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ABSTRACT 

Motor vehicle crashes (MVCs) are the eighth leading cause of death globally, 

accounting for over 1.2 million deaths annually. In the United States alone, 30,000 deaths 

and 3.9 million injuries can be attributed to MVCs every year. To study real world injury 

incidence and causation, multiple databases are continually updated by trained crash 

investigators. Recent analyses have shown that despite increasing crashworthiness of 

vehicles, the rate of lumbar spine injuries has increased over the course of multiple 

decades. Finite element analysis is a valuable tool that has been underutilized in the 

analysis of real world MVC reconstruction and possesses the potential to shed light on 

real world injury mechanism. 

The first aspect of this research outlined a novel method to reconstruct a real 

world MVC using a finite element approach. The method tunes a simplified vehicle buck 

model to replicate the restraint characteristics of real world vehicles in frontal collisions, 

and then utilizes this model in conjunction with a highly detailed finite element human 

body model to assess injury metric responses. The second aspect of this research was to 

elucidate the crash characteristics and vehicle properties that increase lumbar injury 

metrics by fully reconstructing four frontal MVCs, two with lumbar vertebral fractures, 

and two without lumbar vertebral fractures, in order to analyze the influencing factors. 

 



1 

 

Chapter I: Introduction & Background 
 

MOTOR VEHICLE CRASH BURDEN 

Globally, road traffic injuries are the eighth leading cause of death, accounting for 

over 1.2 million deaths annually. They are also the leading cause of death for young 

people (ages 15-29) [1]. In the United States alone, there continue to be over 30,000 

deaths and 2.3 million injured persons due to motor vehicle crashes (MVCs) annually [2]. 

Furthermore, in the United States, there are 3.9 million injuries attributable to MVCs 

annually [3].   It is estimated that in the United States, the annual economic cost of traffic 

crashes exceeds $242 billion [2].  

MVCs are often classified based on impact location into Frontal, Side, Rear, and 

Other/Unknown points of contact. Frontal crashes are the most common crash mode, 

accounting for 60% of fatal, and 53.5% of all crashes [2]. As the understanding of MVC 

injury mechanisms increases, it is expected that both injury count and severity would 

decrease. Thus, the endeavor of the field of injury biomechanics is to better understand 

injury mechanism, and subsequently promote the health of the population of motor 

vehicle occupants. 

As the field of injury biomechanics has worked to improve the crashworthiness of 

vehicles by implementing injury criteria thresholds into regulatory and consumer tests, 

lumbar spine injury has continued to be neglected [4]. It has been demonstrated that the 

incidence of thoracolumbar vertebral body fractures have increased in frontal impacts as 

a function of vehicle model year from 1986 to 2011 [5, 6]. Others have found that drivers 

isolated to horizontal frontal impacts had much greater odds (212%) of sustaining major 
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compression lumbar spine injuries in 2000’s model vehicles compared to 1990’s models 

[7]. Since MVCs are the leading cause of lumbar spine injuries, with medical costs 

reaching $124,000 per injury, it is important to understand the mechanisms by which 

lumbar spine injury is influenced so that vehicles may be made safer in the future [8]. 

 

INJURY BIOMECHANICS: EXPERIMENTAL AND COMPUTATIONAL 

APPROACHES 

In effort to achieve the goals of injury mitigation, the biomechanics field has 

utilized many approaches, but each can be placed into one of two categories: 

experimental or computational. Within the experimental approach are volunteer testing, 

post mortem human surrogate testing (PMHS), animal modeling, and the utilization of 

anthropomorphic testing devices (ATDs). Each of these approaches is crucial to 

understanding injury, but each is also saddled with unique limitations.  

Volunteer testing is, justifiably, increasingly relegated to sub-injurious thresholds, 

though some of the earliest work was less regulated [9-11]. The use of PMHS allows for 

investigations of the effects of highly injurious scenarios on the human body without 

placing living persons at risk. While the geometry and material properties of PMHS 

closely match those of living humans, many physiological outcomes are lost. To obtain 

data on more serious but physiologically dependent injuries, such as head injury or lung 

contusion, animal testing has been employed [12, 13]. However, with animal modeling, 

scaling must be applied to the data to achieve relevant forces, which introduce inherent 

error.  
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The combined data from these techniques has provided the means by which 

engineers have developed  Anthropomorphic Testing Devices [14, 15]. These devices 

mimic the anthropometry of humans while also incorporating hundreds of data channel 

outputs including loads, moments, deflections, and accelerations. However, in order to 

ensure the reusability of these devices in severe crash tests, biofidelity is often sacrificed. 

Furthermore, each model is designed to be used in only one loading direction (forward, 

side, rear, etc.). The Hybrid III is one such ATD that is heavily used in governmental and 

consumer based crash testing by the National Highway Traffic Safety Administration 

(NHTSA) and the Insurance Institute for Highway Safety (IIHS) as well as vehicle 

manufacturers for internal usage. 

In an effort to supplement these experimental approaches, researchers, 

government, and industry have worked to create finite element (FE) human body models 

(HBMs). These models, which contain highly detailed anatomy, are capable of predicting 

regional and organ level injury, unlike ATDs. Additionally, in contrast to ATDs, which 

can be used on the order of hundreds of times before needing to be replaced, HBMs can 

be used indefinitely. HBMs also offer the advantage of minimal cost to use compared to 

experimental testing. These benefits have driven the prominence of HBMs in the research 

realm as well as the vehicle design and governmental testing fields. 

 

The Total Human Model for Safety 

 One human body model that is widely used is the Total HUman Model for Safety 

(THUMS), which was developed by Toyota [16]. THUMS version 4.01 contains over 

621,000 nodes and 1.7 million elements and contains highly detailed anatomy as well as 
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deformable vertebrae, which is especially conducive to studying lumbar spine injury. 

Virtual cross sectional planes have been implemented into THUMS for the purpose of 

collecting loads and moments in each vertebra [17]. THUMS has previously been used to 

study pulmonary contusion, the effects of seatbelt placement on carotid artery injury, and 

other injury mechanisms in both frontal and side impacts [18-22]. 

 

MOTOR VEHICLE CRASH ANALYSIS AND DATABASES 

The field of injury biomechanics would be remiss to ignore the relation of MVC 

characteristics and real world injury outcome. In an effort to understand the incidence of 

MVC injury in the United States, NHTSA has continued to maintain multiple MVC-

related databases. These databases are continually used in the literature to characterize 

the incidence and characteristics of impact injuries, inform crash test configurations, and 

to evaluate effectiveness of restraints and other injury intervention measures [6, 23, 24]. 

Two of these databases are NASS-CDS and CIREN. 

 

National Automotive Sampling System – Crashworthiness Data System  

The National Automotive Sampling System – Crashworthiness Data System 

(NASS-CDS) is a detailed database with a representative, probability sample of 

thousands of minor, serious, and fatal tow-away MVCs. Close to 5,000 crashes are 

investigated and added to NASS-CDS by NHTSA at 24 locations throughout the United 

States, annually [25]. Close to 400 data elements are included for each entry in NASS-

CDS, including vehicle characteristics, severity of each injury, occupant restraint 

performance, occupant contacts within the vehicle, and crash configuration. Injuries are 
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coded using the Abbreviated Injury Scale (AIS), an injury coding lexicon established by 

the Association for the Advancement of Automotive Medicine [26]. Weighting methods 

have been developed to relate the incidence of injuries in NASS-CDS to US 

representative populations, making the database a crucial tool for understanding the 

epidemiology of specific injuries [27]. Excluding cases in which the model year vehicle 

was greater than 10 years old on the onset of crash, the NASS/CDS 2000-2011 dataset 

contains 54,703 cases, 94,283 vehicles, 11,159 occupants, and 303,230 injuries [28]. 

Though informative on the incidence of injury, NASS-CDS is less detailed on an injury-

by-injury basis. 

 

Crash Injury Research and Engineering Network 

To supplement this data, the Crash Injury Research and Engineering Network 

(CIREN) was established and is sponsored by NHTSA and select automakers [29]. 

Annually, CIREN investigates approximately 300 cases, which come through one of the 

six level 1 trauma centers involved in the study. CIREN teams are comprised of trauma 

physicians, crash investigators, biomechanics and automotive engineers, and emergency 

medical personnel who are tasked with determining the mechanism for each injury in a 

CIREN case. Each injury is classified according to AIS and is attributed to a specific 

mechanism of the crash event [26]. Each of these attributed injury mechanisms is then 

assigned a level of confidence in the database as Certain, Probable, Possible, or 

Unknown. One factor that contributes to the varying levels of confidence is often the 

uncertainty in the occupant’s pre-crash positioning. Following the completion of the 
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investigation, the case vehicle, occupant medical information, and injury metric 

attributions are available in the CIREN database. 

 

Abbreviated Injury Scale 

The AIS is a widely used injury coding lexicon established by the Association for 

the Advancement of Automotive Medicine. It was first introduced in 1971, receives 

periodic updates, and is currently in its sixth revision. This lexicon is used heavily in both 

the NASS-CDS and CIREN databases, and classifies specific injuries according to 

anatomic structure, specific structure, and level. Each injury is assigned a severity score 

on a six-point scale ranging from 1 for minor injury (0% probability of death) to 6 for 

maximum injury severity (100% probability of death). Often injury risk curves are 

created in terms of AIS injury level [30, 31]. 

