loading for the F05 raised the risk for an 

AIS 2 femur injury from 0% in the experimental test buck model to 1% in the proposed seat design. 
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Table 34: M50 and F05 injury metric comparison between proposed seat design (PD) and experimental test buck model (Exp.) 

Injury Metrics 

M50 F05 

IARV 

M50 
Exp. 

Injury 

Risk 
(Exp.) 

PD 

Injury 

Risk 
(PD) 

IARV 

F05 
Exp. 

Injury 

Risk 
(Exp.) 

PD 

Injury 

Risk 
(PD) 

Head                     

HIC15 700 35.5 0% 9.7 0% 700 25.8 0% 14.3 0% 

BrIC 1 0.87 1% 0.64 0% 1 0.89 1% 0.82 1% 

Neck                     

Nij 1 0.38 8% 0.20 6% 1 1.21 34% 0.48 8% 

Pk. Upper Neck Moment, Extension (Nm) 96 39 0% 12 0% 49 5 0% 22 0% 

Pk. Upper Neck Moment, Flexion (Nm) 190 40 <5% 17 <5% 95 183 >5% 25 <5% 

Pk. Upper Neck Axial Force, Tension (N) 4170 978 0% 515 0% 2620 538 0% 518 0% 

Pk. Upper Neck Axial Force, Compression (N) 4000 234 0% 136 0% 2520 366 0% 80 0% 

Pk. Upper Neck Shear Force (N) 3100 726 <5% 427 <5% 1950 1648 <5% 352 <5% 

Pk. Lower Face Force 1779  0  0%  0  0% 1779 2404 31% 0  0% 

Pk. Larynx Force (Cricoid, Thyroid) 248, 180 920 Fracture 150 No Fr. 248, 

180 

0 No Fr. 43  No Fr. 

Thorax                     

CTI 1 0.15 0% 0.10 0% 1 0.2 0% 0.3 0% 

Pk. Chest Acceleration (g) 60 11.6 7% 8.6 7% 60 19.1 13% 9.9 7% 

Pk. Chest Deflection (mm) 50 1.0 2% 19.1 6% 41 3.0 2% 16.6 7% 

VC 1 0.0 0% 0.0 0% 1 0.0 0% 0.0 0% 

Pk. Chest Deflection Rate (m/s) 8.2 0.4 0% 0.3 0% 8.2 0.2 0% 0.3 0% 

Lower Extremity                     

Pk. Left Femur Axial Force (N) 1 2722 0% 1336 0% 6800 1543 0% 1992 1% 

Pk. Right Femur Axial Force (N) 1 2529 0% 1256 0% 6800 1563 0% 2139 1% 
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5.5.2.2. GHBMC M50 Injury Metrics in Proposed Seat Design 

Injury metrics for the M50 HBM were calculated and tabulated for comparison between the proposed seat 

design and experimental test buck model (Table 35). 

The values of Nij for the M50 HBM saw an average reduction of 45% at the OC, C1, C4, and C7 cross-

section levels, and an increase of 40% at the C2 cross section in the proposed seat design compared with 

the experimental test buck model. None of the injury metrics measured at the cross-section levels of the 

neck met the thresholds to predict a high probability of a neck injury with the proposed seat design. 

The maximum larynx cartilage compression for the M50 saw a reduction from 75% in the experimental 

test buck model to 34% in the proposed seat design. The larynx compression in the proposed seat design 

was below the threshold for cartilage fracture (50% strain).  

The thorax compression of the M50 peaked at 32.5 mm for the upper chest band compared with 0.56 mm 

in the experimental test buck model. A 32.5 mm peak thorax compression corresponded to a 10% 

probability of an AIS 3 thorax injury, which was an increase from the 0% probability with the 

experimental test buck model. The values for VC (max. 0.13 m/s) and peak thorax deflection rate (max. 

0.72 m/s) in the proposed seat design did not increase the probability of a thoracic injury. 

The femur axial force with the M50 HBM was 65% lower in the proposed seat design. The peak forces 

dropped from an average of 2430 N in the experimental test buck model to 740 N with the proposed seat 

design. 
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Table 35: HBM M50 injury metric comparison between experimental test buck model (Exp.) and proposed seat design (PD) 

 

Injury Metrics 
IARV 

M50 
Experimental Test Buck Model Proposed Seat Design 

Head                       

HIC15 700 23.2         7         

BrIC 1 0.81         0.77         

Neck   OC C1 C2 C4 C7 OC C1 C2 C4 C7 

Nij 1 0.19 0.26 0.30 0.42 0.55 0.11 0.13 0.42 0.24 0.30 

Pk. Upper Neck Moment, 
Extension (Nm) 

96 14 18 8 19 29 6 5 8 8 12 

Pk. Upper Neck Moment, Flexion 

(Nm) 

190 6 8 18 32 60 0 1 27 3 2 

Pk. Upper Neck Axial Force, 

Tension (N) 

4170 454 663 224 981 626 347 425 288 992 1046 

Pk. Upper Neck Axial Force, 

Compression (N) 

4000 130 239 897 234 348 14 33 975 169 214 

Pk. Upper Neck Shear Force (N) 3100 129 345 383 356 639 76 221 222 195 243 

Pk. Larynx Force, Cricoid, 

Thyroid 

248, 

180 

75%         34%         

Thorax   Upper Middle Lower     Upper Middl
e 

Lower     

Pk. Chest Deflection (mm) 50 0.56 1.04 5.03     32.51 25.99 0.00     

VC 1 0.03 0.05 0.05     0.13 0.09 0.01     

Pk. Chest Deflection Rate (m/s) 8.2 0.52 0.54 0.55     0.72 0.46 0.36     

Lower Extremity                       

Pk. Left Femur Axial Force (N) 1 2440         882         

Pk. Right Femur Axial Force (N) 1 2420         779         
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5.5.2.3. GHBMC F05 Injury Metrics in Proposed Seat Design 

Injury metrics for the F05 HBM were calculated and tabulated for comparison between the proposed seat 

design and experimental test buck model (Table 36).  

In general, the F05 HBM saw a reduction in injury potential with the proposed seat design. The peak 

larynx compression was reduced from 80% in the experimental test buck model to 14% in the proposed 

seat design, which brought it below the threshold for larynx cartilage fracture (50% compression). The 

proposed seat design resulted in a general decrease in forces and moments throughout the neck cross-

sections. 

