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ABSTRACT 

 Motor vehicle crashes (MVCs) of passenger vehicles are commonly cited and 

reported in published literature as a leading cause of death and injury.  Similarly, in 

motorsports, on-track crashes are the leading cause of driver injury.   

Since the beginning of this century, many improvements have been made to 

motorsports driver restraints.  These improvements have primarily been focused on 

protecting the driver’s head, neck, thorax and pelvis.  While research and improvements 

in these areas continue, excellent progress over the last decade has allowed resources to 

also be focused toward the driver’s extremities and other less frequently occurring injuries.  

The first aspect of this research was aimed at expanding and improving frontal 

crash protection to the driver’s lower extremities.  Evaluation of energy absorbing (EA) 

materials was completed using dynamic full-scale sled testing.  The second aspect of this 

work focused on the influence of variables associated with compression loading of the 

thoracolumbar spine during frontal impacts.  Finite element (FE) modeling using the Total 

Human Model for Safety (THUMS) was utilized to study the effect of initial driver position 

and seat ramp design on thoracolumbar compression fracture risk during frontal impacts.   
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Chapter I: Introduction and Background 

MOTORSPORT RESTRAINT SYSTEMS & CRASHES 

Since 2000 improvements have been made to the National Association for Stock 

Car Auto Racing, Incorporated (NASCAR®) driver restraint system, resulting in improved 

crash protection for motorsports drivers.  Advancements in driver restraint safety have 

involved seats, head and neck restraints (HNR), seat belt restraint systems and driver 

helmets.  These enhancements have increased protection for drivers from severe crash 

loading.   The development and evaluation criteria for many of these systems has been 

documented in previous publications (Gramling & Hubbard, 2000) (Melvin et al., 2006) (J. 

Patalak & Gideon, 2015) (J. Patalak & Gideon, 2013) (J. Patalak, Gideon, & Melvin, 2013) 

(J. Patalak, Gideon, Melvin, & Rains, 2015) (John P Patalak & Melvin, 2008) (Smith, 

Hayashi, Kitagawa, & Yasuki, 2011). 

The National Highway Traffic Safety Administration (NHTSA) National Center for 

Statistics and Analysis (NCSA) reported 200.4 police-reported crashes per 100 million 

vehicle miles traveled (VMT), which corresponded to an injury rate of 77 per 100 million 

VMT, for 2014 in the United States.  For the 2014 racing season, scaled data from the 

National Association for Stock Car Auto Racing, Incorporated (NASCAR) Safety and 

Crash Analysis (NSCA) database tallied 33,204.1 incidents per 100 million VMT and 2,583 

injuries per 100 million VMT for full time drivers in the premier racing series.  While 2014 

premier series NASCAR motorsport drivers were involved in 165 times more incidents 

than passenger vehicle drivers per 100 million VMT, they were only 34 times more likely 

to have a reported injury.  These statistics translate to 0.38 injuries per police-reported 

crash for the NHTSA NCSA data and 0.08 injuries per on-track incident for the NASCAR 

NSCA data. 
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While motorsport drivers are less likely to experience an injury during a crash than 

the motoring public, the crashes they are subjected to are often severe (John Patalak, 

Gideon, & Melvin, 2013).  Driver safety research to continually reduce the likelihood of 

driver injury during crashes is essential to the future of motorsports.  While the motoring 

public may view motorsport restraint systems as cumbersome or claustrophobic, the 

methodologies of occupant protection used to develop these motorsport systems may be 

explored for applications to passenger vehicles for improved occupant protection.  Further, 

the research of motorsport restraint systems can find immediate and obvious similarities 

and parallels with child, military and space travel restraint and survival systems. 

INJURY BIOMECHANICS: DIFFERENT APPROACHES 

 The study of impact or injury biomechanics are critical to the efforts of improving 

human tolerance to crash induced loads.  This area of study combines engineering 

principles with medical knowledge to understand, develop, test and implement injury 

mitigation solutions.  While the field of injury biomechanics is young when compared to 

engineering and medicine alone, many advancements have been made since injury 

biomechanics was rapidly accelerated during and after World War II. 

 There are many approaches which can be used to study injury.  These include 

volunteer, cadaver and animal testing, crash reconstructions, clinical studies, database 

surveys, anthropomorphic test devices (ATD) and finite element (FE) or numerical 

modeling.  These approaches can all be used in varying levels to help identify the injury 

mechanism, quantify the human response, measure human tolerance, assess mitigation 

techniques or devices and pinpoint key contributing variables.  Each approach has 

limitations and benefits and are often combined to formulate good solutions.   



3 
 

 Mandatory government testing often specifies detailed approaches and tests 

which must be complied with for automotive safety, which typically use ATDs.  While new 

ATD’s are under development and quickly approaching compulsory use, the Hybrid III 

family of ATDs currently represents industry standards for assessment technology.  Over 

the years, many improvements to ATD instrumentation has allowed its continued use as 

a good assessment technology for injury mitigation devices.  The research presented in 

Chapter II of this thesis utilized the fiftieth percentile male Hybrid III ATD and its associated 

instrumentation as an assessment tool for energy absorbing materials as they relate to 

lower extremity injury risk.   

As computer processing power has increased, more emphasis has been placed on FE 

models.  In 1970, at an Aerospace Medical Research Laboratory and National Academy 

of Sciences Symposium on biodynamic models in Dayton, Ohio Dr. John Paul Stapp 

summarized the incredible undertaking of numerically patterning the human:  

“What boundless optimism spurs your intrepid assaults on this most obstinate and 

irregular object you have chosen for mathematical analysis and modeling – man!”  