 

Finite Element Motor Vehicle Crash Reconstruction 

To supplement the analysis done by CIREN and NASS investigative teams, and 

to account for the uncertainty in the pre-crash positioning, a method was developed and is 

detailed in this thesis that semi-automatically reconstructs real world NASS-CDS and 

CIREN crashes. This method, which is detailed in Chapter II of this thesis, tunes a 

simplified vehicle model to mimic that of a real world vehicle using data from NHTSA’s 

New Car Assessment Program (NCAP) and FE ATD models. Following this, THUMS is 

positioned in the tuned vehicle model and the crash pulse from the real world MVC is 

applied. This allows for the collection of injury metric data for specific crashes. In 

Chapter III of this thesis, the method was applied to four real world MVCs and used to 
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elucidate a possible mechanism behind increasing incidence of lumbar spine injuries in 

recent decades. 
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CHAPTER SUMMARIES 

Chapter II: A Semi-Automated Approach to Real World Motor Vehicle Crash 

Reconstruction Using a Generic Simplified Vehicle Buck Model 

The objective of this study was to develop a semi-automated and robust method to 

reconstruct real world motor vehicle crashes. The second aim of this study was to assess 

the pre-crash positioning factors on various injury metrics an example case occupant 

sustained.  

 

Chapter III: Lumbar Vertebrae Fracture Injury Risk in Finite Element 

Reconstruction of CIREN and NASS Frontal Motor Vehicle Crashes 

The objective of this study was to reconstruct four motor vehicle crashes, two of which 

resulted in the occupants suffering lumbar spine fracture, and two resulting in the absence 

of lumbar spine injury. The second aim of this study was to assess the factors in a motor 

vehicle crash that influence lumbar spine injury metrics. 

 

Chapter IV: Summary of Research 

A brief overview of work presented in this thesis. 
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1. ABSTRACT 

Computational finite element (FE) modeling of real world motor vehicle crashes 

(MVCs) is valuable for analyzing crash-induced injury patterns and mechanisms. Due to 

unavailability of detailed modern FE vehicle models, a simplified vehicle model (SVM) 

based on laser scans of fourteen modern vehicle interiors was used. A crash 

reconstruction algorithm was developed to semi-automatically tune the properties of the 

SVM to a particular vehicle make and model, and subsequently reconstruct a real world 

MVC using the tuned SVM. The required algorithm inputs are anthropomorphic test 

device position data, deceleration crash pulses from a specific New Car Assessment 

Program (NCAP) crash test, and vehicle interior property ranges. A series of automated 

geometric transformations and five LS-Dyna positioning simulations were performed to 

match the FE Hybrid III’s (HIII) position within the SVM to reported data. Once 

positioned, a baseline simulation using the crash test pulse was created. A Latin 

hypercube sample space (9 variables) of 120 simulations was created to vary occupant 

safety and restraint properties. Sprague and Geers magnitude and phase error factors were 

used to identify an optimal set of restraint parameters to reconstruct the HIII kinematic 

and kinetic responses. Using the tuned SVM, event data recorder pulses from real world 

crashes, and the Total HUman Model for Safety, LS-Dyna simulations were used to 

reconstruct the occupant-vehicle interactions. In a sample case, stress, strain, and 

dynamic loads were evaluated to predict rib, sternum, and vertebral injuries sustained by 

the occupant in the crash. 
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2. INTRODUCTION 

Motor vehicle crashes (MVCs) are the eighth leading cause of death globally, 

with over 1.2 million deaths [1]. Frontal MVCs are the most common crash mode in the 

United States, and account for 60% of fatal and 54% of injurious MVCs [2]. While 

anthropomorphic testing devices (ATDs) and post mortem human subject (PMHS) testing 

in laboratory conditions are valuable to understanding injury, the time and monetary cost 

of each ATD/PMHS test severely limits the number of imposed boundary conditions that 

can be evaluated. Analysis of real-world MVC events allow researchers to both 

investigate injury patterns and evaluate occupant restraint systems in the fleet in real-

world injurious conditions. However, even after expert analysis of crashes, there is often 

still uncertainty on the exact mechanism of injury, and the effects of pre-crash occupant 

position on injury outcomes. Benefits of finite element human body models (HBMs) 

include the ability to calculate specific injury risks in body regions that are not 

instrumented within ATDs and the ability to quickly assess entire body impact events in 

many loading conditions. One commonly used HBM capable of predicting organ injuries 

for whole body impact simulations is the Total HUman Model for Safety (THUMS) [3]. 

The Crash Injury Research and Engineering Network (CIREN) database contains 

real world MVC data and has previously been used for computational MVC 

reconstructions [4]. Golman et al. analyzed the HBM response to predict injury risks 

across the entire body in a side impact CIREN case, but the reconstruction protocol used 

an open source 2001 Ford Taurus National Crash Analysis Center (NCAC) full vehicle 

finite element model (FEM). These methods were therefore limited due the paucity of 

open source full vehicle FEMs [5, 6]. Another study reconstructed two real world crashes 
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using a methodology similar to this paper, but used a modified Taurus simplified vehicle 

model (SVM) for reconstruction purposes [7]. While both previous studies reconstructed 

crashes of sedan vehicles, neither used a vehicle model that was representative of the 

fleet as a whole.  

One challenge of reconstructing CIREN cases is the uncertainty in the occupant’s 

position and posture at the time of the crash [8]. Although CIREN collects information 

related to the occupant restraint mechanisms and positioning, this data is collected post-

crash and is subject to potential error, specifically in occupant restraint parameters. This 

is due to the priorities of emergency services being focused on occupant safety which 

often involves moving seat positions to extract the occupant. The objective of this study 

was to develop a semi-automated approach to reconstruct real world crashes using a 

standardized buck, information from a CIREN case report, and frontal New Car 

Assessment Program (NCAP) test data, and subsequently to compare the computed injury 

risk to a real world crash. 

 

3. METHODS 

Case Selection 

One frontal MVC was selected from CIREN with crash characteristics similar to 

government crash tests. The crash did not have a rollover event, nor did it include large 

occupant compartment intrusion. 

Ford Escape Case Details 

The CIREN frontal crash reconstructed involved an 86 year old, 85 kg, 175 cm 

(5’9”), belted male driver in a 2012 Ford Escape (CIREN ID 359544180). The Ford 
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Escape struck the back of a 2013 Ford F150 at 0° PDOF, with an EDR-recorded 

longitudinal delta-V of 50 km/h (31 mph) resulting in a maximum crush of 43 cm. The 

frontal airbag deployed in the non-fatal crash and the occupant was documented to be 

seated “middle to rear track” with an estimated seat back angle of “slightly reclined”. The 

first and second stages of the airbag deployed at 22.5 and 32.5 msec, respectively. The d-

ring was reported to be in the full down position. The occupant sustained multiple 

injuries including the following: AIS 3 rib fractures, AIS 3 hemothorax, AIS 2 sternum 

fractures, AIS 2 lumbar vertebral body fracture, and an AIS 2 cervical spinous process 

fracture (Table 1) [9]. 

 

Table 1. Injuries sustained in 2012 Escape MVC. AIS Codes paired with description [9]. 

AIS Code Injury Description 

450203.3 Rib fractures (left 3-4 and right 5-7,10) 

442200.3 Right hemothorax 

450804.2 Central sternum fracture 

450804.2 Manubrium fracture 

650632.2 L3 compression fracture 

650218.2 C4 spinous process fracture 

 

Case Reconstruction Algorithm 

The reconstruction process of the CIREN case followed three distinct phases. 

Phase I involved establishing a vehicle FEM that was suitable for simulating the vehicle 

environment of a 2012 Ford Escape. This was accomplished by tuning the occupant 

restraint system of a generic SVM using NHTSA NCAP crash test data. Phase II was 

completed to automatically position THUMS v4.01 within the previously tuned SVM in a 

range of pre-crash positions. The seat track, seat back angle, steering wheel angle and 
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telescoping distance, and the d-ring height were the independent variables. Phase III 

applied the longitudinal EDR pulse from the CIREN crash to each of the previously 

established potential occupant pre-crash positions. Following these simulations, injury 

risks for each pre-crash position were assessed using an updated version of the Injury 

Prediction Post Processor (IPPP), a custom in-house MATLAB GUI (Mathworks 

Software) [10]. The finite element solver used for each phase was LS_DYNA (MPP, 

Version 971, R6.1.1., LSTC, Livermore, CA) run on a computer cluster. 

Phase I – Simplified Vehicle Model (SVM) Development and Tuning 

A FEM of a SVM was adapted, augmented, and tuned to accurately simulate a 

frontal NCAP crash test of a 2012 Ford Escape. A generic vehicle interior representative 

of a wide range of modern vehicles was implemented using an adapted version of the 

vehicle interior developed by Iraeus et al [11]. The generic vehicle geometry developed 

by Iraeus et al (Umeå University) included a seat cushion, seat pan, dashboard, steering 

wheel and column, door, A-Pillar, B-Pillar, and center console which represented an 

average geometry of laser scan data from 14 modern vehicles in the A2MAC1 database 

[12]. The measurements of the steering column relative to other interior structures in the 

Iraeus model were used to implement a previously developed steering column, steering 

wheel, and airbag assembly as well as a seat back. [6, 7, 13]. The steering column was 

capable of compressing under user defined axial loads. The steering wheel frontal airbag 

(*AIRBAG_SIMPLE_AIRBAG_MODEL card in LS-DYNA) was based upon an open 

source NCAC inflating airbag model [14]. 
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NCAP Test Identification and Data Extraction 

The ‘sisters and clones’ vehicle model list was consulted to arrive at a range of 

vehicle make, models, and years with matching vehicle properties that were subsequently 

used to query the NHTSA crash test database [15, 16]. A 2011 Ford Escape XLT 4WD 

SUV (NHTSA Crash Test 7120) was determined to be the most representative of the 

CIREN case vehicle, with a delta-V of 56.5 km/h (35.1 mph) [17]. Following the 

identification of the matching crash test, the following data were extracted: Hybrid III 

(HIII) ATD positioning, eight crash test signals, and lateral side view test video. The 

signals extracted were belt anchor lap force, belt upper shoulder force, left femur force, 

right femur force, T6 resultant acceleration, chest deflection, head resultant linear 

acceleration, and pelvis resultant acceleration using SignalBrowser [18]. The signals were 

filtered per SAE J211 [19]. The crash test pulse was extracted from the crash test video 

from camera #7 using Tracker Video Analysis Software (Open Source Physics, 

Davidson, NC). The longitudinal pulse is shown in Figure 1. This method preserved the 

vehicle longitudinal, vertical, and pitching kinematics. 