The peak thorax compression increased from 25.7 mm in the experimental test buck model to 29.4 mm in 

the proposed seat design. The increase in thorax compression resulted in a <1% increase in the probability 

of a thoracic injury for the F05 in the proposed seat design. The femur axial loads of the F05 were 

comparable between the test buck models, with an average of 1439 N in the experimental test buck model 

and an average 1406 N in the proposed seat design.
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Table 36: HBM F05 injury metric comparison between experimental test buck model and proposed seat design 

Injury Metrics 
IARV 

F05 
Experimental Test Buck Model Proposed Seat Design 

Head                   

HIC15 700 58.6       14.0       

BrIC 1 0.76       0.76       

Neck   C1 C2 C4 C7 C1 C2 C4 C7 

Nij 1 0.15 0.20 0.30 0.27 0.11 0.15 0.19 0.20 

Pk. Upper Neck Moment, Extension (Nm) 49 13 13 34 23 3 4 16 17 

Pk. Upper Neck Moment, Flexion (Nm) 95 1 1 23 6 8 10 9 9 

Pk. Upper Neck Axial Force, Tension (N) 2620 92 96 160 111 91 100 106 123 

Pk. Upper Neck Axial Force, Compression 
(N) 

2520 605 625 1026 1110 336 437 549 593 

Pk. Upper Neck Shear Force (N) 1950 305 157 180 439 97 81 72 118 

Pk. Lower Face Force 1779                 

Pk. Larynx Force (Cricoid, Thyroid) 248, 180 80%       14%       

Thorax   Upper Middle Lower   Upper Middle Lower   

Pk. Chest Deflection (mm) 41 4.5 25.7 17.8   11.2 29.4 18.4   

VC 1 0.0 0.1 0.1   0.0 0.1 0.1   

Pk. Chest Deflection Rate (m/s) 8.2 0.5 1.1 1.1   0.5 0.9 0.6   

Lower Extremity                   

Pk. Left Femur Axial Force (N) 6800 1352       1475       

Pk. Right Femur Axial Force (N) 6800 1526       1338       

 

 

  



128 

 

5.5.3. Tissue Level Injury Assessment and Comparison with HBMs in the 

Experimental Test Buck Model and Proposed Seat Design 

This section presents the results of the tissue level injury assessment with the M50 and F05 HBMs seated 

in the experimental test buck model (section 5.3) and the proposed seat design. The tissue level injury 

assessment was used as a biofidelic method of comparing the potential for injury between the proposed 

seat design and the experimental test buck model. Tissue level injuries were assessed for each body 

region of the HBM by extracting the applicable element metrics (strains, stresses, pressures, 

displacements), and comparing with the associated injury thresholds as listed in table 3. 

5.5.3.1. Diffuse Axonal Injury (Maximum Principal Strains in Brain Regions 

of Interest) 

The 95th percentile maximum principal strain (logarithmic strain) was calculated for each region of 

interest in the brain (Table 37). 

Table 37: 95th percentile MPS per brain region for the experimental test buck model (Exp.) and 

proposed seat design (PD) 

Brain Region 

M50 F05 

95th MPS Ratio 95th MPS Ratio 

(PD/Exp.) Exp. PD (PD/Exp.) Exp. PD 

Cerebellum 0.080 0.069 0.850 0.052 0.052 1.000 

Cerebrum Gray 0.197 0.184 0.940 0.196 0.158 0.805 

Corpus Callosum 0.174 0.170 0.980 0.195 0.095 0.490 

Thalamus 0.158 0.135 0.850 0.176 0.133 0.750 

Brainstem Midbrain 0.243 0.227 0.940 0.169 0.134 0.790 

Brainstem 0.124 0.099 0.800 0.113 0.096 0.860 

Basal Ganglia 0.209 0.190 0.910 0.143 0.116 0.810 

Cerebrum White 0.189 0.173 0.900 0.150 0.121 0.805 

 

The 95th MPS throughout the brain regions of the HBMs followed a similar trend, as observed in the 

Corpus Callosum (Figure 115). The first spike in MPS occurred when the HBM thorax or neck impacted 

the forward handrail. This caused the head to abruptly stop forward motion and resulted in large inertial 

forces, and subsequently increased strains in the brain tissue. The second spike in MPS coincided with the 

face impacting the top of the forward seatback. The F05 seated in the new design exhibited a much lower 

second peak in MPS due to the impact between the face and seat frame (0.08 vs. 0.195 occurring from 

400-450 ms). 
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Figure 115: Comparison of the MPS trend through the duration of the simulation in the Corpus 

Callosum of the M50 and F05 model in the experimental test buck model (Exp.) and the proposed 

seat design (PD) 

The proposed seat design resulted in an average reduction in 95th MPS of 10% for the M50 and 21% for 

the F05. Neither the M50 of F05 reported strains in any brain region that met the threshold of 0.48 for a 

diffuse axonal injury in either test buck model. The largest strains for the M50 occurred in the brainstem 

(midbrain) for both the proposed seat design and experimental test buck model. The largest strains in the 

F05 occurred in the cerebrum (gray) for both the proposed seat design and experimental test buck model. 

The results for the MPS throughout the brain regions of interest demonstrated a low probability of diffuse 

axonal injury. 

5.5.3.2. Cerebral Contusion (Peak Pressures in Brain Regions of Interest) 

None of the peak average pressures in the brain regions of interest surpassed the coup/countrecoup 

pressure thresholds (237 kPa/-104 kPa) for a cerebral contusion (Table 38). 

The responses of the HBMs in the proposed seat design and experimental test buck model were 

comparable. The proposed seat design did not result in any substantial reduction in average brain 

pressures in both the M50 and F05 models. 
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Table 38: Peak average coup and countrecoup pressures by brain region of interest 

Brain Region 

M50 F05 

Exp. PD Exp. PD Exp. PD Exp. PD 

Peak coup 

(kPa) 

Peak countrecoup 

(kPa) 

Peak coup 

(kPa) 

Peak countrecoup 

(kPa) 

Cerebellum 5.2 9.4 -16.7 -21.4 5.0 2.5 -3.2 -3.8 

Cerebrum 5.6 7.6 -8.8 -10.3 10.3 7.5 -0.7 -0.9 

Corpus Callosum 6.0 7.2 -7.4 -7.0 9.5 7.6 -0.6 -0.8 

Thalamus 5.4 7.7 -8.3 -10.6 7.1 7.1 -0.4 -0.4 

Brainstem Midbrain 5.0 8.1 -9.4 -14.2 7.8 6.8 -0.1 -0.2 

Brainstem 5.1 9.2 -17.3 -20.3 7.4 4.1 -5.1 -3.9 

Basal Ganglia 5.3 7.6 -7.1 -9.7 10.0 9.6 -0.5 -0.6 

Cerebrum White 6.1 7.2 -7.9 -7.4 10.8 7.0 -0.7 -0.9 

 

5.5.3.3. Subdural Hematoma (Bridging Veins Axial Strains) 

The peak bridging vein strains were comparable for the M50 model in the proposed seat design and 

experimental test buck model (Figure 116). The M50 had peak strains in the experimental test buck model 

of 0.095, which occurred at 345 ms, and peak strains of 0.08 which occurred at 320 ms in the proposed 

seat design. The F05 showed a higher peak strain of 0.08 in the proposed seat design compared with a 

peak of 0.02 in the experimental test buck model. Neither HBM showed bridging vein strains that 

surpassed the threshold for a subdural hematoma (0.25) seated in either test buck model. 
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Figure 116: Bridging veins axial strains comparison between the experimental test buck model 

(Exp.) and proposed seat design (PD) with the M50 and F05 HBMs 

 

5.5.3.4. Neck Ligament Distractions (Beam Element Change in Length) 

The peak change in length of all the ligaments in the cervical spine were compared with the force 

displacement curves to determine the whether they peaked in the toe region, linear region, traumatic 

region, or failure region (Figure 117, Figure 118).  