This fifty liter rawhide bag of gas, juices, jellies, gristle and threads moveably 

suspended on more than 200 bones presided over by a cranium, seldom 

predictable and worst of all living, presents a challenge to discourage a computer 

into incoherence.  I salute your courage in seeking to make logic out of this 

seeming chaos through biodynamic mathematical modeling” (Ryan, 2015).  

A short 47 years later, several FE human body models (HBM) are regularly used for 

research and have even been incorporated into European government automotive safety 

requirements (Gayzik et al., 2011) (Katsuhara, Takahira, Hayashi, Kitagawa, & Yasuki, 

2017a). 
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 The Total Human Model for Safety (THUMS) was jointly developed by Toyota 

Motor Corporation and Toyota Central R&D Labs., Inc. and is a HBM intended for use in 

the automotive crash environment (Toyota Central R&D Labs. Inc., 2015).  The first 

version of THUMS was completed in 2000.  THUMS version 4.01, originally released in 

2010, contains over 1.7 million finite elements and includes unique and individual spinal 

vertebrae.  Each of the nodes, elements and parts can be examined for useful outputs, 

such as cross-sectional forces and moments of the thoracolumbar spine vertebrae. 

 It is important to note the significance of approach validation.  Both ATDs and the 

THUMS HBM have undergone extensive development and validation studies, however it 

is critical to understand and realize the limitations and assumptions associated with each 

of these approaches.        

 The research presented in Chapter III of this thesis used ATD empirical testing and 

the THUMS HBM.  Supporting tests and studies included quasi-static and dynamic 

component testing and magnetic resonance imagining (MRI) of a motorsports driver.  

CHAPTER SUMMARIES 

CHAPTER II: Evaluation of the Effectiveness of Toe Board Energy Absorbing 

Material for Foot, Ankle and Lower Leg Injury Reduction 

The objective of this study was to extend protection to the driver’s lower extremities during 

frontal impacts through the evaluation of energy absorbing materials on the toe board by 

applying established injury criteria.   

CHAPTER III: Influence of Driver Position and Seat Design on Thoracolumbar 

Loading During Frontal Impacts 

The objective of this study was to explore the influence of initial driver position and seat 

ramp design on thoracolumbar loading during frontal impacts.   
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CHAPTER IV: Summary of Research 

A brief summary of the research covered in this thesis. 
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1. ABSTRACT 

Since 2000 numerous improvements have been made to the National Association 

for Stock Car Auto Racing, Incorporated (NASCAR®) driver restraint system, resulting 

in improved crash protection for motorsports drivers.  Advancements have included 

seats, head and neck restraints (HNR), seat belt restraint systems, driver helmets and 

others.  These enhancements have increased protection for drivers from severe crash 

loading.  Extending protection to the driver’s extremities remains challenging.  While 

the drivers’ legs are well contained for lateral and vertical crashes, they remain largely 

unrestrained in frontal and frontal oblique crashes. 

Sled testing was conducted for the evaluation of an energy absorbing (EA) toe board 

material to be used as a countermeasure for leg and foot injuries.  Testing included 

baseline rigid toe boards, tests with EA material covered toe boards and pretest 

positioning of the 50th percentile male frontal Hybrid III Anthropomorphic Test Device 

(ATD) lower extremities.  ATD leg and foot instrumentation included foot acceleration 

and tibia forces and moments.   

The sled test data were evaluated using established injury criteria for tibial plateau 

fractures, leg shaft fractures and calcaneus, talus, ankle & midfoot fractures.   

A polyurethane energy absorbing (EA) foam was found to be effective in limiting axial 

tibia force and foot accelerations when subjected to frontal impacts using the NASCAR 

motorsport restraint system.     

2. INTRODUCTION 

For the 2017 NASCAR racing season all national series drivers are required to comply 

with the crash restraint and protection equipment listed in Table 1 and shown in Figures 1 

and 2.  The development and evaluation criteria for many of these systems has been 

documented in previous publications (J. P. Patalak & Melvin, 2008), (J. Patalak, Gideon, 
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& Melvin, 2013), (Melvin et al., 2006), (Gramling & Hubbard, 2000), (J. Patalak, Gideon, 

Melvin, & Rains, 2015). 

Table 1. Required NASCAR driver safety equipment 

Equipment Requirement 
Figure 
1 Item 

Helmet 

Full Face Helmet with Face Shield must be used and 
meet: 

FIA 8860-2004, FIA 8860-2010, Snell SA 2010, Snell 
SAH 2010,  

Snell SA 2015, SFI 31.1/2005 

A 

Head and Neck 
Restraint 

NASCAR approved Simpson HANS or Hybrid device 
must be used and meet SFI 38.1 

B 

One-piece 
Uniform 

Must be used and meet SFI 3.2A/5 (minimum) C 

Shoes Must be used and meet SFI 3.3  D 

Gloves Must be used and meet SFI 3.3  E 

Seat Belt 
Restraint 
System 

Must be used and meet SFI 16.6 (only 7 or 9 point 
systems) 

F 

Seats 
Only NASCAR approved All Belts to Seat (ABTS) seats 

must be used and meet SFI 39.1 (full containment 
including head surround) 

G 

Seat Interior 
All seat interiors must be lined with inserts and/or 

padding meeting the SFI 45.2 specification 
H 

Knee Knocker A padded knee knocker must be used I 

Seat Leg 
Extensions 

All seats must have padded leg extensions on the left 
and right side 

J 

Roll Bar 
Padding 

 All roll bars within the driver’s reach must be 
covered with roll bar padding meeting the SFI 45.1 

specification 
- 

Window Net 
 A window net must be installed in the left side 

door window opening meeting the SFI 27.1 specification 
- 
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Figure 1. Required NASCAR driver crash safety equipment 

 

 

Figure 2. NASCAR driver crash safety equipment 

 

This restraint assembly has effectively protected drivers from severe impacts.  During 

frontal and frontal oblique impacts, the seat belt restraint, HNR, helmet and seat bottom 

all provide restraining forces to appropriate load bearing portions of the driver’s body.  In 

side and rear impacts the driver’s seat provides the majority of the occupant restraint (John 

P Patalak & Melvin, 2008), (Smith et al., 2011).  Specifically, in side impact, the seat is 

designed to provide adequate restraint, as a backup structure to the SFI 45.2 (SFI, 2013) 

padding, for the head, shoulder and pelvis.  The seat belt restraint system provides the 
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majority of occupant restraint during vertical (-Gz) occupant accelerations during rollover 

impacts.  This restraint assembly protects the drivers head, neck, thorax, abdomen, pelvis 

and thigh from crash induced forces.   