 
Figure 1. 2012 Ford Escape EDR crash pulse and NCAP longitudinal pulse data (extracted from 

camera #7, NHTSA Test #7120). Red line indicates transition to rebound for NCAP crash. 
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FE HIII Positioning 

The 50
th

 percentile male HIII ATD FEM (Humanetics, Plymouth, MI) was 

positioned within the SVM according to the steering column position, seat back angle, 

pelvis and tibia angles, and nose to rim, chest to steering hub, knee to dash, knee to knee, 

and ankle to ankle measurements reported in the NCAP report using an algorithmic 

approach (Figure 2) [20, 21]. The HIII initial positioning was completed by rotating the 

ATD about the H-point, simulating moving the knees apart, simulating adjustments of the 

tibia angles, and then simulating the movement of the ankles to the correct position. Next, 

the SVM steering column angle was adjusted to match the angle specified in the NCAP 

crash test data by rotating the column about a node at the most forward portion of the 

part. 

 
Figure 2. NCAP Positioning Measurements. 

 

The mid-plane of the steering column and the sagittal plane of the HIII model 

were then aligned. The longitudinal (X) position of the HIII was adjusted to position the 

lower limbs. The longitudinal (X) position of the HIII was adjusted using an iterative 

process, due to the complex curvature of the knee bolster surface. During each iteration, a 
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surface to surface measurement was taken between a temporarily created shell element in 

the knee joint and the right half of the knee bolster. Using this method, the Right Knee to 

Dash (RKD) distance and Right Knee to Dash Angle (RKDA) were optimized. Once this 

procedure was completed, a second iterative process was used to match the Left Knee to 

Dash (LKD) distance. During each iteration, the “separation” measurement was used to 

determine the shortest distance between the left knee and knee bolster. Based on this 

distance, the dashboard was rotated about a node on the right side of the knee bolster. 

This process was terminated when the measured and target distance was less than 0.1 

mm.  

The relative positions of the HIII upper body were determined based on the 

steering wheel diameter and reported nose to rim distance, nose to rim angle, chest to 

steering hub distance, and steering wheel angle. The necessary relative horizontal 

distance and angle between the chest and nose were calculated and the neck joint was 

rotated about the local Y-axis in the LS-PrePost Dummy Positioner until the relative 

horizontal distance was matched. After the upper body segments of the HIII model were 

repositioned, the steering wheel and column positions were refined by translating the 

entire steering column and wheel assembly.  

The HIII was then translated upwards until there was no penetration with the seat 

and allowed to settle into the seat by locking the joint movement and applying gravity. At 

each d3plot state of the settling simulation, the angle of the head with respect to the 

horizon was measured. Once this initial angle deviated by more than 1.5°, the model was 

determined to be in the correct position and node locations were saved. This 
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corresponded with the H-point location that minimized the distance to the floor during 

this phase (Figure 3).  

 
Figure 3. H-point excursion during z-settling step. The red star marks time point at which model 

nodes were saved and exported. 

 

Following this step, the seat back was rotated from the fully reclined position 

upwards 75° over a period of 300 ms. A node on the occupant’s upper back and a node of 

the upper seat back cushion were tracked, and the state at which this distance was less 

than 10 mm was used for the final node locations. This ensured that the seat was in a 

position similar to a crash test using a published positioning procedure [22]. The 

occupant was then automatically belted within the SVM. The positioned HIII model in 

the pre-crash state is shown in Figure 4. 
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Figure 4. Belted FE HIII within the SVM following the pre-crash positioning algorithm. 

 

Latin Hypercube Design of Experiments 

The occupant restraint parameters were subsequently used in a variation study 

using a Latin Hypercube Design (LHD) of experiments. The LHD is an effective space 

filling design used in experimental parameter studies [23]. In a LHD, each parameter has 

as many levels as there are experiments in the design. The levels are spaced evenly from 

the lower bound to the upper bound of the parameter. The Latin Hypercube optimization 

method used in this study was the optimumLHD function in R (The R Foundation). The 

previously described SVM and HIII set up was used in 200 different simulations with 9 

different independent variables. The model’s kinematics were driven by the video tracker 

data. The nine independent occupant restraint variables were divided into five systems: 

frontal airbag, seatbelt, knee bolster, steering column, and seat cushion. For the belt, 

maximum pretensioner force, belt buckle dynamic friction coefficient, and load limiting 

force were varied. For the frontal airbag, both the mass flow rate and vent area were 
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included as independent variables. The mass flow rate was a function of time with a right 

skewed shape (Figure 5). A scale factor on the ordinate of this mass flow rate was used as 

an independent variable. The knee bolster had two independent variables: right and left 

knee bolster surface thickness. The seat cushion modulus was varied to account for 

potential different seat stiffnesses from various assemblies. Additionally, the shear bolt 

fracture force in the steering column was also varied. 

 
Figure 5. Normalized mass flow rate for the airbag model. Scale Factor on ordinate used as 

independent variable. 

 

Following the completion of the 200 simulations, signals were extracted from 

locations in the FE HIII representing the eight extracted from the NHTSA crash test. 

Sprague and Geers error analysis was used to compare the paired signals [24]. This 

analysis calculates both the magnitude (𝑀) and phase (𝑃) error for each signal. The 

comprehensive (𝐶) error was also calculated for each signal according to equations 1-5. 

 C𝑚𝑒𝑡𝑟𝑖𝑐 = √𝑀𝑚𝑒𝑡𝑟𝑖𝑐
2 + 𝑃𝑚𝑒𝑡𝑟𝑖𝑐

2  (1) 
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 𝜃𝑚𝑚 =
1

𝑡2 − 𝑡1
∫ 𝑚2(𝑡)𝑑𝑡

𝑡2

𝑡1

 (3) 

 𝜃𝑒𝑒 =
1

𝑡2 − 𝑡1
∫ 𝑒2(𝑡)𝑑𝑡

𝑡2

𝑡1

 (4) 

 𝜃𝑒𝑚 =
1

𝑡2 − 𝑡1
∫ 𝑒(𝑡)𝑚(𝑡)𝑑𝑡

𝑡2

𝑡1

 (5) 

 

Where 𝑚(𝑡) corresponds to the metric data for the simulation model and 𝑒(𝑡) 

corresponds to the metric data from the experimental test. The 𝑀 and 𝑃 error factors were 

calculated over a time period from 𝑡1 ≤ 𝑡 ≤ 𝑡2. For this study, the time range was from 0 

to 100 ms. Data after this time period described the ATD motion during the rebound 

phase.  

Based on these definitions, 𝑀, 𝑃, and 𝐶 were standardized measures of the 

difference between the signals of the experimental tests and simulation models. Smaller 

values represent more similar signals. 𝑃 can range from 0 to 1, while 𝑀 can theoretically 

range from -1 to ∞. However, typical values range was from -1 to 1. The IPPP was used 

to batch this operation for all 200 simulations. In order to arrive at an overall metric of 

similarity of the SVM to NCAP data, a total body comprehensive error factor was 

developed: 𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦 (Eq 6). This metric was developed by averaging the right and left 

femur errors and the seat belt errors and then weighting the results equally to the head, 

T6, and pelvis 𝐶𝑚𝑒𝑡𝑟𝑖𝑐 values. 
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𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦 = 

√(
𝐶𝑅 𝐹𝑒𝑚𝑢𝑟 + 𝐶𝐿 𝐹𝑒𝑚𝑢𝑟

2
)

2

+ (
𝐶𝐿𝑎𝑝 𝐵𝑒𝑙𝑡 + 𝐶𝑆ℎ𝑜𝑢𝑙𝑑𝑒𝑟 𝐵𝑒𝑙𝑡

2
)

2

+ 𝐶𝐻𝑒𝑎𝑑
2 + 𝐶𝑇6

2 + 𝐶𝑃𝑒𝑙𝑣𝑖𝑠
2

 

(6) 

 

The top three simulations were then further analyzed with each parameter across the three 

simulations averaged to arrive at a hypothesized “optimal” tuned SVM. A final 

simulation with the tuned SVM was subsequently performed to test this hypothesis. 

Phase II – THUMS Scaling and Variation Study 

After tuning the SVM to have a similar frontal crash response as a 2012 Ford 

Escape, the next step in the crash reconstruction was to implement THUMS into the 

SVM and run a positioning variation study. Because the pre-crash position is typically 

uncertain in real world crashes, a set of 120 pre-crash occupant positions and adjustable 

vehicle parameters were created. 