The results for the M50 showed that the ligaments located on the posterior side of the cervical spine ISL, 

PLL, and CL were more likely to have peak strains in the traumatic region. The proposed seat design 

demonstrated an increase the degree of ligament distraction over the experimental test buck model. There 

was no ligament failure predicted with the M50 HBM. 
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Figure 117: M50 cervical spine ligament distraction comparison between experimental test buck 

model (Exp.) and proposed seat design (PD) 

The F05 HBM showed minimal ligament distractions in the cervical spine, with most ligaments having 

peak distraction in the toe region, and none entering the traumatic region. The F05 seated in the proposed 

seat design also demonstrated increased ligament distraction in the ISL, PLL, and CL when compared 

with the experimental test buck model. 

 

Figure 118: F05 cervical spine ligament distraction comparison between experimental test buck 

model (Exp.) and proposed seat design (PD) 
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5.5.3.5. Intervertebral Disc Avulsion (Tensile Stress in Cervical Spine 

Endplates) 

Results for the intervertebral disc avulsion showed that there was no failure in the M50 and the F05 seated 

in either the experimental test buck model or the proposed seat design. 

5.5.3.6. Cervical Spine Fracture (Effective Plastic Strain in the Cervical 

Spine) 

None of the elements in the cervical spine of the M50 seated in either test buck model achieved the EPS 

threshold for bone failure (0.0178 Cortical / 0.095 Trabecular). The F05 model also did not exhibit any 

fracture at any level of the cervical spine in both the proposed seat design and the experimental test buck 

model. 

5.5.3.7. Ribs & Sternum Fracture (Effective Plastic Strain) 

There was no predicted fracture in any of the ribs or sternum of the M50 in either test buck model. The 

F05 predicted fracture at the sternum both in the experimental test buck model and the proposed seat 

design (Table 39). There was also fracture predicted at the 8th and 10th rib on the left side for the F05 in 

the experimental test buck model. 

Table 39: F05 Rib and sternum EPS and potential for fracture in the experimental test buck model 

(Exp.) and the proposed seat design (PD) 

Part 
F05 

Exp. PD 

Rib 8 Left (Cortical) 2 0 

Rib 10 Left (Cortical) 5 0 

Sternum (Cortical) 0 0 

Sternum (Trabecular) 17 32 

 

5.5.3.8. Pelvis Fracture (Effective Plastic Strain) 

Hard tissue failure was predicted in the sacrum and coxal bones of the M50 when seated in the 

experimental test buck and the proposed seat design (Table 40). 

There was a 72% reduction in the amount of fracture for the sacrum and an 82% reduction for the coxal 

with the proposed seat design and the M50. The F05 resulted in 5 total elements in the cortical sacrum 

bone fracturing. 
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Table 40: Effective plastic strain in the pelvis region for M50 HBM in experimental test buck (Exp.) 

and proposed seat design (PD) 

Part Name 
M50 F05 

Exp. PD Exp. PD 

Sacrum (Cortical) 140 38 5 0 

Sacrum (Trabecular) 0 0 0 0 

Coxal (Cortical) 191 33 0 0 

Coxal (Trabecular) 0 0 0 0 

 

5.5.3.9. Leg Fracture (Effective Plastic Strain) 

The GHBMC leg model was only capable of predicting cortical bone fracture. The M50 predicted fracture 

in both the left and right femur neck in the experimental design, 4 elements both sides. A single element 

failed each side in the proposed seat design for the M50 (Table 41). The F05 showed fracture in the tibia 

ends, fibula ends, femur neck, and femur head in both the experimental and proposed seat design. The 

amount of fracture was comparable in the experimental test buck and the proposed seat design with the 

F05. 

Table 41: Fracture in the legs of the M50 and F05 HBMs seated in the experimental test buck 

model (Exp.) and proposed seat design (PD) 

Part 

M50 F05 

Right Leg EPS Left Leg EPS Right Leg Left Leg 

Exp. PD Exp. PD Exp. PD Exp. PD 

Kneecap 0 0 0 0 0 0 0 0 

Tibia Shaft 0 0 0 0 0 0 0 0 

Tibia Top/Bottom Ends 0 0 0 0 53 30 49 30 

Fibula Shaft (Cortical) 0 0 0 0 0 0 0 0 

Fibula Top/Bottom Ends 0 0 0 0 5 5 3 3 

Femur Shaft 0 0 0 0 0 0 0 0 

Femur Condyle 0 0 0 0 0 0 0 0 

Femur Neck 4 1 4 1 43 42 35 39 

Femur Head 0 0 0 0 3 9 5 8 
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6. Discussion 

In 2013, a transit bus collided with a passenger train at a rail crossing in Ottawa, resulting in multiple bus 

passenger fatalities. The ensuing investigation by the Transportation Safety Board of Canada (TSB) found 

that a lack of transit bus crashworthiness standards contributed to the number of fatalities [4]. The TSB 

recommended that Transport Canada (TC) develop crashworthiness standards applicable to transit buses. 

The first step in developing transit bus crashworthiness standards was investigating the injury 

mechanisms of passengers during an impact. TC initiated a research program that included full-scale 

transit bus impacts and deceleration sled experiments [10]. The experiments showed how ATDs impacted 

surrounding structures inside the bus and the resulting injury mechanisms. 

The current study was a collaboration with TC, using numerical modelling to expand on the findings from 

the deceleration sled experiments. Numerical modelling allows for the use of biofidelic Human Body 

Models (HBM), which incorporate active musculature and tissue level injury prediction that is 

unavailable with the use of ATDs. The objective of this study was to assess the response of a HBM in a 

transit bus frontal impact to evaluate the effect of occupant surrogate biofidelity, occupant stature, and 

seat design on passenger kinematics and injury potential. 

The first objective of this study was to develop and validate a model of the experimental test buck used by 

TC. Validating the test buck model involved comparing the kinematics and forces of the HIII model with 

the physical HIII in the eight experimental test configurations. Numerical models require validation to 

ensure that the model response accurately represents the physical experiment. 

The second objective of this study was to assess passenger injury with the four occupant surrogates (50 th 

and 5th, HBM and HIII)) seated in the test buck with the 6.5g pulse, upright posture, and inboard seating 

location. Injury metrics (HIC15, Nij, CTI, LE, etc.) were used as criteria for assessing passenger injury for 

all occupant surrogates, followed by the tissue-level injury assessment for the HBMs only. 

As part of the second objective, the response of the biofidelic HBMs was compared with the HIII ATDs 

to assess any differences in response. The HIII ATD has been shown to lack biofidelity in 

crashworthiness testing due to the overly stiff neck and thorax [49]. The visual motion of the HBMs and 

HIIIs in the test buck model were compared using highspeed video, which was followed by comparing 

kinematic traces.  The geometry and material characterization of the HBM tissues resulted in different 

kinematics and injury predictions compared with the ATD. 

The effect of passenger stature on injury potential was also assessed as part of the second objective. 

Smaller stature passengers are at an increased risk of injury and fatality in automobile crashes [40]. The 
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mid-sized and small stature occupant surrogates used in this study provided a means of assessing the 

effect of passenger size on injury potential in a transit bus impact.  