Required seat leg extensions consist of XZ planar structures covered with SFI 45.2 

padding, mounted at the forward most portion of the seat (near the driver’s knee) and 

further forward vehicle structures.  The purpose of the leg extensions is to provide lateral 

support and restraint to the driver’s leg and foot during side impacts.  The use of a knee 

knocker pad is also required.  The knee knocker is mounted inferiorly to the steering 

column housing and positioned to provide a padded surface between the driver’s flexed 

knees.  The seat leg extensions and the knee knocker are both visible in Figure 2 and 

marked with red circles according to Table1.  Also noteworthy, inside the green rectangle 

in Figure 2, is an optional panel connecting the left and right seat leg extensions superiorly 

to the distal leg.  This panel provides vertical leg and foot restraint during rollover events.   

While the aforementioned restraint assembly provides crash impact protection to the 

driver’s knee, leg, foot and ankle during side impact, this system offers limited protection 

during frontal impacts.  Passenger vehicle occupant knee, leg, foot and ankle injuries have 

been identified as significant debilitating injuries and have been previously studied 

(Crandall et al., 1998), (Rudd, Kitagawa, Crandall, & Poteau, 2005).  While injuries to this 

lower extremity anatomy are rarely life-threatening they pose significant long term 

morbidity challenges, particularly because they are weight bearing and determine mobility 

(Funk, Tourret, & Crandall, 2000).  

Passenger vehicle safety research has linked axial leg compression through the foot/ankle 

to be a very common cause of injury (Rudd et al., 2005).  Previous research has also 

attempted to quantify the effect of toe pan (toe board) intrusion on injury risk (Crandall et 

al., 1998). While structural improvements to the NASCAR vehicle’s toe board, driver 
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floorboard and left side firewall have been identified and implemented to reduce intrusion, 

the focus of the research presented herein regards limiting the internal leg loads via EA 

materials on the interior face of the driver’s toe board. 

Full time drivers in NASCAR’s premier series, the Monster Energy NASCAR Cup Series 

(MENCS) race approximately 18,000 miles per year, including race mileage plus an 

additional estimated 30% for practice, testing and qualifying.  Each NASCAR National 

Series vehicle is equipped with an onboard incident data recorder (IDR) (J. Patalak, 

Gideon, Beckage, & White, 2011).  For each on-track crash which is sufficient to trigger 

the IDR a crash report is entered into the NASCAR Safety and Crash Analysis (NSCA) 

database. The IDR trigger threshold is 8, 12 and 18 G for X, Y and Z axes, respectively.  

The acceleration magnitude must also be sustained for 14 consecutive samples at 10 kHz 

prior to recording being initiated.  While some incidents may have an appearance of high 

severity, unless the aforementioned algorithm is satisfied during an incident, it is typically 

not catalogued into the database.  Previous publications have detailed samples of the 

NASCAR crash data (J. Patalak et al., 2013), (Somers et al., 2011).  The NSCA database 

and driver medical records were queried to produce the information shown in Table 2.  

Minor injuries were defined as sprains, lacerations, contusions, abrasions, non-crash 

related burns and general soreness/pain and segregated from diagnosed fractures.  

Incidents with fracture(s) were not duplicated as minor injury cases.   
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Table 2. Average number of incidents per year for full time NASCAR MENCS drivers 
and lower extremity injuries 

Race Season 2011 2012 2013 2014 2015 2016 

Total # of MENCS Incidents 269 262 263 257 179 201 

Average # of Annual 
Incidents for fulltime 

MENCS Drivers (SD) [range] 

5.5 
(2.0) 
[2,8] 

6.5 
(2.4) 
[1,12] 

5.8 
(2.8) 
[2,11] 

6.0 
(1.7) 
[1,9] 

3.8 
(1.5) 
[1,6] 

5.4 
(2.3) 
[1,10] 

Leg/Ankle/Foot 
Injury 

Incidents 

Fracture(s) 
present 

0 0 0 0 1 0 

Minor 
Injury 

present 
12 16 14 9 12 16 

 

For 2014 the NHTSA’s National Center for Statistics and Analysis listed 6,064,000 police-

reported crashes and 3.03 trillion total (passenger cars, light & large trucks, motorcycles) 

vehicle miles traveled resulting in 200.4 police-reported crashes per 100 million vehicle 

miles traveled (VMT) (National Highway Traffic Safety Administration - NCSA, 2016). 

For 2014 the NSCA database contained 257 MENCS series incidents.  Assuming all 43 

competitors raced 18,000 miles, a total of 774,000 miles were raced.  This results in 

33,204.1 incidents per 100 million VMT; or a 165 fold increase from the NHTSA statistic. 

For 2014 the NHTSA’s National Center for Statistics and Analysis also listed an injury rate 

of 77 per 100 million VMT (National Highway Traffic Safety Administration - NCSA, 2016).  

A review of MENCS driver medical records for 2014 returned 20 crash related injuries.  