THUMS Occupant Scaling 

Since the occupant in the CIREN case and THUMS v4.01 are neither the same 

weight nor height, the model was scaled. One option was to scale THUMS to the correct 

height by equally scaling the lengths of the HBM. However, this would ultimately lead to 

incorrect mass (12.6% error). Similar efforts to scale the mass would yield a large height 

error. Thus, a set of equations were derived to calculate a length-scaling factor that 

minimized both the length and mass errors without compromising the model geometry 

and properties (Eq 7-9). 
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 ℎ𝑒𝑖𝑔ℎ𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝑐𝑎𝑠𝑒 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡 ℎ𝑒𝑖𝑔ℎ𝑡

𝑇𝐻𝑈𝑀𝑆 𝑚𝑜𝑑𝑒𝑙 ℎ𝑒𝑖𝑔ℎ𝑡
 (7) 

 𝑚𝑎𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 =  √
𝑐𝑎𝑠𝑒 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡 𝑚𝑎𝑠𝑠

𝑇𝐻𝑈𝑀𝑆 𝑚𝑜𝑑𝑒𝑙 𝑚𝑎𝑠𝑠

3

 (8) 

 𝑠𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =  
ℎ𝑒𝑖𝑔ℎ𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 + 𝑚𝑎𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟

2
 (9) 

 

Solving these equations using the case occupant’s mass (84 kg) and height (175 

cm) as well as THUMS height (178 cm) and mass (73 kg), yielded a length scale factor of 

1.016. This scale factor was used to increase THUMS length in the X-, Y-, and Z- 

directions simultaneously. This yielded a scaled THUMS model measuring 181.7 cm 

(3.81% error) and 76.6 kg, (-4.29% error). 

Initial THUMS Positioning Simulations 

Once the THUMS occupant model was scaled, two simulations were performed to 

place THUMS into the tuned SVM. A 0.5 G load was applied simultaneously to THUMS 

in the X and Z directions. The nodes were exported from the model at the last d3plot state 

before the head had rotated more than 2° with respect to original angle. 2° was chosen as 

the indicator for THUMS since the joints were more flexible than the ATD and rotation 

presented itself earlier. Next, the hands and feet were pulled to the steering wheel and 

foot pedals, respectively by temporarily turning the corresponding bones to rigid 

materials and using the *BOUNDARY_PRESCRIBED_MOTION card in LS-DYNA 

while gravity was still turned on. The initial position of THUMS within the SVM as well 

as the baseline position reported in the CIREN case are shown in Figure 6. 
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Figure 6. THUMS positioned in the tuned SVM with seat at mid-track and seat-back angle at 

neutral position (Black) and THUMS positioned in the Baseline configuration (Colored). 

 

THUMS Occupant Positioning Variables 

Five variables were defined to vary the THUMS’ occupant position across 

simulations for each case reconstruction: 1) steering column angle, 2) steering column 

fore/aft position, 3) seat back angle, 4) seat track position, and 5) d-ring anchor height. 

The minimum and maximum steering column angle, as well as minimum and maximum 

steering column fore/aft position, and seat track positions were gathered from the NCAP 

crash test report. These parameter ranges were sampled using an LHD of 120 

simulations. A simulation was performed to modify the seat back angle and seat track 

position for each occupant position. After THUMS was repositioned, an automatic 

belting code was employed for each repositioned occupant. 

Phase III – Applied EDR Pulse and Post-Processing 

Following the positioning of the THUMS model into the 120 different positions, 

the longitudinal EDR crash pulse (Figure 1) was used to drive each simulation.  
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 Each simulation was carried to completion at 200 msec. After simulations were 

inspected for quality, the IPPP was used to extract injury metrics and calculate injury 

risks. Chest deflection (also defined as chest compression), lumbar vertebral bending 

moment, and cross sectional loads were evaluated for each simulation. The simulated 

injury risks were then compared to the injuries experienced by the CIREN occupant. 

Chest deflection was evaluated to estimate an injury risk probability of rib and sternum 

fractures and hemothorax that were present in the CIREN case occupant. To compare the 

reconstructed occupant’s lumbar response to the CIREN occupant, local forces and 

moments were measured in the L2, L3, and L4 vertebrae (Figure 7). 

 
Figure 7. Cross sectional compressive (Z) forces and bending (Y) moments were evaluated at the 

L2, L3, and L4 levels. Force was measured using cross-sectional sets of elements located along 

the local mid-transverse plane of each vertebral body. 

 

In addition to evaluating the injury risks for the occupant position listed in the 

CIREN report, the risk for each injury was compared across pre-crash positions. 
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4. RESULTS 

Simplified Vehicle Model Tuning 

The FE HIII was seated in the SVM prior to tuning in a position similar to the 

NCAP report. Since the SVM was based on average fleet vehicle geometry, not all 

measurements could be matched simultaneously. A list of positioning variables and ATD 

positioning before SVM tuning can be found in Table 2. The measurements that were 

closest were ankle to ankle distance, tibia angle, chest to steering hub, and steering wheel 

angle. Pelvic angle and knee to knee distance were less accurately matched. Ultimately, 

the initial position of the FE HIII within the geometry of the SVM was close to the HIII 

in the NCAP test. The average error for distance measurements was 1.06 cm. For angles, 

the average error was 4.43°. 

 

Table 2. ATD positioning values for both NCAP test and FE HIII in SVM. 

 NCAP Crash Test Simulated ATD Position in SVM 

Steering Wheel 

Angle 
SWA 66.1° 64.7° 

Steering Column 

Angle 
SCA 23.9° 25.3° 

Nose to Rim NR 384 mm @ 12.9° 378 mm @ 2.4° 
Chest to Steering 

Hub 
CS 305 mm 301 mm 

Left Knee to Dash KDL 136 mm 154 mm @ 24.3° 
Right Knee to Dash KDR 127 mm 144 mm @ 30.5° 
Pelvic Angle PA 24.9° 21.2° 
Tibia Angle TA 46.9° 45.1° 
Knee to Knee KK 358 mm 340.2 mm 
Ankle to Ankle AA 329 mm 329.8 mm 

 

Following the initial positioning of the HIII into the SVM, the next step was to 

simulate the NCAP crash test kinematics while varying the occupant restraint parameters. 

Each simulation was ranked using the 𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦 metric. The top three simulations 
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(𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦 = 0.573, 0.584, 0.590) were further analyzed by plotting 𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦 and 

𝐶𝑚𝑒𝑡𝑟𝑖𝑐 for each signal, against each parameter. An example of these plots is shown for 

the total body comprehensive error factor versus the left knee bolster thickness scale 

factor (Figure 8). It is evident that for this example, there exists a range of reasonable 

values that can dramatically improve the ability of the SVM to replicate the response of 

the real world vehicle. 

 
Figure 8. Comprehensive error factor as a function of left knee bolster thickness scale factor. 

This analysis was completed for each parameter. 

 

Following the analysis of the top three simulations, a hypothesized optimal 

simulation was generated by averaging the parameters used in the top three simulations 

previously mentioned. The resulting occupant restraint parameters, as well as the range of 

tested parameters are listed in Table 3. A comparison between the simulated and NCAP 

test signals using the hypothesized optimal parameters can be seen in Appendix A. 
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Table 3. Tuning parameters for the SVM. The “selected” column represents the values that tuned 

the SVM to a 2012 Escape and subsequently were used for Phase II and III. 

Parameter Min Selected Max 

Maximum Pretensioner Force (N) 3250 3909 4250 
Load Limiting Force (N) 2950 3521 3800 

Peak Frontal Airbag Inflation Rate (kg/s) 1.7 2.4 3.3 

Frontal Airbag Vent Area (mm
2
) 900 2014 2200 

Belt Buckle Friction Coefficient 0.075 0.105 0.150 
Seat Cushion Modulus Scale Factor 4000 7427 16000 

Thickness of Right Side of Knee Bolster Surface (mm) 0.5 1.402 1.5 

Thickness of Left Side Knee Bolster Surface (mm) 0.3 0.675 1.8 

Shear Bolt Fracture Force (N) 3800 4981 7500 
 

The ATD responses in the NCAP test compared favorably to the simulation 

responses. Cursory analysis shows that each signal is on the same order of magnitude. 

The magnitude (M), phase (P), and comprehensive (C) Sprague and Geers error for each 

signal is listed in Table 4. Lower values represent closer matches, with 0 being an exact 

match. The magnitude error is below 0.25 for each signal and the phase error is below 

0.45 for each signal. The majority of the discrepancies were in the femur force signals, 

though the forces were on the lower end of the injury risk curve spectrum. The 

comprehensive error factors are highest in the knee-thigh-hip region as well. Overall, 

however, this tuned SVM performed well, and the optimized parameters resulted in a 

lower total body comprehensive error factor than any of the simulations generated by the 

LHD alone with 𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦 = 0.553. 
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Table 4. Sprague and Geers error factors for the tuned SVM. 

Signal M P C 

Belt Anchor Lap Force (CFC 60) -0.115 0.059 0.129 

Belt Upper Shoulder Force (CFC 60) 0.191 0.069 0.203 

Left Femur Force (CFC 600) Z 0.026 0.339 0.340 

Right Femur Force (CFC 600) Z 0.111 0.445 0.459 

T6 Accel (CFC 180) Res -0.132 0.052 0.142 

Chest Deflection -0.244 0.060 0.220 

Head Accel (CFC 1000) Res -0.224 0.071 0.235 

Pelvis Accel (CFC 1000) Res -0.028 0.205 0.207 

 

Effects of Pre-Crash Positioning and Injury Risk Analysis 

Chest deflection was used as a measure for assessing potential rib and sternum 

fractures and other chest injuries. More rearward seated simulated occupants tended to 

have a greater chest deflection (compression) than forward seated occupants (Figure 9). 

Analysis of sternum trabecular and cortical bone max principal stress show values 

exceeding ultimate stresses for older occupants found in literature (Figure 10). These 

thresholds are 117 MPa and 2 MPa for cortical and trabecular bone, respectively [25].  

 
Figure 9. Relationship between chest deflection and seat track position across all simulated pre-

crash occupant positions. Positive seat track positioning indicates closer to the steering wheel. 
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Figure 10. Maximum principal stress in the sternum for Baseline Case. 