The third objective of this study was to investigate passive safety design features that could be 

implemented in a transit bus without requiring the use of seat belts. Passive safety reduces the potential 

for passenger injury by modifying the spacing, orientation, and design of seats to minimize impact 

injuries. The HIII M50 ATD was used as the occupant surrogate for a parametric analysis with the 

experimental test buck that modified seat pitch, seat height, and ATD seating location, and measured the 

effect on injury metrics (HIC15, Nij, CTI, and LE). In addition, three alternative seat geometry models 

were assessed with the M50 HIII to determine the effect of a lowered handrail, raised seat pan lip, and a 

raised headrest on injury metrics (HIC15, Nij, CTI, and LE).  

The fourth objective of this study was to create and assess a proposed seat design based on the findings 

from the sensitivity analysis and the alternative seat geometries. The proposed seat design was assessed 

for passenger injury using all four occupant surrogates and following the same procedure used with the 

experimental test buck model (objective #2). The results with the proposed seat design were compared 

with those from the experimental test buck to determine if there was a reduction in injury potential. The 

responses of the occupant surrogates seated in the proposed seat design was used to assess the 

effectiveness of passive safety design changes that could be implemented in a transit bus.  

6.1. HIII Test Buck Model Validation 

The test buck model replicated the geometry of the physical test buck seats, handrails, and seat cushions. 

The HIII 50th and 5th percentile ATD models (HIII) were positioned in the test buck model to match the 

initial positioning of the ATDs in the experiments. The eight test configurations from the TC experiments 

were replicated in the model by configuring the ATD posture, ATD seating location, and acceleration 

pulse magnitude. 

The validation process used in this study followed industry standard procedures involving qualitative and 

quantitative assessment [34]. The qualitative assessment compared the highspeed video from the 

experiment with the HIII model motion in the simulation. The quantitative assessment used cross-

correlation to objectively compare the kinematic, force, and displacement traces between the experiment 

and the model.  

6.1.1. M50 HIII Test Buck Model Validation 

Overall, the response of the M50 HIII test buck was very good, which provided confidence that the model 

was an accurate representation of the experiments. An accurate model was important for having 
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confidence in the injury assessment, which was done using the same kinematics evaluated during the 

validation. 

The highest average rated metric for the M50 HIII was the femur force (0.871), which showed good 

agreement between the model and experiment for the impact timing, ramp up in force, and peak force. 

Cao et al. detailed the improvement of the HIII knee model by implementing an improved knee material 

model, which could have contributed to the excellent response of the femur load of the 50th percentile 

HIII model in the current study [156]. 

The head acceleration, upper neck moment, and upper neck shear force were the lowest average rated 

metrics with the M50 HIII. The low CORA ratings resulted from a different impact location of the HIII 

with the handrail between the model and experiment for test configurations #2b, #7, and #8. For example, 

test case #8 resulted in the HIII M50 model impacting the handrail on the anterior neck, while the 

physical HIII impacted the handrail on the chin (Figure 119a). The torso of the physical HIII tended to tilt 

forward more as the knees impacted the forward seatback, which placed the chin closer to the handrail 

and resulted in a higher probability of impact on the chin. The different impact locations with the handrail 

resulted in significant differences for the head kinematics and neck forces between the model and 

experiment, causing the poor CORA ratings.  

 

Figure 119: a) Test configuration #8, the HIII model chin misses the handrail while the physical 

HIII impacts it due to a more forward tilt of the torso; b) #2a, #2b, and #2c configurations show 

enough variation in head motion to cause the chin to impact the handrail in one case,  and not in the 

other two cases 

The three repeated experimental tests with configuration #2 demonstrated a difference in head trajectory, 

and chin impact location for the physical HIII, despite near identical initial positioning. Test case #2b had 

chin contact with the handrail while #2a and #2c did not (Figure 119b). Like test case #8, the physical 

HIII showed a tendency to tilt forward at the pelvis more than the HIII model, making it more likely for 
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the physical HIII to impact the handrail with its chin. For test case #2b the physical HIII tilted forward 

enough to result in chin impact, likely due to the variation in initial positioning of the physical ATDs. The 

CORA assessment of test case #2b had a poor CORA rating for the head and neck metrics as a result. 

In general, the response of the M50 HIII model showed good agreement with the experiments. A slight 

change in the head trajectory and the resulting chin impact discrepancy between the model and 

experiment accounted for the lowest CORA ratings. 

6.1.2. F05 HIII Test Buck Model Validation 

The highest-rated metrics with the F05 HIII were the neck shear force and bending moment, which was a 

direct measurement of the resulting kinematics from the face of the HIII impacting the handrail. The good 

agreement between the model and the experiment provided confidence in the injury assessment at the 

head and neck using the same kinematics. 

The lowest CORA ratings for the F05 HIII were the chest displacement, pelvis acceleration, and femur 

loads. Two issues caused the low CORA rating for the chest deflection response. First, in test 

configurations #1, #2, #3, and #8, the face of the F05 HIII in the model and experiment impacted the 

handrail, preventing chest compression. The lack of direct impact on the HIII thorax resulted in the thorax 

displacement sensor only measuring inertial effects, which were not comparable between the model and 

experiment (Figure 120a). 

 

Figure 120: a) Fluctuations in chest displacement caused by inertia; b) Chest deflection of the F05 

HIII in the model, F05 HIII does not exhibit any chest deflection in the experiment  

Conversely, test configurations #4, #5, #6, and #7 resulted in significantly more chest compression in the 

model than in the experiment, leading to low CORA ratings. There was an average of 8.5% total thorax 

compression of the F05 model in test configurations #4, #5, #6, and #7, compared with an average of 

1.5% total thorax compression in the experiments (Figure 120b). The motion of the HIII model resulted in 
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contact with the top edge of the forward seat frame, leading to thorax compression.  A difference in ATD 

positioning between the physical HIII and the model likely caused the slight change in motion that 

resulted in the chest impacting the frame in the model and not in the experiment.  

The F05 HIII model also demonstrated smaller peak femur forces and pelvis accelerations than the 

physical ATD. Since the M50 HIII model demonstrated excellent correlation of the femur loads between 

he model and physical test; the poor correlation with the F05 HIII model is unlikely to be due to the seat 

model. A potential explanation for the difference in lower extremity response between the model and 

physical ATD could be how the knees extended post impact with the forward seatback (Figure 121). The 

separation between the F05 feet and the floor of the test buck allowed the legs to extend after impacting 

the forward seat in both the experiment and model. A slightly different impact location with the knees 

could result in more knee extension and less femur axial loading for the model. The rapid knee extension 

could explain the lower femur forces, as the kinetic energy from the impact was directed at flexing the 

knee joint instead of femur axial compression. The different knee impact kinematics of the model could 

be a result of slight differences in initial positioning of the HIII model compared with the physical ATD. 