Documented injuries included general soreness reported on next day follow up, sprains, 

abrasions, contusions and concussions.  Of the 20 injuries, 10 were significant enough to 

include an AIS (Abbreviated Injury Scale) score, with nine scored a 1 and one scored a 2.  

Non-crash related injuries such as foreign body in eye, dehydration, smoke inhalation or 

burns were excluded.  Multiple injuries to the same driver during the same incident were 
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counted individually.  This results in 2,583 injuries per 100 million VMT, or a 34 fold 

increase from the NHTSA injury rate statistic.          

While the risk of lower extremity injury in NASCAR is not quantified here, Table 2 

demonstrates the low frequency of lower extremity fracture. 

The potential peak temperature as well as typical operating temperatures were considered 

when evaluating EA materials.  Air temperatures inside a NASCAR race vehicle at the 

driver’s shoulder level have been recorded from 43 – 57° C (110-135° F) and vary largely 

depending on vehicle setup and ambient temperature.  Areas of the driver’s steel toe 

board and floorboard typically operate between 110 – 121° C (230 – 250° F), but have 

been documented to reach 143° C (290° F), depending on the race track and vehicle 

configuration.  NASCAR teams typically utilize a composite false floor elevated above the 

driver’s steel floorboard to provide an insulating airgap for the driver’s feet.  During normal 

vehicle operation, the driver’s feet do not contact the toe board.   

3. METHODS 

Quasi-static Testing 

Prior to dynamic sled testing, quasi-static compression testing of the EA foam was 

conducted.  BSCI Incorporated (Mooresville, NC) supplied a polyurethane foam (CAS # 

9009-54-5) described as a fully cross-linked reaction product of polyhydroxy polyol, 

isocyanates, catalysts, surfactants, colorants and water.  The molded foam was supplied 

in 25.4 mm (1.0 inch) thick sheets.  The foam density and compressive strength can be 

tuned during the molding injection process to most effectively use the available 

displacement, while attempting to avoid bottoming of the EA material during severe 

loading events.  The final foam density was 106.5 kg/m3 (6.65 lbs/ft3).   
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Square foam samples, each 5806.4 mm2 (9.0 in2), were subjected to compression 

loading, normal to their thickness at a rate of 0.635 millimeters per second (0.025 in/s).   

Tests were conducted at 23.9° C (75° F) and 101.7° C (215° F).  The foam was contained 

between two 12.7 millimeter (0.5 inch) thick, solid aluminum plates.  Foam samples were 

assembled with the aluminum plates and heat soaked in an oven for 1 hour to 121° C 

(250° F).  The foam core temperature was monitored and the tests were initiated such that 

compression was initiated at a foam core temperature of 101.7° ± 3° C (215° ± 5° F).  The 

aluminum plates served as test loading surfaces and thermal masses.  The test setup is 

shown in Figure 3. 

Figure3. Quasi-static foam test (post-test). 

 

Figure 4 shows the stress strain relationship of the foam for three tests at 23.9° C (75° F) 

and three tests at 101.7° C (215° F) along with the mean for both temperature sets.  As 

noted in Figure 4, the foam exhibits a reduced compressive strength at the elevated 

temperature tests. 
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Figure 4. Quasi-static foam test stress strain plots 

 

Sled Testing 

Four zero degree (0°) frontal sled tests were conducted at the Takata sled (Instron 

Structural Testing Systems, Norwood, MA) test laboratory in Auburn Hills, Michigan.  The 

sled utilizes a servo valve to control hydraulic flow to achieve the desired acceleration 

pulse.  NASCAR drivers have subjectively assessed and discussed the consequences of 

their pre-impact extremity positioning.  In car video has documented driver pre-impact 

behavior, observing cases of extending extremities into a bracing posture as well as 

retracting extremities toward the body.  While the effects of active musculature for bracing 

cannot be represented in the ATD, the ATD foot position was altered to mimic these 

scenarios.  A foot gap of 76.2 mm (3.0 in) was identified to provide a perceptible gap, 

without significantly altering the ATD pelvis, thorax and head positioning, thereby allowing 

the same seat belt restraint anchorage geometry across all tests.  The system’s pitching 

(vertical axes) capabilities were not used for these tests.  Setup parameters for all sled 

tests are shown in Table 3. 
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Table 3. Sled test setup 

Test # Toe board Foot position, millimeters 
(gap to toe board) 

1 Rigid 0.0 

2 Rigid              76.2 (3.0 in) 

3 EA Foam 0.0 

4 EA Foam               76.2 (3.0 in) 

 

Sled acceleration and ATD data was acquired at 20 kHz and processed according to SAE 

J211 (SAE, 2014) standards.  The ATD was calibrated prior to the test series with electrical 

checkouts between each test.  The ATD limbs were tethered appropriately to avoid ATD 

joint damage during sled braking.  Care was taken to avoid limiting ATD limb travel 

prematurely. 

Seat belt restraint loads were recorded at each individual mounting location.  For the 

shoulder belts, load cells (model 5325) from Humanetics Innovative Solutions, 

Incorporated (Plymouth, MI) were used, as shown in Figure 5.  For the lap belts, anti-

submarine belts and negative G belt custom instrumented anchorages were used (U.S. 

patent 9580042B2).  Pretest seat belt restraint loads and the pretest position of the ATD, 

helmet and HANS were recorded. 
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Figure 5. Shoulder belt load cells 

 

All sled tests used the motorsports industry standard SFI 38.1 (SFI Foundation, Inc. 

Specification 38.1 Head and Neck Restraint Systems, 2015) acceleration pulse, shown in 

Figure 6.  The SFI 38.1 specification, “…establishes uniform test procedures and minimum 

standards for evaluating and determining performance capabilities for Head and Neck 

Restraint Systems used by individuals engaged in competitive motorsports” (SFI, 2015a). 