 

The pre-crash occupant position had a notable effect on the peak loads 

experienced in the lumbar vertebrae during the crash event. The relationships between the 

lumbar loads and the seat track position and seat back angle were plotted in Figure 11 and 

Figure 12 across all completed simulations. Time history data for the baseline case was 

plotted in Figure 13. The maximum compressive force in L3 ranged from 537 to 1874 N 

across the simulated positions. As the seat track was moved forward, the occupant 

sustained greater compressive forces in the lumbar vertebrae. This trend with seat track 

position was the opposite of that seen in the head and chest regions. The most reclined 

occupant positions tended to have higher compressive forces in the lumbar vertebrae than 

the moderately reclined occupant positions. The most upright occupants also had 

increased compressive lumbar forces. The more reclined occupants tended to have higher 

peak bending moments of the lumbar spine during the crash event. 

2.32 MPa
176 MPa

Cortical Bone Trabecular Bone
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Figure 11. Peak lumbar vertebral loading as a function of seat track position and seat back angle. 

Positive seat track positioning indicates closer to the steering wheel. 0° seat back angle indicates 

vertical seat back angle with decreasing angles indicating further reclined positions. 
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Figure 12. Peak lumbar vertebral bending moment as a function of seat track position and seat 

back angle. Positive seat track positioning indicates closer to the steering wheel. 0° seat back 

angle indicates vertical seat back angle with decreasing angles indicating further reclined 

positions. 

 

 
Figure 13. Baseline case lumbar spine data traces. Note separate axes for moment (local Y-

rotation) and force (local Z-direction) data. 
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5. DISCUSSION  

While the NHTSA crash test did not exactly match the CIREN crash, the EDR 

delta-V was very similar to that of the NCAP case. The initial position of the FE HIII 

ATD was subject to some error; the primary influence was the SVM geometry. To match 

the ATD position measurements exactly, the geometry of the SVM would need to mirror 

the specific vehicle’s geometry exactly. The pelvic angle error was due to the rotation of 

the HIII during settling simulations. The knee to knee distance was less accurate than the 

ankle to ankle distance because the ankle to ankle movement was simulated after the knee 

movement simulation. 

Many of the ATD signals were matched closely. However, after analysis of the 

comprehensive errors, the need for increased variability of the knee bolster was evident. 

This was the primary contributor of error in the femur loads and in the future could be 

alleviated by introducing a material model elastic modulus scale factor in conjunction 

with the thickness scale factor or a new type of contact definition. Pelvis acceleration 

matched the dual-peaks in the NCAP environment, but exceeded the maximum value by 

approximately 30 G’s. This may be due to the increased femur loads propagating force to 

the pelvis. Chest deflection in the simulated environment was higher than in the NCAP 

environment, but resulted in less than 1 cm of error. Both belt forces were in good 

agreement with the NCAP data signals and although the head acceleration was 

overestimated, it was below injurious thresholds. Expanding the LHD in both the number 

of variables and simulations may increase the fidelity of the occupant response in the 

SVM.  
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By developing crash reconstruction and occupant repositioning algorithms for a 

generic simplified vehicle interior model, injury patterns as a function of pre-crash 

occupant position were evaluated. Injuries to the thoracic region, including rib and 

sternum fractures, were correlated to increased chest displacements. More rearward 

occupant positions had increased chest deflections, indicating an increased likelihood of 

chest injury. This may be due to increased interaction with the shoulder belt before the 

distributed load of the airbag decelerated the occupant. While the chest deflections were 

not noticeably increased for reclined occupants, greater stresses than reported failure 

thresholds in the sternum were identified. 

The injury prediction trends varied for the lumbar region. The most rearward 

seated occupants tended to have lower compressive forces in the L2, L3, and L4 

vertebrae. The most reclined and most upright occupants tended to have increased 

compressive loading compared to the moderately reclined occupant positions. Meanwhile 

the greatest lumbar vertebrae bending moments occurred in the most reclined occupants. 

Similar injury metric evaluations in future studies may help elucidate concurrent injury 

mechanisms across body regions in specific occupant scenarios.  

 

Limitations  

The SVM was tuned using a NCAP crash test with a delta-V of 56.5 km/h in 

order to recreate a real world crash with a delta-V of 50 km/h. As such, large deviations 

from this delta-V range would likely lead to a need for re-tuning. Under-ride was not 

coded into the CIREN database, but the crush above the bumper was greater than at 
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bumper level (Appendix B). Since there was not occupant compartment intrusion, it was 

deemed acceptable to drive the tuned SVM by the kinematics extracted from the EDR. 

While human body models have been used in the past to predict injuries in simulated 

scenarios, the finite element method has some inherent limitations. First, human models 

lack the detailed musculature and muscle activation patterns of living humans. This may 

affect the kinematics of the occupant before and after impact onset as well as the 

potential muscle tissue injuries experienced by real world MVC occupants. Furthermore, 

the model may not capture the intricacies involved in pre-impact bracing. 

As it is, the model has the ability to match polarity of force in the femurs, but may 

become too stiff during deformation which leads to decreased interaction time between 

the knees and bolster. This may be improved by implementing a new knee bolster 

interaction calculation. Another notable departure from the Escape to the SVM was the 

design of the seat. Both the NHTSA crash test and CIREN crash vehicles featured a 

motorized seat bottom while the SVM included a much simpler manually adjusted tray. 

This may have limited the ability to perfectly match the pelvis accelerations. 

 

6. CONCLUSION 

In summary, a robust, semi-automated crash test reconstruction methodology was 

developed. This method used minimal input by the user to automatically position the 

ATD according to the NCAP crash test data, tune the SVM to that of the target vehicle, 

and carry out the reconstruction of the THUMS HBM in the tuned SVM. The tuning 

procedure yielded an FE SVM that was representative of the target vehicle by comparing 

eight signals using Sprague and Geers error analysis. A baseline simulation was 
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completed using the tuned SVM. This semi-automated method can be used in the future 

to more-efficiently reconstruct frontal MVCs. By doing so, the knowledge of injury 

mechanisms in MVCs will be extended and new injury metrics can be developed. This 

tool could also be used by CIREN partners in conjunction with their case-by-case 

analysis. 
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9. APPENDIX  
A. Comparison between simulated and real world NCAP crash test signals. 
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B. Vehicle Crash Comparisons 

NHTSA test #7120 CIREN ID 359544180 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Crush Profile Unit C1 C2 C3 C4 C5 C6 Delta-V 

NHTSA Test #7120 cm 
50.

9 
52.8 54.4 56.8 54.3 53.1 

56.5 

km/h 

CIREN Above 

Bumper 
cm 35 36 40 38 39 39 

50 km/h CIREN Bumper cm 7 28 39 26 10 0 

CIREN Average cm 21 28 39 26 25 20 
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Element Reconstruction of CIREN and NASS Frontal Motor 

Vehicle Crashes 
 

 

Derek A. Jones
a,b

, James P. Gaewsky
a,b

, Mireille E. Kelley
a,b

,
 
Ashley A. Weaver

a,b
, Anna 

N. Miller
b
, Joel D. Stitzel

a,b 

 
a
Virginia Tech – Wake Forest University Center for Injury Biomechanics,  

Winston-Salem, NC 

 

 
b
Wake Forest School of Medicine, Winston-Salem, NC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



49 

 

1. ABSTRACT 

The objective of this study was to reconstruct four real-world motor vehicle 

crashes (MVCs), two with lumbar vertebral fractures and two without vertebral fractures 

in order to elucidate the MVC and/or restraint variables that increase this injury risk. 

A finite element (FE) simplified vehicle model (SVM) was used in conjunction 

with a previously developed semi-automated tuning method to arrive at four SVMs that 

were tuned to mimic frontal crash responses of a 2006 Chevrolet Cobalt, 2012 Ford 

Escape, 2007 Hummer H3, and 2002 Chevrolet Cavalier. Real-world crashes in the first 

two vehicles resulted in lumbar vertebrae fractures, while the latter two did not. Once 

each SVM was tuned to its corresponding vehicle, the Total HUman Model for Safety 

(THUMS) v4.01 was positioned in 120 pre-crash configurations in each SVM by varying 

five parameters using a Latin Hypercube Design (LHD) of experiments: seat track 

position, seat back angle, steering column angle, steering column telescoping position, 

and d-ring height. For each case, the event data recorder (EDR) crash pulse was used to 

apply kinematic boundary conditions to the model. By analyzing cross-sectional vertebral 

loads, vertebral bending moments, and maximum principal strain and stress in both 

cortical and trabecular bone, injury metric response as a function of posture and restraint 

parameters was computed. 

Tuning the SVM to specific vehicle models produced close matches between the 

simulated and experimental crash test responses for head, T6, and pelvis resultant 

acceleration, left and right femur loads, and shoulder and lap belt loads. While vertebral 

load in the THUMS simulations was highly similar between injury cases and non-injury 

cases, the amount of bending moment was much higher for the injury cases. Seat back 
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angle had a large effect on the maximum compressive load and bending moment in the 

lumbar spine, indicating the upward tilt of the seat pan in conjunction with pre-crash 

positioning may increase the likelihood of suffering lumbar injury even in frontal, planar 

MVCs. 

In conclusion, pre-crash positioning has a large effect on lumbar injury metrics. 

The lack of lumbar injury criteria in regulatory crash tests may have led to inadvertent 

design of seat pans that work to apply axial force to the spinal column during frontal 

crashes. 

 

2. INTRODUCTION 

In the United States alone, there are 3.9 million non-fatal injuries attributed to 

motor vehicle crashes (MVCs) annually [1]. MVCs are a leading cause of thoracic and 

lumbar spine injuries, with medical costs up to $124,000 per injury [2]. Frontal MVCs 

remain the most common crash mode in the United States, accounting for 60% and 54% 

of fatal and non-fatal injurious MVCs respectively [3].  