 

Figure 121: Knee extension of the F05 HIII upon impacting the forward seatback, the legs of the 

HIII model appear to extend faster, due to the impact location with the forward seatback favoring 

extension of the knee instead of higher femur loads as observed with the physical HIII 
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Overall, the F05 HIII coupled test buck model agreed well with the experiment. The impact on the lower 

face with the handrail was very similar between the model and the experiment regarding ATD motion and 

kinematics. The lowest rated metrics with the F05 were at the lower extremities which did not pertain to 

the primary sources of injury and were of less consequence in the overall objective of the study. 

6.2. Potential for Injury in the Experimental Test Buck Model Using Injury 

Metrics and Tissue Level Assessment 

This study assessed injury with the HBMs and HIII ATDs using a combination of injury metrics (HIC15, 

Nij, CTI, LE, etc.) and HBM tissue level injury assessment. The injury metrics utilized the kinematics 

measured with the HIII instrumentation at the head, neck, chest, and femur. The injury metrics were also 

calculated with the HBMs using equivalent outputs, directly comparing the response of the two occupant 

surrogates. The HBMs provided a direct measurement of the larynx tissue deformation, which was 

compared with experimental thresholds to assess the potential for larynx cartilage fracture. In contrast, the 

HIIIs measured the contact force on the anterior neck and compared it with experimental force thresholds 

for larynx cartilage fracture. As an added level of injury assessment, the HBMs were used to predict 

localized tissue injury at the thorax and pelvis, which was otherwise unavailable with the ATDs.  

The impact with the forward handrail on the anterior surface of the neck showed a potential crushing 

injury to the thyroid and cricoid cartilages, which could be an AIS-5 injury resulting in obstruction of the 

airways. The impact forces along the anterior neck of the M50 HIII surpassed the experimental thresholds 

developed by Melvin et al. for larynx cartilage fracture of cadavers [72]. The anterior-posterior 

compression of the larynx cartilage of the M50 and F05 HBMs surpassed the 50% compression threshold 

for fracture, also reported by Melvin et al. (Figure 122a). The test buck handrail is thin and rigid to 

provide passengers a sturdy handhold while riding the bus. Consequently, the rigidity of the handrail 

results in little to no impact compliance, causing a focal injury potential. This study showed that the 

placement of rigid handrails that have a small surface area pose a high risk of localized tissue injury for 

an unrestrained transit bus passenger. 
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Figure 122: a) Larynx tissue compression for the HBM; b) Pivot point between chin and handrail of 

the F05 results in a significant bending moment in the upper neck 

The impact between the chin of the F05 HIII and the handrail created a pivot point that led to a potential 

neck and mandible injury (Figure 122b). The forward momentum of the unrestrained passenger caused 

the head to rotate about the pivot point, resulting in large shear and bending forces in the upper neck. 

Olivares et al. also demonstrated a high potential for neck injury for the F05 HIII from impacting the 

forward handrail on the face [118]. The handrail impact on lower face of the F05 HIII demonstrated that 

regardless of the impact location of the handrail, it is likely to cause injury. 

In the case of the focal impact on the anterior neck, none of the industry standard injury metrics (HIC15, 

CTI, Nij, LE, etc.) captured the potential for localized injury. Even the shear force in the upper neck load 

cell of the HIII and at every cross section of HBM cervical spine did not measure shear forces, axial 

forces, or bending moments that were in the range of predicting injury. This result highlighted the 

limitations of the standard HIII instrumentation and the ability for injury risk prediction resulting from 

focal loading on the anterior neck. The ability for direct measurement of contact forces in the numerical 

models provided insight not available with the physical ATDs. Additionally, numerical models allowed 

for the implementation of biofidelic tissue models designed to capture localized tissue injury, including 

direct measurement of the larynx tissue deformation to assess injury. Such a tissue level assessment in an 

experimental setting would only be possible with PMHS, which are difficult to obtain and labour 

intensive to use. 

The tissue level assessment with the HBMs showed that the M50 predicted fracture predominantly in the 

pelvic region. PMHS testing has shown that pelvic fracture is possible via axial loading of the femur with 

a range of 4-7 kN [157]. The axial loading of the M50 HBM femurs in the current study was 2.5 kN, 

considerably lower than the experimental threshold. Without experimental data using PMHS in the test 



142 

 

buck, the response of the HBMs is only predictive; thus, the potential for pelvic fracture remains in 

question. 

The F05 HBM predicted a fracture at the manubrium joint of the sternum due to the focal loading from 

the top of the forward seat frame. Fracture at the manubrium joint can occur in automotive crashes, 

referred to as "steering wheel injury" [158], [159]. PMHS can exhibit sternum fractures from belt loading 

in frontal impacts as well, with peak chest deflections of 30-50 mm causing fracture [160]. The peak chest 

deflection with the F05 HBM in the experimental test buck model was 25 mm, which places it slightly 

below the experimental range. Another contributing factor is the rigidity of the metal seat frame, which 

could cause high bending stresses in the sternum when impacting it directly. The results with the F05 

demonstrated that not only is the handrail a potential source of injury, but also the seat frame itself, due to 

its rigid structure and height relative to small stature passengers. An added issue is that older adults have a 

reduced capacity to sustain focal loading on the thorax [161], which could place older transit passengers 

at risk of a more severe thorax injury under the loading conditions observed in this study.  

In summary, the most severe injury in the experimental test buck model was the focal impact on the 

anterior neck from the handrail. A crushing injury of the larynx cartilages would be an AIS-5 injury, the 

most severe type of injury on the AIS scale and the only injury of that severity occurring with the 

experimental test buck model. 

6.3. Effect of Occupant Surrogate Biofidelity on Kinematics and Injury Potential 

This section will identify differences in the response of the HBM and HIII, and will primarily focus on 

the M50, as the findings were generally the same with the F05. Section 6.5.2 will address the observations 

specific to the F05, related primarily to the difference in impact location with the forward handrail. 

The further excursion and sagittal plane rotation of the HBM head caused the face to impact the top of the 

forward seat frame, which did not occur with the HIII (Figure 123). Previous studies have demonstrated 

that PMHS have increased head excursion in frontal impact experiments compared with the HIII due to 

the increased compliance of the biological tissues of the thorax [162]. Similar to a PMHS, the material 

characterization of the HBM neck is more compliant than the HIII, which contributes to the increased 

head excursion in the model [163]. 
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Figure 123: a) The face of the HBM impacts the top of the forward seat frame due to the increased 

head excursion, which does not occur with the HIII; b) Comparison of the flexion of the spine-head 

complex of the HBM with the HIII showing the further forward and vertical excursion of the head 

The lower neck structure of the HIII also contributed to the limited forward flexion motion of the head 

(Figure 124) [49]. The HIII lower neck bracket attached rigidly to the thorax, preventing any further 

flexion that would increase the sagittal plane rotation of the HIII head. The cervical and thoracic spine of 

the HBM behaved as a continuous flexible member, allowing for the additional sagittal plane rotation of 

the head from the flexion contribution of the thoracic spine. The HBMs utility in predicting motion and 

injury was demonstrated in this study, such as the face impacting the seat frame, that was otherwise not 

observed with the HIII ATD. 