The SFI 38.1 acceleration pulse was developed from on-track NASCAR crashes in the 

early 2000’s and has become a motorsport industry standard for evaluating motorsport 

safety equipment (John P Patalak & Melvin, 2008) (Smith et al., 2011) (John Patalak et 

al., 2013) (John Patalak, Gideon, Melvin, & Rains, 2015). 

 

 

 



18 
 

Figure 6. Sled test acceleration and velocity change 

 

 

The ATD seating position was not changed between tests.  A rigid aluminum toe board 

insert was used for the zero foot gap condition, which had the same thickness as the EA 

material, thereby maintaining the same seat-to-toe board distance for all tests.  Pretest 

photos of the ATD for tests one and two are shown in Figure 7.   

Figure 7. Pretest ATD position for test 1 (left) and test 2 (right) 

 

For all tests a single layer of Kevlar composite 190 GSM (grams per square meter) 

material was used beneath the heels of the ATD.  This material was present for all tests 

(with and without EA foam material) to maintain the same coefficient of friction on the ATD 
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heel.  For tests 3 and 4, through fasteners were used at the top and a clamp was used aft 

of the ATD heels to secure a full Kevlar sheet over the EA foam.  Figure 8 shows the EA 

material with cover in place. 

Figure 8. Pretest ATD position for test 3 with EA material and Kevlar cover in place 

 

 

For tests 3 and 4 an oven was used to preheat the EA foam in preparation for the sled 

test.  The EA foam and Kevlar cover was conditioned for a minimum of 2 hours at 110° C 

(230° F) while attached to a 9.5 mm (0.375 in) thick solid aluminum plate.  A flexible 

silicone-rubber heating sheet was used to precondition the toe board structure and cover 

the Kevlar cover after EA foam placement.  A thermocouple was placed on the foot side 

of the EA foam under the Kevlar cover for both EA foam tests.  The very last step before 

clearing the sled for system charging was to remove the heating sheet from the Kevlar 

cover.  Figure A9 shows the heating sheet on top of the Kevlar cover just prior to test 

initiation. 
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Figure 9. Preconditioning of EA foam prior to test 4 

 

 

For all tests a new SFI 16.6 (SFI Foundation, Inc. Specification 16.6 Advanced Motorsport 

Restraint Assemblies, 2014) seven point seat belt restraint system was used.  Lap, anti-

submarine and the negative G belts were all nominal two-inch width (50 mm) polyester 

webbing.  The shoulder belts were a 2-to-3 inch configuration.  This configuration consists 

of two inch wide webbing where it passes over the HNR between the seat anchorage and 

the merge point to three inch wide webbing.  The 3 inch wide (75 mm) webbing contains 

a driver useable webbing adjuster as well as the termination into the camlock (latching 

mechanism). The merge point, adjuster, 3 inch webbing and termination into the camlock 

are visible in Figure 10.  The fixed length anti-submarine and negative G belts used a t-

bar configuration with a single pinned interface to the camlock release mechanism.  Each 

lap belt contained a single adjuster at the camlock interface.  Each shoulder belt also 

contained a single adjuster in the three inch webbing portion.  All webbing adjusters were 

marked pretest and checked for slippage post-test.  Figure 10 shows a pretest picture of 

the seat belt restraint system from test two.  A HANS device was used for all tests.  The 

SFI 45.2 seat foam insert was machined to produce a 30° seat ramp angle.  The 
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dimensions of the seat belt anchorage locations are shown in the X-Z plane in Figure 11 

and the X-Y plane in Figure 12. 

Figure 10. Pretest seat belt restraint assembly. 

 

 

Figure 11. Seat belt restraint system anchorage geometry in inches (X-Z plane). 
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Figure 12. Seat belt restraint system anchorage geometry in inches (X-Y plane). 

 

4. RESULTS 

The carbon fiber composite HANS devices were found to have fractures during post-test 

inspection for both tests one and two.  Therefore, a reinforced nylon composite HANS was 

used for tests three and four.  No seat belt adjuster slippage was noted post-test.   The 

EA foam surface thermocouple failed to register usable foam temperature data in tests 

three and four (data logger error in test 3, thermocouple separation from EA foam at 

unknown pretest time during sled system charging in test 4).  The sled test foam 

temperature was estimated to be between approximately 96 - 101° C (205 and 215° F) 

from the observed foam cooling rate during quasi-static testing.   

Figures 13-18 show the ATD tibia data.  Tests two and four, with no initial foot gap and 

tests one and three, which had a 76.2 millimeter (3.0 in) initial foot gap have been grouped.  

ATD foot z-axis accelerations are shown in Figures 19 and 20, also grouped by pretest 

foot-to-toe board gap. 
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Figure 13. Test 2 & 4 with 76.2 mm (3.0 in) gap tibia Fz 

 

 

Figure 14. Test 1 & 3 with 0.0 gap tibia Fz 
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Figure 15. Test 2 & 4 with 76.2 mm (3.0 in) gap tibia MxMy resultant 

 

 

Figure 16. Test 1 & 3 with 0.0 gap tibia MxMy resultant 
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Figure 17. Test 2 & 4 with 76.2 mm (3.0 in) gap tibia Mx bending moment 

 

 

Figure 18. Test 2 & 4 with 76.2 mm (3.0 in) gap tibia My bending moment 
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Figure 19. Test 2 & 4 with 76.2 mm (3.0 in) gap foot Z acceleration

 

 

Figure 20. Test 1 & 3 with 0.0 gap foot Z acceleration 

 

5. DISCUSSION 

Tests 1 and 3 with the ATD foot in contact with the toe board pretest (no gap) exhibited 

similar tibia axial loads and foot accelerations for both the rigid and EA Foam toe boards.  

This is primarily due to a lack of relative velocity between the foot/leg and the toe board.  