As injury criteria thresholds have been implemented into regulatory and consumer 

crash tests, lumbar spinal injury has continued to be neglected [4]. Pintar, et al., found in 

a National Automotive Sampling System-Crashworthiness Data System (NASS-CDS) 

retrospective study that the incidence of thoracolumbar vertebral body fractures has 

actually increased in frontal impacts as a function of model year from 1986 to 2008 [5]. 

Doud et al. reported similar increasing trends in NASS-CDS, the National Trauma Data 

Bank, and the National Inpatient Sample [6]. Using the Crash Injury Research and 

Engineering Network (CIREN) database as a sentinel, Pintar et al. found that 
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thoracolumbar fractures occurred primarily in frontal impacts that were considered planar 

[5]. This was unexpected as it is well known that vertebral body fracture is primarily 

associated with compression loading and bending moment [7-9]. The upward tilt of the 

seat pan and the inclusion of the anti-submarining bar, increasingly utilized by vehicle 

manufacturers to control anthropomorphic test device (ATD) kinematics in standardized 

frontal crash safety testing, are suspected to increase load through the spine during impact 

[5]. Preliminary work has shown that this mechanism is likely, and that pelvic loads seen 

in frontal crash test standards are high enough to cause lumbar spine injury [10]. Others 

have shown that over half of the major compression lumbar spine fractures occurring in 

frontal impacts in the CIREN database are of L1 [11]. Drivers isolated to horizontal 

frontal impacts had much greater odds (212%) of sustaining major compression lumbar 

spine injuries in 2000’s model vehicles compared to the 1990’s models [12]. The use of 

seatbelts also resulted in a five times higher odds of sustaining a lumbar spine 

compression fracture in frontal impacts that created containment of the occupant into the 

seat pan of mainly bucket type seats, when compared to those not belted [12]. Moreover, 

73% of the crashes identified by Pintar et al. occurred with a delta-V less than the 56 

km/h used in United States frontal New Car Assessment Program (NCAP) crash tests [5]. 

In a cohort study which included 33,015 front seat occupants over a 24-year period, over 

32% of spinal fractures observed were in the lumbar spine [13]. Moreover, the odds ratio 

of spinal injury in MVCs of older adults (65+) compared to younger adults is nearly 5 

[14]. 

With the influence of crash deceleration pulse, occupant position, and seat pan 

characteristics on lumbar injury loads poorly understood, more biomechanical research is 
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warranted. Currently, ATDs lack the required anatomy and sensors to measure vertebral 

loads and strains, and post mortem human subject (PMHS) testing is costly on a per-test 

basis. Finite element (FE) human body models (HBMs) offer low per-test costs and an 

infinite number of data points. One commonly used HBM capable of predicting organ 

level injuries, including lumbar vertebral injury is the Total HUman Model for Safety 

(THUMS) [15]. Previous studies have demonstrated the ability to reconstruct real-world 

crashes using THUMS to investigate crash properties on injury outcome for both frontal 

and side-impact crashes [16-19]. Miller et al. developed regional level crash induced 

injury metrics for THUMS including vertebral body cross sections which have improved 

the model’s ability to predict injury outcome [20]. Recently, a semi-automated approach 

to real-world MVC FE model reconstruction of CIREN crashes was developed for frontal 

impact [21]. Previous studies have sought to understand the incidence of lumbar spine 

injury in MVCs through epidemiological methods. The purpose of this study was to 

elucidate the crash characteristics and vehicle properties that increase lumbar injury 

metrics by fully reconstructing four CIREN/NASS-CDS frontal MVCs, two with lumbar 

vertebral fractures and two without lumbar vertebral fractures, in order to analyze the 

influencing factors. 

 

3. METHODS 

CIREN/NASS-CDS Case Selection 

Two MVCs from NASS-CDS and two MVCs from CIREN were selected for FE 

model reconstruction by searching for cases with crash characteristics similar to frontal 

U.S. frontal NCAP crash tests (i.e., frontal crash, no rollover, minimal toe-pan intrusion, 
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planar impact). The make, model and year of the case vehicles were as follows: 2006 

Chevrolet Cobalt, 2012 Ford Escape, 2007 Hummer H3, and 2002 Chevrolet Cavalier. 

All four cases had a Principal Direction of Force (PDOF) between 350 and 10 degrees. 

None of the MVCs resulted in fatalities and both male and female occupants are 

represented with ages between 18 and 86. 

 

Injury Data 

The Escape and Cobalt occupants sustained lumbar vertebral body injury. The 

Escape occupant sustained an L3 minor compression fracture (AIS Code 6506322 (AIS 

2005)). This injury was attributed to flexion over the seatbelt and loading of the buttocks 

into the seat pan. The Cobalt crash resulted in minor compression fractures to L1 and L3 

(AIS Code 6506322 (AIS 1998)). Neither the Hummer crash, nor the Cavalier crash 

resulted in lumbar spine injuries. The Escape seat was equipped with a sheet metal pan 

for both pelvis and thigh support while the Cobalt, Hummer, and Cavalier seats were 

designed to support the pelvis with a spring basket and the thighs with a sheet metal pan. 

Since both the lumbar injury cases (injury cases) and the cases without lumbar injury 

(non-injury cases) had less than 10° deviation from a frontal PDOF with no toe pan 

intrusions on the driver side, the comparison between the two sets was deemed 

reasonable. 

 

Simplified Vehicle Model (SVM) Tuning 

For all four cases, a FE simplified vehicle buck model (SVM) was tuned 

independently for each case by varying properties of the knee bolster, seat, seat belt, and 
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airbag, adjustable d-ring height, steering wheel telescoping position, and steering wheel 

angle [22]. The automated methodology is detailed extensively by Jones et al., but is 

described briefly here [21]. The first step was to identify comparable U.S. frontal NCAP 

crashes for each case. This was carried out by utilizing the ‘sisters and clones’ list which 

provides information on comparable model years [23]. Details on the CIREN/NASS-

CDS cases and the selected crash tests for tuning are summarized in Table 1. 

 

Table 5. Characteristics of the CIREN/NASS-CDS cases reconstructed. 

Vehicle Make Ford Chevrolet Hummer Chevrolet 

Vehicle Model Escape Cobalt H3 Cavalier 

Vehicle Year 2012 2006 2007 2002 

CIREN/NASS-CDS ID 359544180 385119464 
2010-79-

167 

2011-11-

173 

Lumbar Injury 

6506322; 

L3 

(AIS 2005) 

6506322; 

L1 

6506322; 

L3 

(AIS 1998) 

N/A N/A 

Occupant Age 86 80 50 18 

Occupant Sex M M F M 

Occupant Weight (kg) 84 77 86 64 

Occupant Height (cm) 175 183 173 175 

PDOF (degrees) 0 350 350 5 

CDC 12FDEW02 12FDEW03 
12FDEW0

2 
12FDEW02 

Object Struck 
Other 

Vehicle 

Other 

Vehicle 

Other  

Vehicle 

Other 

Vehicle 

Delta-V (km/h) 49.8 43.6 52.3 49.4 

NHTSA Crash Test # for 

Tuning 
7120 5326 5567 2688 

 

 

Once the crash test was identified for a given case, vehicle markers were tracked 

using Tracker Video Analysis Software and used to drive the SVM kinematics (Open 
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Source Physics, Davidson, NC). This methodology was chosen to replicate both the 

longitudinal and pitching motion of the vehicle during the crash test, which could be lost 

by driving the simulation solely using vehicle accelerometer data. In addition to vehicle 

kinematics, the pre-crash positioning of the Hybrid III ATD was extracted from the 

NCAP report and used to position the FE Hybrid III into the SVM. Once positioned in 

the SVM, a set of nine parameters was used as variables in a Latin Hypercube Design 

(LHD) of experiments to sample the restraint parameter space. Ranges for each LHD 

were based on NCAP crash data independently, but included high amount of overlap in 

ranges between cases. After simulating the crash tests with varying vehicle and restraint 

parameters, signals were filtered according to SAE J211 [24]. Sprague and Geers analysis 

was used to rank the simulations’ ability to match NCAP crash data based on seven 

channels including femur and seatbelt loads, and chest, head, and pelvis acceleration 

using Eqs. (1-6) [25]. This analysis quantifies the error between both the magnitude (𝑀) 

and phase (𝑃) of two curves. Comprehensive (𝐶) error is calculated for each signal and 

used for calculation of a weighted error for the whole body response 𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦. The 

expression 𝑚(𝑡) represents the simulated data, and 𝑒(𝑡) represents the experimental data. 

The vehicle geometry and restraint parameters that minimized the 𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦 error for 

each SVM were carried over to the THUMS positioning and crash phase simulations. 