 

Figure 124: a) Lower neck bracket of HIII prevents further flexion of the neck; b) thoracic spine of 

HBM allows for a full range of spinal flexion in a biofidelic manner 
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The peak forces and moments measured with the neck cross-sections of the HBM increased when 

descending the cervical spine. White et al. attributed the larger moments in the lower cervical spine to the 

increasing moment arm due to each subsequent cross-section being further away from the head CG 

(Figure 125) [164]. The lower reaction forces in the OC cross-section led to a lower Nij with the HBM 

than the HIII and thus a lower predicted probability of neck injury. Johnson et al. suggested that critical 

intercepts be explicitly developed for HBMs to accurately capture the potential for a neck injury at each 

cross-section [165]. The overly stiff neck of the HIII demonstrated the potential to overestimate injury at 

the upper neck level compared with response of the HBM, due to artificially high reaction forces at the 

upper neck load cell. 

Despite the difference in upper neck reaction forces between the GHBMC HBM and HIII ATD, the value 

of BrIC was comparable between the models, which agrees with previous findings in the literature [166]. 

Calculating BrIC requires using peak angular velocities of the head CG, which in this case were relatively 

close in magnitude between the HBM and HIII (Figure 125b). The plot of the head CG angular velocity 

also demonstrated the longer duration of negative angular velocity of the head, which corresponds to the 

increased sagittal plane rotation. 

 

Figure 125 a) Distance from head CG to the cross-section increases further down the cervical spine, 
causing increased bending moment arm; b) Peak angular velocities of the HBM and HIII head are 

similar in magnitude, which results in a similar value of BrIC, while the longer duration of sagittal 

plane rotation of the HBM head contributed to the face impacting the seat frame 

The impact between the thorax and the lowered handrail in the proposed seat design resulted in a larger 

normalized chest deflection for the HBM than for the HIII. The M50 HBM exhibited 14.0% normalized 

peak chest deflection, compared with 8.2% for the M50 HIII. Holmqvist et al. demonstrated that a HBM 

predicted a greater peak chest deflection than the HIII from a steering wheel focal impact, similar to the 

impact with the lowered handrail in the current study [167], [168]. In the current study, an 



145 

 

underestimation of the chest deflection sensor and a stiffer thorax structure reduced peak chest deflection 

for the HIII. The single-point deflection measurement of the HIII thorax sensor can fail to capture peak 

compression if a load is applied above or below the sensor. In addition, The HIII thorax was developed to 

replicate the response corridors of a cadaver thorax subjected to high-rate (6.7 m/s) and low-rate (4.3 m/s) 

pendulum impacts [51]. During the initial development of the HIII ATD, the accuracy of thorax 

compression under high-rate loading was prioritized, which led to an overly stiff response of the HIII 

thorax under the low-rate loading [52]. In the current study, the impact of the lowered handrail on the 

thorax was 4.8 m/s, placing it closer to the low-rate loading corridor, which explains the stiffer response 

of the HIII thorax and the lower peak deflection. Conversely, the GHBMC thorax response was validated 

for focal pendulum impacts (4.3 m/s frontal and oblique, 2.5 m/s lateral) and 3-point belt loading, 

demonstrating a high level of biofidelity for the model under various loading conditions [84]. This study 

demonstrated the potential for an under prediction of thorax injury by the HIII ATD when compared with 

the response of the more biofidelic passenger surrogate (HBM). 

6.3.1. F05 HBM and HIII Comparison 

The F05 HIII impacted the forward handrail on the chin, while the F05 HBM impacted the handrail on the 

anterior neck. The difference in handrail impact location was partially due to the difference in head form 

geometry between the models. The HBM chin/jaw geometry was smaller than the HIII by 20 mm, which 

caused the HBM chin to clear the handrail by 14 mm, demonstrating that if the HBM had a chin similar in 

size to that of the HIII, it potentially could have impacted the handrail on the chin as well. (Figure 126a,b) 

[169]. An additional contributor to the different impact locations is the error in matching the posture and 

limb positioning of the HBM with the HIII. White et al. described the discrepancies in matching the initial 

positioning of the HBM limbs and joints to that of the HIII as a potential source of error that can 

contribute to different kinematics between the models [170]. The initial seating phase of the simulation 

caused slight differences in the positioning of the F05 HBM and HIII, which could result in slight 

differences in limb trajectory. In the current study, even a slight difference in head trajectory can be the 

difference between the chin clearing or impacting the forward handrail. A side-by-side comparison 

between the models shows that after the seating phase, the head of the F05 HBM was slightly higher than 

the HIII (Figure 126c). The result with the F05 HIII and HBM demonstrated how a biofidelic model can 

result in significantly different kinematics caused by tissue geometry discrepancies and initial positioning 

errors. 
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Figure 126: a) Side-by-side comparison of F05 HBM and HIII head form showing that the HIII 

chin protrudes down 20 mm further than the HBM; b) The HBM chin clearance with the handrail 

is less than the additional size of the HIII chin c) Positioning of the F05 HBM and HIII after 125 ms 

seating phase of the simulation 

6.4. Effect of Passenger Stature on Injury Potential 

One of the objectives of this study was to assess the effect of passenger stature on kinematics and injury 

potential using a 5th and 50th percentile version of the HIII ATD models and the GHBMC HBMs. 

This study demonstrated that smaller passengers are at an increased risk of face and neck injury in a 

transit bus frontal impact due to the potential for focal impact of the face on the forward handrail. The 

forward handrail was higher relative to the head of the F05 HIII, making impact on the face more likely 

(Figure 127). As the occupant was thrown forward, the higher relative height of the handrail for the F05 

resulted in a smaller clearance between the chin and handrail for the F05 when compared with the M50 

(Figure 127b).  

 

Figure 127: a) The head of the F05 is closer to the handrail vertically due to the shorter seated 

stature; b) F05 HBM misses the handrail by a smaller margin than the M50 

In addition, the F05 exhibited chest compression from impacting the top of forward seat frame, which the 

M50 did not (Figure 128). The chest impact of the F05 appeared to be due to the more upright posture of 

the F05 as it impacted the forward handrail when compared with the M50. This was due to the smaller 
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upper leg limb length, which limited the torso of the F05 HBM from pitching forward before it impacted 

the forward handrail. 

 

Figure 128: a) F05 HBM has thorax compression due to impacting the top of the seat frame, not 

observed with the M50; b) the F05 has a more upright posture as it impacts the forward seat, 

resulting in chest compression on the top of the seat frame 

The lowered handrail impact on the thorax in the proposed seat design posed a greater risk of injury for 

the F05 HBM than for the M50. The F05 predicted sternum and rib fracture from impacting the lowered 

handrail, whereas the M50 did not predict any fracture. The F05 and M50 both had peak normalized 

thorax compressions of 14%. The current IARV states that a 23% normalized thorax compression with 

the F05 is equivalent in injury risk to 29% thorax compression with the M50, showing that the F05 can 

withstand less normalized chest compression before injury than the M50 [56]. Kemper et al. demonstrated 

that small female PMHS were at increased risk of thorax fracture as they could initiate rib fractures at 

11% normalized thorax compression, compared with 14% for male PMHS [171]. The normalized thorax 

compression of the F05 in the current study placed it above the minimum threshold for PMHS rib fracture 

from the experiment. This study demonstrated that the normalized thorax compression of the small stature 

passenger from impacting a lowered handrail places them at an increased risk of fracture injury compared 

with the mid sized male. 