While no significant difference is noted between the rigid and EA Foam toe boards with 

no gap during these sled tests, the EA Foam may provide a benefit during a no gap 
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condition, in the event of toe board intrusion.  This finding also confirmed that the addition 

of the EA Foam was not detrimental during a no gap condition for this sled test setup.        

In tests 2 and 4, with a gap between the ATD foot and the toe board, differences in tibia 

axial load and foot acceleration are evident.  Peak tibia axial loads for tests 2 and 4 are 

shown in Table 4. 

Table 4. Tibia peak axial forces for initial gap tests 

Tibia Axial Force – Fz (N) 

Test Left Peak (time of) Right Peak (time of) Average 

2 (rigid) -11229 (36.4 ms) -9417.2 (37.2 ms) -10323 

4 (EA foam) -7030.2 (37.5 ms) -7658.5 (38.9 ms) -7344 

 

Accelerator, brake and clutch pedal placement and design vary greatly according to driver 

preference, driver stature, track configuration and vehicle setup.  For this sled test series, 

the variability of the pedal assemblies was removed from the experiment, thereby creating 

uniform and symmetrical toe board interaction for both the left and right lower extremities.   

While careful ATD setup was conducted and detailed pretest measurements taken, very 

small variances in contact parameters (friction, angle, surface area, speed) between the 

right and left shoe and toe board during empirical testing were found.  This is evident in 

small (< 2 ms) differences in acceleration or force initiation times.  For the injury probability 

curves, right and left tibia axial forces and moments were averaged. 

The seat belt restraint system adjustment, installation and tightening sequence are also 

critical for test repeatability.  Seat belt restraint system forces and ATD resultant head and 

chest accelerations are shown in Figures 21-24.  The pelvis x-axis accelerometer channel 

was lost during test four. 
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Figure 21. Shoulder belt resultant forces of test 2 & 4 with 76.2 mm (3.0 in) gap 

 

 

Figure 22. Lap belt resultant forces of test 2 & 4 with 76.2 mm (3.0 in) gap 
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Figure 23. Anti-submarine belt resultant forces of test 2 & 4 with 76.2 mm (3.0 in) gap 

 

 

Figure 24. Chest & head resultant accelerations of test 2 & 4 with 76.2 mm (3.0 in) gap 

 

 

The use of the EA foam reduced the averaged left and right peak axial tibia force by 40.6% 

when compared to the rigid toe board.  Previous research utilizing EA materials ranging 

from 172 kPa (25 psi) through 931 kPa (135 psi) also produced similar ranges of peak 

force percentage reductions (Rudd et al., 2005).  Tibia axial force and driver mass has 

been identified as a good predictor of tibial plateau fractures (Kuppa, Wang, Haffner, & 
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Eppinger, 2001).  The associated AIS 2+ injury risks were calculated for tests 2 and 4 and 

are shown in Figure 25. 

Figure 25. Risk of AIS 2+ tibial plateau or condyle injury as a function of tibia axial force 
for initial gap tests 2 & 4. 

 

The Revised Tibia Index (RTI) as summarized by Kuppa, et al uses both the tibia axial 

force and the tibia resultant of the medial-lateral and the anterior-posterior moments.  

Using an axial critical force of 12 kN and a critical resultant bending moment of 240 Nm, 

the RTI was calculated for initial gap Tests 2 & 4, with the results shown in Figure 26. 
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Figure 26. Risk of AIS 2+ leg shaft fracture as a function of RTI for initial gap tests 2&4.

 

While RTI is calculated with the medial-lateral (Mx) and anterior-posterior (My) tibia 

bending moment resultant, Figures 17 and 18 demonstrate that the primary contributor to 

RTI in this test series is the anterior-posterior (My) bending moment.  Video analysis of 

test two (76.2 mm (3.0 in) gap, rigid) indicates the right foot contacts the toe board 

approximately two milliseconds before the left foot.  This staggered foot contact is also 

confirmed by the foot accelerations in Figure 27.  A delayed contact could increase the 

impact speed of the foot and toe board, depending on the engagement of the restraint 

system at the specific time.   
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Figure 27. Close up view of test 2 & 4 with 76.2 mm (3.0 in) gap foot Z acceleration 

 

 

Injury criteria for the calcaneus, talus, ankle and midfoot fractures has been correlated to 

lower tibia axial force (Yoganandan et al., 1996), (Kuppa et al., 2001).  While the ATD in 

this sled test series was only equipped with upper tibia axial load cells, the assumption 

that the axial force is continuous throughout the tibia is used to evaluate this additional 

injury criterion.  

The probability of an AIS 2+ calcaneus, talus, ankle and midfoot fractures as a function of 

axial lower tibia force was calculated for the averaged left and right peak forces for the 

initial gap tests 2 and 4 and is shown in Figure 28. 
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 Figure 28. Risk of AIS 2+ calcaneus, talus, ankle & midfoot fractures as a function of 

tests 2 & 4. 

 

 

The Z-axis ATD foot acceleration data was recorded and is shown in Figure 19 for tests 2 

and 4 and in Figure 20 for the no gap tests.  As expected, for tests 1 and 3 the ATD foot 

acceleration is very similar to the sled acceleration peak and duration.  In tests 2 and 4, 

the ATD foot accelerations are significantly larger due to the velocity debt caused by the 

initial gap between the foot and the toe board.  Figure 27 shows a 25 millisecond window 

of this acceleration data. 