 C𝑚𝑒𝑡𝑟𝑖𝑐 = √𝑀𝑚𝑒𝑡𝑟𝑖𝑐
2 + 𝑃𝑚𝑒𝑡𝑟𝑖𝑐

2  (1) 

 𝑀𝑚𝑒𝑡𝑟𝑖𝑐 = √
𝜃𝑚𝑚

𝜃𝑒𝑒

   𝑎𝑛𝑑 𝑃𝑚𝑒𝑡𝑟𝑖𝑐 =
1

𝜋
cos−1 (

𝜃𝑒𝑚

√𝜃𝑚𝑚𝜃𝑒𝑒

) (2) 

 𝜃𝑚𝑚 =
1

𝑡2 − 𝑡1

∫ 𝑚2(𝑡)𝑑𝑡
𝑡2

𝑡1

 (3) 
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 𝜃𝑒𝑒 =
1

𝑡2 − 𝑡1

∫ 𝑒2(𝑡)𝑑𝑡
𝑡2

𝑡1

 (4) 

 𝜃𝑒𝑚 =
1

𝑡2 − 𝑡1

∫ 𝑒(𝑡)𝑚(𝑡)𝑑𝑡
𝑡2

𝑡1

 (5) 

 

𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦

= √(
𝐶𝑅 𝐹𝑒𝑚𝑢𝑟 + 𝐶𝐿 𝐹𝑒𝑚𝑢𝑟

2
)

2

+ (
𝐶𝐿𝑎𝑝 𝐵𝑒𝑙𝑡 + 𝐶𝑆ℎ𝑜𝑢𝑙𝑑𝑒𝑟 𝐵𝑒𝑙𝑡

2
)

2

+

𝐶𝐻𝑒𝑎𝑑
2 + 𝐶𝑇6

2 + 𝐶𝑃𝑒𝑙𝑣𝑖𝑠
2

 
(6) 

 

THUMS Positioning and Crash Simulations 

Following tuning, THUMS v4.01 with updated injury metric cards (including cross-

sections to measure load/moment at each vertebral body) was scaled to represent the case 

occupant’s height and weight and subsequently positioned above the undeformed seat 

pan from the previously tuned SVM geometry [20]. In order to preserve the native HBM 

proportions, a set of equations were developed to minimize both mass and height error 

when scaling THUMS as shown in Eqs. (7-9). 

 ℎ𝑒𝑖𝑔ℎ𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝑐𝑎𝑠𝑒 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡 ℎ𝑒𝑖𝑔ℎ𝑡

𝑇𝐻𝑈𝑀𝑆 𝑚𝑜𝑑𝑒𝑙 ℎ𝑒𝑖𝑔ℎ𝑡
 (7) 

 𝑚𝑎𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 = √
𝑐𝑎𝑠𝑒 𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡 𝑚𝑎𝑠𝑠

𝑇𝐻𝑈𝑀𝑆 𝑚𝑜𝑑𝑒𝑙 𝑚𝑎𝑠𝑠

3

 (8) 

 𝑠𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =  
ℎ𝑒𝑖𝑔ℎ𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 + 𝑚𝑎𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟

2
 (9) 

 

Here, “THUMS model height” is based on the standard height of 178 cm and 

“THUMS model mass” is 73 kg. The scale factor described by Eq. (9) was used to 

increase (or decrease) THUMS’ length in the X-, Y-, and Z- directions simultaneously. 

Once scaled, THUMS was ready to be positioned into the tuned SVM. 
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*BOUNDARY_PRESCRIBED_MOTION was used to move the THUMS’ hands 

to the steering wheel and feet to the gas pedal and clutch. While holding the hands and 

feet in place, gravity settling was applied. The equilibrium positioning was saved and 

used as a baseline for the positioning simulations. Once settled into the seat, the seatback 

was rotated upward until contact was made with THUMS. From here, another LHD of 

120 simulations was performed varying seat track position, d-ring height, seat back angle, 

steering column angle and telescoping position. The angle of THUMS’ back, and the 

positioning in the seat were adjusted along with the seat back angle and seat track 

position by applying *BOUNDARY_PRESCRIBED_MOTION on superior bony 

structures and rotating about the most inferior sacrum node. Ranges determined based on 

minimum and maximum values collected on a per-case basis from the respective NCAP 

report were used to account for all ranges of pre-crash configurations for that vehicle 

make and model. From the CIREN and NASS-CDS databases, information regarding 

positioning of the occupant was also collected to create a “baseline” case for each MVC 

reconstruction. The longitudinal EDR pulse for each real-world crash was extracted from 

the EDR reports, digitized, and used to prescribe the boundary conditions for the SVM. 

Both the NCAP test data and EDR crash test pulses are provided in Appendix A. 

 

Data Extraction and Analysis 

First principal stress and maximum principal strain were output at 0.5 millisecond 

intervals for every solid and shell element comprising the THUMS lumbar vertebrae. The 

maximum value for each measure was then stored on an element-by-element basis for 

each simulation. The highest maximum principal strain (strain) and 1st principal stress 
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(stress) in the cortical and trabecular bone for each vertebra were then calculated. The 

axial compression load in the local z-direction and bending moment in the local y-

direction were also computed (Figure 1) to extract the maximum axial load and 

maximum bending moment for each vertebra from each simulation. These values were 

compared across individual pre-crash positions, and then compared to vehicle safety 

system parameters including seat stiffness, knee bolster thickness, and lap belt loads to 

determine if there were any correlations. Finally, injury risks were calculated for the 

baseline cases based on peak vertebral force [9]. 

 
Figure 14. Local coordinate system for axial load (Z) and bending moment (Y) calculations. 

THUMS L3 vertebral body shown. 

 

 

4. RESULTS 

Simplified Vehicle Model (SVM) Tuning 

The SVM was tuned four times, once for each case. This was completed to match 

the simulated ATD response to experimental ATD data from a NCAP test. Sprague and 

Geers Analysis produced 𝐶𝑇𝑜𝑡𝑎𝑙𝐵𝑜𝑑𝑦 scores of 0.46, 0.34, 0.67, and 0.54 for the Escape, 

Cobalt, Hummer, and Cavalier, respectively. Close attention was paid to the ATD pelvis 

response, especially in the z-direction as defined by SAE J211 [24]. NCAP data and the 

simulated ATD response for resultant pelvis acceleration, z-direction pelvis acceleration, 

Y

X

Z
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and chest z-acceleration for each case is provided in Appendix B. The Cobalt and 

Hummer were the closest matches, while the Cavalier and Escape were the third and 

fourth best matches respectively. The error between the peak pelvic z-acceleration was on 

average 7.8 G, with two cases having fewer than 6.4 G of error. Pelvic acceleration 

duration was matched for all four cases and phase matched for three out of the four cases. 

 

THUMS Positioning and Crash Simulations 

THUMS was scaled appropriately for each case occupant. The average mass error 

was 9.83%, while the average height error was 2.35%. Documentation describes the 

Escape and Cobalt CIREN occupants as seated “middle to rear track” with an estimated 

seat back angle of “slightly reclined”. The Hummer NASS-CDS occupant was seated at 

midtrack with the seat “slightly reclined”. The Cavalier occupant was seated at the “rear 

most track position” with the seat “slightly reclined”. After applying the crash pulse to 

the SVM with the positioned THUMS in the baseline configuration and 120 pre-crash 

positions, 80% normally terminated, and data from these cases was used for analysis of 

trends. Cases which did not normal terminate resided in the extremes of the pre-crash 

positions that are less likely to represent real-world occupant seating configurations. 

 

Lumbar Injury Data 

Baseline cases:  

The four baseline cases resulted in varying amounts of stress, strain, load, and 

moment for each lumbar vertebral body. The maximum 1st principal stress value in each 

vertebra was calculated. For L1, the Hummer baseline simulation resulted in the highest 
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1st principal stress in the trabecular region. This was the only vertebra where the 

Hummer crash produced the highest stresses. The Escape and Cobalt (injury cases) 

exceeded both the non-injury cases’ peak stress for L2, and the Hummer case peak stress 

for L3-L5. The Escape produced the highest stress in L4, and the Cobalt produced the 

highest stress in L2. Across all baseline simulations, L2-L4 generally had higher stresses 

than either L1 or L5. For L1 through L5, the peak vertebra trabecular stress for the 

Escape was 0.65, 1.09, 1.25, 1.26, and 0.93 MPa, respectively. The Cobalt case produced 

peak stresses of 0.94, 1.45, 1.08, 0.97, and 0.81 MPa for L1-L5, respectively (Figure 2). 

The Cavalier case, which involved an 18 year old passenger, produced higher stresses in 

the lumbar vertebrae than the Hummer case. The average peak max principal strains for 

L1-L5 in the injury cases were 0.87, 1.54, 1.87, 1.40, and 1.35%. Conversely, for the 

non-injury cases, the max principal strains were 0.92, 1.04, 1.68, 1.32, and 1.43%. Thus, 

for L2-L4, the injury cases exhibited higher strains, while at the ends of the lumbar 

region, the non-injury cases on average resulted in higher strains. The injury cases 

consistently had higher max principal strains in L2-L5 when compared to the Hummer 

case. However, due to low sample size, statistical significance was not reached. 

 

 
Figure 15. Maximum 1

st
 principal stress in lumbar spine trabecula for baseline simulations of 

injury (Escape/Cobalt) and non-injury (Hummer/Cavalier) cases. 
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Peak vertebral axial load and peak vertebral bending moment in the local y-

coordinate system (Figure 1) were gathered for each baseline simulation. To better 

understand the differentiation between the two different injury outcomes, average 

vertebral axial load from the two injury cases (Escape/Cobalt) versus the two non-injury 

cases (Hummer/Cavalier) was computed and a similar comparison was made for 

vertebral bending moment. Both the vertebral axial load and bending moment increased 

with each progressively inferior vertebra regardless of injury outcome (Figure 3). 

Surprisingly, peak vertebral load was relatively well coupled between injury and non-

injury cases. Based purely on peak force, the risk of fracture for each vertebra was low 

(<5%) [9]. However, a large discrepancy in the bending moments experienced in the 

injury versus non-injury groups is visible. Bending moment was always higher in the 

injury baseline cases, averaging a difference of 8.08 Nm (35% increase) across the 

lumbar vertebra. 

 
Figure 16. Peak vertebral bending moment (Y) and vertebral axial load for baseline simulations 

of injury (Escape/Cobalt) and non-injury (Hummer/Cavalier) cases. 