This study demonstrated that the 30 mm reduction in seat pitch with the proposed seat design was less 

effective at reducing the secondary impact velocity and femur loads of the F05 HBM compared with the 

M50 HBM (Figure 129a). Reducing the secondary impact velocity is crucial for minimizing secondary 

impact injuries of passengers [172]. All things being equal with the test buck model, the smaller leg size 

of the F05 resulted in a greater free flight distance and subsequently a greater femur load resulting from 

the secondary impact (Figure 129b). Although this study showed that the small stature passenger received 
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less of a benefit from the seat pitch reduction compared with the mid sized passenger, both passengers 

were at a very low risk of lower extremity injury from impacting the forward seatback with the knees. 

 

Figure 129: a) Secondary impact velocity reduction is smaller for the F05 HBM compared with the 

M50 HBM; b) Initial separation between the knees and forward seatback is greater for the F05 

HBM, resulting in greater secondary impact velocity 

 

6.5. Effective Passive Safety Measures Found Through Parametric Analysis and 

Alternative Seat Geometries using the HIII M50 

The third objective of this study was to investigate passive safety measures that reduce passenger injury 

on transit buses. The passive safety studies included a parametric analysis using the experimental test 

buck seats and three alternative seat and handrail designs. The passenger surrogate used for both studies 

was the M50 HIII due to its computational efficiency compared with the HBM. The most significant risk 

of injury in the experimental test buck was the focal impact with the handrail on the neck and face. Thus, 

any potential new designs were required to eliminate the face or neck impact to be considered an 

improvement. In addition, the injury metrics HIC15, Nij, CTI, and LE, were used to assess the head, neck, 

thorax, and lower extremity injury potential with the new designs/configurations.  

The parametric analysis and alternative seat geometries demonstrated three successful passive safety 

methods for the HIII M50. The first method was reducing the seat pitch to lower the femur loads. A lower 

seat pitch reduced the free flight distance of the ATD, limiting the free flight velocity when the knees 

impacted the forward seatback. Reducing the secondary impact velocity has been identified as a crucial 

measure in other forms of mass transit to improve passive safety [140]. The second method of passive 

safety in this study was the raised seat pan lip, which limited the forward sliding of the HIII M50 on the 

seat and prevented the knees from impacting the forward seatback. 
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The third method of passive safety was when the forward handrail was lowered relative to the passenger, 

causing the impact with the handrail to occur on the upper chest instead of the anterior neck. The impact 

on the upper chest eliminated the anterior neck injury potential and lowered the HIC15, Nij and CTI injury 

metrics. The handrail was lower relative to the passenger in the parametric analysis when the forward seat 

was lowered or when the ATD was seated in the outboard seat, due to the handrail curving down lower on 

that side. The alternative design with the lowered handrail showed an even greater improvement in 

protection, as the handrail was even lower relative to the passenger compared with the parametric 

analysis. Having the handrail lower relative to the passenger was a method of compartmentalizing the 

upper body of the HIII ATD by preventing focal impact on the head and neck. The impact on the thorax 

was preferable over the anterior neck or face impact as the thorax tissues can withstand more loading 

prior to injury [173]. Loading the thorax with the handrail is similar in function to that of 3-point belts, 

which engage the thorax to limit the passenger forward excursion and prevent the head from impacting 

surrounding structures, thereby limiting severe injury [174]. 

In addition, the three alternative seat designs provided insight into potential seat designs that should be 

avoided in a frontal impact scenario. It was demonstrated that a raised headrest could cause more injury to 

a passenger in a frontal impact when compared with lower seat back. The raised headrest caused 

dangerous levels of neck bending moment and shear force due to the face directly impacting the forward 

seatback (Figure 130). The potential for a neck injury was similar to that observed with high-backed seats 

in school buses and motorcoaches [126], [136]. The rigidity of transit bus seats exacerbated the potential 

for injury by not allowing for seat deformation upon impact as seen on school buses [130]. The results 

with the headrest model contradicted the recommendations by Olivares and Martinez, who suggested 

implementing raised headrests in transit buses to eliminate neck hyperextension injuries in a rear impact 

[116], [119]. While the raised headrest could potentially reduce or eliminate the potential for injury in a 

rear impact, this study demonstrated that it comes at a cost of increased injury in a frontal impact. In 

addition, the statistics reported by the NIAR study [29] showed that frontal impacts were more prevalent 

for fatal injuries of passengers on transit buses, suggesting that design improvements should favor 

mitigating injury in a frontal impact scenario. 



150 

 

 

Figure 130: Focal impact of the face on raised headrest causes high bending moment and shear 

forces in the upper neck and a high probability of neck injury 

 

6.6. Potential for Injury in Proposed Seat Design in Comparison with 

Experimental Test Buck Model 

The proposed seat design incorporated a lowered handrail, increased seat pan lip, and reduced seat pitch. 

The response of the M50 HBM in the proposed seat design primarily agreed with the findings from the 

sensitivity analysis and alternative geometries using the HIII M50. The compartmentalization provided by 

the seat pitch and seat pan lip reduced the femur loads of the M50 HBM, which reduced the severity of 

the lower extremity fracture prediction. The proposed seat design demonstrated effective 

compartmentalization and injury reduction potential for both the 50th percentile HIII and HBM.  

The F05 HBM predicted a more severe sternum fracture due to the increased thorax loading from the 

lowered handrail in the proposed seat design (Figure 131). The thorax loading could present an even 

greater risk of thoracic injury for older passengers who have a lower tolerance for thorax loading due to 

decreased bone strength with aging [160]. The fracture due to the lowered handrail would be an AIS-3 

thorax injury, which would still be less severe than the AIS-5 larynx crush injury caused by the handrail 

impact on the anterior neck in the experimental test buck [54].  
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Figure 131: a) Focal impact of the lowered handrail on the thorax of F05 HBM; b) Isolated sternum 

and ribs of the F05 HBM; c) Close up of sternum with fracture along the manubrium joint 

This study demonstrated that a lowered handrail was an effective method at reducing the potential for 

injury, primarily by eliminating the focal impact on the anterior neck and lower face. While there was a 

predicted sternum fracture for female passengers, it would still be preferable to the injuries caused by the 

anterior neck impact from the poor handrail placement in the experimental test buck. 
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7. Conclusions 

7.1. Study Limitations and Recommendations 

The TC sled experiments were limited to a 6.5 g and 5.7 g pulse; both scaled down from the original 7 g 

pulse corresponding to the 40 kph impact speed. Impacts at a higher velocity could result in more severe 

injury due to greater secondary impact velocities, and therefore should also be investigated.  

The impacts with the test buck were also limited to forward-facing seats. The full-scale bus impacts 

demonstrated that the side-facing seats on transit buses present a unique safety risk for passengers as they 

are ejected sideways into the surrounding structures. Further investigation with the physical test buck and 

test buck model looking into the potential for injury in side-facing seats is required. 