Video analysis of both tests indicates initial positive accelerations occurring around 33 to 

34 milliseconds due to foot plantar flexion as the heel of the racing shoe contacts the toe 

board just slightly before the rest of the foot.  The ATD foot acceleration peaks are 

tabulated in Table 5. 
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Table 5. ATD foot Z-axis acceleration for initial gap tests 

ATD Foot Z-axis Acceleration (G) 

Test Left Peak (time of) Right Peak (time of) Average 

2 -663.2 (36.1 ms) -577.5 (35.5 ms) 620 

4 -439.5 (36.5 ms) -385.3 (37.2 ms) 412 

 

The beneficial contribution of the EA Foam in test 4 is demonstrated by the smaller peak 

acceleration values, the longer duration of negative acceleration and a lack of a post 

negative peak acceleration polarity change.  While foot injury criteria utilizing only the ATD 

foot acceleration data is not widely recognized as a suitable injury predictor, the addition 

of the EA Foam follows the occupant protection principle of reducing peak acceleration by 

extending the time duration via non-injurious displacement.   

Assuming 34 milliseconds as a first point of contact between the foot and the toe board, 

the sled/toe board velocity was 34.6 kph (21.5 mph) when contact was made with the 

relatively static ATD feet.  The EA foam permitted the velocity debt of the ATD feet to be 

compensated over a longer duration, thereby limiting the peak acceleration required. 

It is important to note the NASCAR driver restraint system does not utilize knee bolsters, 

which are often used in passenger vehicles as significant pelvic restraint devices during 

frontal impacts.  Motorsport pelvic restraint is accomplished via the anti-submarine and 

lap belts, along with the seat pan ramp comprised of SFI 45.2 foam.   

As noted in Figure 18 the anterior-posterior (My) tibia bending moment is the primary 

contributor to the bending moment portion of the RTI calculation.  In actual application, the 

EA foam will be covered with a Kevlar cover, intended to maintain its position and help 

protect the material.  Therefore, the tests were conducted with the Kevlar covered EA 

foam and with a bare aluminum rigid toe board.  While the Kevlar material and thereby 

coefficient of friction was maintained under the heel of the shoe, it was not on the toe 

board surface itself.  While this difference is representative of the actual implementation 
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of the countermeasure, it also could affect the toe board surface coefficient of friction 

between tests.  However, the mechanism of the EA foam itself, that is compression under 

load, also inherently limits the ability of the foot to translate parallel to the toe board 

surface.   

6. SUMMARY 

For the initial foot gap condition tests, a polyurethane EA foam was found to effectively 

reduce averaged axial tibia forces by 28.9 percent and averaged foot accelerations 33.5 

percent when subjected to severe frontal impacts using a motorsport restraint system.   

The risk of AIS 2+ tibial plateau or condyle injury was reduced by 35%, the risk of AIS 2+ 

leg shaft fracture was reduced by 6% and the risk of AIS 2+ calcaneus, talus, ankle & 

midfoot fractures was reduced by 32%.    

7. FUTURE WORK 

Tests 1 and 3 with the ATD foot in contact with the toe board pretest (no gap) exhibited 

similar tibia axial loads and foot accelerations for both the rigid and EA Foam toe boards.  

Additional research could determine the possibility of tuning the EA foam to provide some 

benefit at the no gap condition (with and without toe board intrusion), while attempting to 

retain the demonstrated benefits during the initial gap condition.  While the motorsport 

restraint system is different than passenger vehicles, further study may show that the 

lower extremity responses are similar, thereby allowing a study for application of this 

preventive measure into passenger vehicles. Additional analysis could also include 

quantifying the temperature sensitivity of the EA foam regarding its influence on injury risk 

reduction.  Other EA materials, such as aluminum honeycomb may be investigated for 

suitability, given its increased operating temperature and reduced temperature sensitivity 

when compared to the polyurethane EA Foam. Lastly, using this empirical testing as 
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validation, future FE modeling could allow for further study of foot positioning, intrusion 

effects, pedal interactions and driver bracing/active muscle influences.   
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1. ABSTRACT 

Previous research has detailed contributing factors to thoracolumbar compression fracture 

injury risk during frontal impacts in motorsport drivers utilizing a nearly recumbent driving 

position (Katsuhara, Takahira, Hayashi, Kitagawa, & Yasuki, 2017b; Trammell, Weaver, 

& Bock, 2006; Troxel, Melvin, Begeman, & Grimm, 2006).  This type of injury is very rare 

for upright seated motorsport drivers.  While numerous improvements have been made to 

the driver restraint system used in the National Association for Stock Car Auto Racing, 

Incorporated (NASCAR®) since 2000, two instances of lumbar compression fractures 

have occurred during frontal impacts.  Using computation modeling, this study explores 

the influence of initial driver position and seat ramp design on thoracolumbar loading 

during frontal impacts. 

Quasi-static component testing, dynamic component testing, an instrumented driver fit 

check, a seat ramp angle survey, and sled testing were conducted to provide 

computational finite element (FE) model inputs and serve as validation tests.  Upright 

magnetic resonance imaging (MRI) was conducted with a driver to visualize vertebral body 

locations with respect to the driver seat.  FE modeling was conducted with the 50th 

percentile male Hybrid III FE model (Humanetics, Plymouth, MI) to validate a motorsport 

restraint system model.  Sprague and Geers analysis was used to quantify and identify 

the optimally tuned FE model parameters.  A 3-factor latin hypercube (LHD) sample space 

was created for acceleration magnitude and the principal direction of force (PDOF) about 

the Z-axis and about the Y-axis across 20 simulations.  The Toyota Total Human Model 

for Safety (THUMS) was then used in four unique seat ramp angles in two unique 

postures, for a total of eight THUMS seated configurations.  All eight configurations were 

subjected to the 20 variable values of the LHD sample space for a total of 160 simulations.  



40 
 

A FE motorsport restraint system model was developed and validated against empirical 

component and sled test data.  The THUMS was used in the validated motorsport restraint 

system.  As seat ramp angles (SRA) increased, peak axial compressive force of T12, L1 

and L2 decreased.  For each SRA, the slouched THUMS initial position (TIP) produced 

lower peak axial compressive forces.  The peak XY resultant bending moment of T12 and 

L1 also decreased as SRA increased. 