 

Pre-crash positioning effects:  

The effects of pre-crash positioning were evaluated across seat track positon, seat 

back angle, steering column telescoping position, steering column angle, and d-ring 
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height. Neither steering column variables nor d-ring height had any noticeable effects on 

lumbar vertebra injury metrics. Outliers were removed before computing regressions. For 

the Escape and Cavalier, seat track position correlated with peak lumbar vertebral load. 

As the seat moved closer to the steering wheel, lower L-spine peak load increased 

linearly (Escape: R
2
=0.43, p<0.001; Cavalier: R

2 
=0.34, p<0.001). For the other cases, 

there was no correlation. However, seat back angle had a considerable effect on load and 

moment developed in the lumbar vertebral bodies. Peak vertebral load and peak vertebral 

moment were both positively correlated to seat back angle across all four cases at all 

lumbar levels. For the purpose of this analysis, peak load and moment are highlighted. 

Furthermore, L1-L3 were grouped together as “Upper L-Spine” and L4-L5 as “Lower L-

Spine” for analysis (Figure 17, Figure 19). 
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Figure 17. Peak lumbar vertebral body load. L1-L3 averaged into “Upper 

L-spine”; L4-L5 averaged into “Lower L-Spine”. Negative angles represent 

more forward-pitched seat back, while positive angles represent more 

reclined positions. Quadratic regression (solid lines) and 95% confidence 

intervals plotted for individual predicted values (dotted lines). 

 

There is an upward trend in maximum lumbar compressive load as a function of 

increasing seat back angle from the vertical (i.e., more reclined). This trend is present in 

both the lower and upper L-spine. The peak load values are lower for the upper L-spine 

across all cases when compared to lower L-spine. The lower L-spine peak load was more 

affected by seat back angle than the upper L-spine for all cases. Thus, the effect is more 

pronounced for the lower vertebrae. On average, peak compressive load increased by 

0.994 kN as seat back angle progresses from upright (0°) to 35° reclined. To further 
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illustrate the pre-crash seat back angle on lumbar-spine posture, both extremes are 

displayed in Figure 18. 

 
Figure 18. Effect of seat back angle on initial lumbar spine relative angle to seat pan. Seat back 

angle 35° with respect to vertical (left, lighter). Seat back angle 0° with respect to vertical (right, 

darker). Angles are representative of pre-crash positions near extremes of those evaluated. 

 

Peak vertebral bending moment in the local y-direction was highly correlated with 

seat back angle (Figure 6). Similar to peak vertebral load, the lower L-spine vertebral Y-

moment was more affected by seat back angle as expressed by higher values and steeper 

slopes. The average increase in moment across all cases as seat back angle progressed 

from upright (0°) to 35° reclined was 45.7 Nm. 
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Figure 19. Peak lumbar vertebral body bending moment (Y). L1-L3 

averaged into “Upper L-spine”; L4-L5 averaged into “Lower L-Spine”. 

Negative angles represent more forward-pitched seat back, while positive 

angles represent more reclined positions. Quadratic regression (solid 

lines) and 95% confidence intervals plotted for individual predicted 

values (dotted lines). 

 

5. DISCUSSION & LIMITATIONS 

This study was conducted for the purpose of better understanding the increasing 

incidence of lumbar vertebral injury in MVCs. The objectives of this study, namely the 

reconstruction and analysis of four real-world MVCs, were carried out using a previously 

developed FE reconstruction method and the Total HUman Model for Safety.  

Previous PMHS studies have tremendously improved the understanding of injury 

mechanism and threshold for lumbar vertebrae. Hannson et al. examined the compressive 
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properties of 1 cm cubes of lumbar vertebral trabeculae. They found a yield and ultimate 

strain of 6.0 ± 2.2% and 7.4 ± 2.4% on average, respectively, as well as an ultimate stress 

of 1.55 ± 1.11 MPa [26]. Others have reported yield strain of human vertebral trabecular 

bone as 0.78-0.84 %, ultimate strain as 1.5-1.6 %, and ultimate stress as 2.2 MPa [7]. 

Recent research using both whole vertebral body and whole vertebral column testing has 

furthered the research by studying the effects of loading rate. Stemper et al. reported peak 

forces at fracture ranging from 8.1–10.8 kN depending on age and loading rate. Vertebral 

body peak stresses in these experiments ranged from 3.7–5.2 MPa using an average cross 

section for each vertebra [8]. However, axial loads of 3 kN have been shown to be 

injurious in PMHS spine drop tests, and 3.6 kN is associated with 50% spine fracture risk 

for vertical loading [9]. Others have demonstrated ultimate forces below 3 kN for isolated 

vertebrae, and that the compressive strength decreases with decreasing bone mineral 

density [27, 28]. 

Stresses in the trabeculae are within the ranges of fracture seen in the literature for 

tissue level testing [7, 26] but the average stress was lower than the comparable literature 

values [8]. While the values in some of the injury cases were higher than the non-injury 

reconstructions, the peak stresses were on the same order of magnitude. Though peak 

vertebral load progressively increased with increasing inferior position (L1 to L5), none 

of the baseline values were associated with considerable risk of fracture according to 

Yoganandan et al. [9]. However, the loads experienced by THUMS in a reclined position 

did reach values of load that have induced fracture at lower loading rates [27, 28]. The 

similarity between the vertebral force for injury cases and non-injury cases is surprising. 

However, the larger moments produced in the injury cases may be indicative of the 
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injuries seen in the real-world cases. Furthermore, one of the injury cases, specifically the 

Cavalier, involved an 18 year old male. It is known that the younger population is less 

susceptible to lumbar injury in frontal crashes and that increases in age are significantly 

associated with increased likelihood of major compression lumbar fractures in older 

occupants (each year in age increases odds of lumbar spine fracture by 4%), which may 

explain the absence of L-spine fracture in the real world case even in the presence of high 

predicted loads by the reconstruction [12].  

The ranges of strain observed in the baseline simulations were well within the 

ranges of yield strain reported in the literature and approach ultimate strain limits [7, 26]. 

While it is unlikely that every one of these simulations would have resulted in lumbar 

fracture in the real-world, the trend certainly sheds light on the recently posed questions 

about increased incidence of lumbar fracture in MVCs. A reclined seat may provide the 

means for force to transmit directly up the spinal column in a crash and may be enhanced 

by the upward tilt of the seat pan. These findings agree with other work showing the 

increased risk of mortality as a result of reclined seats. Dissanaike et al. demonstrated that 

fully reclined occupants had significantly higher mean Injury Severity Scores of 7.2 

compared to 5.5 for partially reclined occupants. Mortality in the fully reclined position 

was elevated compared to the upright position (4.4% to 7.5%). Partially reclined 

occupants had a mortality rate of 4.9% [29] 

Some limitations apply to this study. First, the vertical kinematics for the CIREN / 

NASS-CDS cases were unknown and assumed to be non-existent during the crash 

simulations. An applied vertical pulse would likely increase the injury risk seen in the 

simulations. Vertical accelerations are still experienced by ATDs in regulatory barrier 
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tests, so it is likely that the vehicle kinematics would mirror this in the real-world crashes. 

However, the trends in the seat back angle would likely remain with the inclusion of a 

vertical pulse. More work needs to be done to discern the reasons for heightened 

incidence of L1 injury compared to other lumbar spine levels. Secondly, the EDR pulse 

delta-V’s in each real world MVC were lower than their matched regulatory crash test 

delta-V. Since the SVMs were tuned to more severe crashes, the tuning parameters may 

be slightly different if barrier crash tests at matching delta-V’s were available. Finally, 

while HBMs have been used in the past to predict real-world injuries in MVCs, the 

effects of bracing and active musculature are not accounted for in this study. 

 

6. CONCLUSION 

In summary, four CIREN/NASS-CDS cases were reconstructed using a semi-

automated approach. The tuning procedure used yielded four SVMs that closely matched 

the occupant response of a frontal NCAP crash test. Detailed analysis of stress, strain, 

force, and moment on a lumbar vertebral level basis was conducted. It was found that 

lumbar injury metrics are correlated with pre-crash positioning of the occupant, 

especially seat back angle in which more reclined positions are associated with higher 

lumbar strains. Future work in this field should focus on understanding the effects of seat 

pan design on force transmission during crash events. 
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10.  APPENDIX 

A. Vehicle crash pulses. 
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Comparison between NCAP test data and EDR crash pulses. Dashed horizontal lines indicate 

transition to rebound phase of NCAP tests. 
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B. Simulated and experimental ATD signals. 
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Chapter IV: Summary of Research 

The research presented in this thesis has yielded important contributions to the 

field of injury biomechanics. Through the development of a semi-automated method for 

finite element crash reconstruction, and the application to reconstruct four real world 

motor vehicle crashes, the following objectives have been completed in this thesis: 

1. Develop ability to semi-automatically tune a simplified vehicle buck model to 

perform similarly to real world vehicles in restraining the occupant in frontal 

crashes near NCAP speeds. 

2. Supplement crash investigation through comparison of injury metrics to pre-crash 

positioning of THUMS. 

3. Investigate the multi-decade increasing trend in lumbar spine injury in MVCs 

through finite element analysis. 

The application of this robust method of crash reconstruction will not only allow 

for the analysis of lumbar spine injury, but paves the way for the study of other injury 

patterns including thorax, head, lower extremity, and organ level analysis as well as 

others. Research presented in Chapter II and Chapter III is published in scientific journals 

listed in Table 6.  

Table 6. Publication plan for research outlined in this thesis. 

Chapter Topic Journal  

II Development of Semi-Automated 

Crash Reconstruction Methodology 

Journal of Transportation Safety† 

III Analysis of Lumbar Spine Injury Risk 

through Crash Reconstruction 

Traffic Injury Prevention* 

†Published 

*Accepted
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