The TC test buck experiments were limited to HIII ATDs; thus, only the ATD model responses in the test 

buck were validated. PMHS experiments would be required to validate the responses of the HBMs in the 

test buck model. The responses of all occupant surrogates in the proposed seat design were not validated 

because no experimental data was available with either the ATDs or PMHS seated in the proposed seat 

design. 

The sled experiments were limited to the 5th and 50th percentile passenger statures. Physical and numerical 

ATDs and HBMs range from child sizes to a 95th percentile male adult stature. As the current study 

demonstrated that small stature adult passengers were at an increased risk of injury, investigating the 

kinematics of small children in an unrestrained transit bus impact scenario is essential to determine the 

risk for children. Martinez et al. found that child passengers were at a high risk of head and neck injury 

due to the relative size of the forward seat [119]. The relative size of the seat for a child is large enough to 

cause a focal impact on the front of the face, which could result in serious head and neck injury as 

demonstrated with the M50 HIII seated in the raised headrest design. 

This study demonstrated a potential for tissue fracture in a transit bus impact. Future work could 

investigate the potential for fracture using aged HBM models with tissue material properties reflecting the 

decrease in bone strength as people age. Investigating the injury risk posed to the elderly would be useful 

as it has already been shown that they comprise a considerable portion of the public transit injuries 

despite their relatively low usage [26], [175]. 

The HBMs were repositioned via a simulation in this study, developing stresses in the elements of the 

tissues. The repositioned HBMs were then initiated in a zero-stress state for the proceeding simulations 

which was a potential source of error. 
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The GHBMC HBM implements bone fracture via element erosion once it surpasses the failure criteria. 

The surrounding elements absorb the load previously supported by the deleted element, which can cause 

surrounding elements to fail prematurely, resulting in an overestimated fracture in the model. 

The GHBMC HBMs in this study implemented activation of the neck and upper back muscles using a 

startle response load curve, which can affect the head kinematics during impact. The load curves used in 

the models to define the ramp-up and release of muscle contraction corresponded to a startle response of a 

human volunteer. They were not specific to the muscle activation that might occur in a transit bus impact.  

This study utilized a seat/handrail design from a previously in-service transit bus. Interior designs vary 

between bus manufacturers, model type, and year. The different seat and handrail designs used on other 

bus models could result in different kinematics and injury potential for passengers.  

7.2. Concluding Remarks 

The aim of this study was to assess passenger injury in a transit bus frontal impact using HIII ATDs and 

the GHBMC HBMs (50th and 5th percentile) seated in two different test buck models. 

The first test buck model replicated a sled buck used by TC to conduct a series of frontal impact 

experiments. The test buck model was validated using the responses of small and mid-sized HIII ATDs in 

eight test configurations. The experimental test buck model assessed the potential for passenger injury 

using a seat and handrail design typical of transit buses currently in use.  

The primary mechanism of injury for passengers in the experimental test buck model was from impacting 

the forward handrail located along the top of the seat frame. The M50 HIII, M50 HBM, and the F05 HBM 

all impacted the handrail on the anterior neck. The impact force on the anterior neck measured with the 

M50 HIII and the larynx tissue compression measured with the HBMs surpassed the threshold to predict a 

crushing injury to the larynx cartilages. A crushing injury to the larynx would be a potentially fatal AIS-5 

injury due to airway obstruction. The F05 HIII impacted the forward handrail on the face, resulting in a 

high probability of mandible fracture and upper neck injury. The experimental test buck model 

demonstrated that the placement of handrails could put passengers at serious risk of focal impact injuries. 

The inability of the industry standard injury metrics to capture the larynx crush injury highlighted their 

limitations when analyzing focal impact injuries. The utility of the HBM provided the ability to measure 

the deformation of the larynx cartilage tissue directly. 

Smaller passengers were at a greater risk of injury due to the relative size of the surrounding seats and 

handrails. The relative size and height difference between the small stature passenger and the forward seat 

led to chest deflection when seated in the experimental test buck model, which did not occur with the 
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mid-sized passenger. The chest deflection resulted in a predicted sternum fracture with the F05 HBM. 

The findings demonstrated that standard seat sizes and handrail placements on transit buses could result in 

different impact locations and injuries depending on passenger stature. Minimizing injury requires that the 

seat and handrail placement be compatible with all passenger statures.  

The second test buck model incorporated passive safety design improvements based on findings from a 

parametric analysis and three alternative seat geometry models. The proposed seat design implemented a 

lowered handrail which impacted the small and mid-sized passenger surrogates on the thorax. The lower 

handrail eliminated the potential for anterior neck, lower face, and upper neck injury while increasing 

thorax compression. The F05 HBM predicted a more severe sternum fracture due to the increased chest 

compression from the lower handrail. The sternum fracture was preferable to the focal impact injuries of 

the larynx, face, and upper neck observed in the experimental test buck model. The findings from the 

proposed seat design demonstrated that lowering the handrail is a simple yet effective means of reducing 

injury for passengers of small and mid-sized statures. 
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Appendices 

Appendix A: Highspeed Video Comparison with Models for Test Cases #2 - #8 

Test Case #2a (6.5g Pulse, Reclined Posture, Inboard Seat) 
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Test Case #2b (6.5g Pulse, Reclined Posture, Inboard Seat) 
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Test Case #2c (6.5g Pulse, Reclined Posture, Inboard Seat) 
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Test Case #3 (5.7g Pulse, Upright Posture, Inboard Seat) 
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Test Case #4 (6.5g Pulse, Upright Posture, Outboard Seat) 
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Test Case #5 (6.5g Pulse, Reclined Posture, Outboard Seat) 
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Test Case #6 (5.7g Pulse, Upright Posture, Outboard Seat) 
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Test Case #7 (5.7g Pulse, Reclined Posture, Outboard Seat) 
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Test Case #8 (5.7g Pulse, Reclined Posture, Inboard Seat) 
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Appendix B: Kinematic Trace Comparison Between Experiments and Models for 

Test Cases #2 - #8 

Test Case #2a (6.5g Pulse, Reclined Posture, Inboard Seat) 

50th Percentile HIII 
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5th Percentile HIII 
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Test Case #2b (6.5g Pulse, Reclined Posture, Inboard Seat) 

50th Percentile HIII 
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5th Percentile HIII 
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Test Case #2c (6.5g Pulse, Reclined Posture, Inboard Seat) 

50th Percentile HIII 
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5th Percentile HIII 
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Test Case #3 (5.7g Pulse, Upright Posture, Inboard Seat) 

50th Percentile HIII 
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5th Percentile HIII 
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Test Case #4 (6.5g Pulse, Upright Posture, Outboard Seat) 

50th Percentile HIII 
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5th Percentile HIII 
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Test Case #5 (6.5g Pulse, Reclined Posture, Outboard Seat) 

50th Percentile HIII 
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5th Percentile HIII 
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Test Case #6 (5.7g Pulse, Upright Posture, Outboard Seat) 

50th Percentile HIII 
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5th Percentile HIII 
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Test Case #7 (5.7g Pulse, Reclined Posture, Outboard Seat) 

50th Percentile HIII 
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5th Percentile HIII 
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Test Case #8 (5.7g Pulse, Reclined Posture, Inboard Seat) 

50th Percentile HIII 
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5th Percentile HIII 

 

 