2. INTRODUCTION 

The focus of this paper is thoracolumbar induced loading of motorsports drivers during 

frontal impacts.  Two NASCAR drivers are known to have experienced compression 

fractures of vertebral bodies during frontal or frontal oblique impacts.  Table 6 shows the 

specifics of these two cases. 
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Table 6. Lumbar injury case summaries 

 Case 1 Case 2 

Driver 32 YO male, 180.3 cm (71 in), 
74.8 kg (165 lbs) 

21 YO male, 175.3 cm (69 in), 
76.2 kg (168 lbs) 

Crash Pulse 41 G XY Resultant Peak, 61.2 
kph (38 mph) XY ΔV, 17° XY 
PDOF right of front, 20° XZ 

PDOF below horizontal 

60 G XY Resultant Peak, 86.9 
kph (54 mph) XY ΔV, 5° XY 

PDOF right of front, 7° XZ PDOF 
below horizontal 

Restraint 
System 

ABTS Composite Seat (SFI 39.1) 

SRA = unk, est from pictures 
~40° 

Energy Absorbing Seat Foam 
Insert (SFI 45.2) with 3D cooling 

mesh under driver 

7-pt Seat Belt Restraint System 
(SFI 16.5) 

HANS Head & Neck Restraint 
(SFI 38.1) 

Helmet (Snell SA2010) 

ABTS Composite Seat (SFI 39.1) 

Averaged SRA = 47° 

Energy Absorbing Seat Foam 
Insert (SFI 45.2) 

9-pt Seat Belt Restraint System 
(SFI 16.6) 

HANS Head & Neck Restraint 
(SFI 38.1) 

Helmet (Snell SA2010) 

Injury of 
Interest 

Stable acute L1 superior endplate 
vertebral body compression 

fracture 

Stable acute L1 and L2 superior 
endplate vertebral body wedge 

compression fractures 

Recovery Fitted with thoracolumbosacral 
orthosis (TLSO) brace, cleared to 

return to racing 39 days later 

Fitted with Jewett brace, cleared 
to return to racing 47 days later 

 

While extensive biomechanical research has been conducted on the cervical spine and 

many injury criteria are available, less information is available for the thoracic and lumbar 

spines.  Large portions of lumbar research have focused on non-crash related low back 

pain with its associated loads and rates (Yoganandan, Arun, M., W., Stemper, B., Pintar, 

F., & Maiman, D., 2013). 

Rao, et al identified passenger vehicle crashes as a leading cause of vertebral body 

fracture (Rao, Berry, Yoganandan, & Agarwal, 2014). Müller, et al showed that while seat 

belts are effective in reducing injury, including the likelihood of vertebral body fracture, 
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these injuries still occur, particularly with higher speeds, rollovers and multiple-impact 

crashes (Müller et al., 2014).  Pintar, et al identified frontal impacts as the leading PDOF 

for thoracolumbar fractures (Pintar, Yoganandan, Maiman, Scarboro, & Rudd, 2012). 

In the motorsport realm of occupant protection, previous researchers have also focused 

on thoracolumbar fracture risk and possible interventions (Katsuhara et al., 2017a; Pintar 

et al., 2012; Trammell et al., 2006; Troxel et al., 2006).  However, this research has been 

focused around a recumbently oriented motorsport drivers, common to open wheel racing.  

In this near recumbent seating position the lumbar spine may be described as approaching 

horizontal, while the superior thoracic and cervical spines are oriented near vertical.  The 

knees and ankles are commonly superior to the driver’s pelvis and the pelvis assumes a 

near supine orientation.  During frontal impacts this occupant posture promotes good 

pelvis restraint, while allowing significant forward and downward motion of the torso, 

leading to large combinations of spinal bending and compression loads.  Figure 29, 

reproduced with permission from SAE Paper 2006-01-3633 shows this near recumbent 

driving posture (Troxel et al., 2006).  Figure 30, depicts a typical modern NASCAR driver 

orientation.   

Figure 29. Quasi-recumbent driver seating position – Reproduced with permission from 
SAE 2006-01-3633. 
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Figure 30. Typical NASCAR driver seating position 

 

 

The typical modern NASCAR driver position more closely resembles a passenger vehicle 

than the driver posture shown in Figure 29.  Historically, NASCAR drivers used actual 

seats from passenger cars.  These seats were often modified to facilitate operation of the 

race vehicles on high banked tracks.  Later, purpose built aluminum race-seats replaced 

these modified passenger car seats, but the general upright seated posture of the driver 

remained (J.P. Patalak & Melvin, 2009).  In these aluminum race-seats, a clear delineation 

between the seat back and seat bottom were often present.   

In the first few years of the twenty-first century, composite race seats gained popularity 

and the distinction between seat back and seat bottom became increasingly difficult to 

identify.  Molded foam inserts, used in the composite seats, have greatly improved 

occupant coupling to the seat structure and vehicle, while allowing for energy absorption, 

but have also opened the opportunity for the drivers to begin to assume a somewhat 

slouched, or quasi-recumbent position during the molding process, albeit to a lesser 

degree than shown in Figure 29.              
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The seat belt restraint, head and neck restraint (HNR), helmet and seat bottom together 

provide the primary driver restraint to appropriate load bearing portions of the driver’s body 

during frontal impacts.  Beginning in the 2015 NASCAR racing season all drivers in 

NASCAR’s premier series (Monster Energy NASCAR Cup Series (MENCS)) were 

required to use a 7 or 9-point seat belt restraint system meeting the SFI 16.6 specification 

(SFI, 2014).  This seat belt restraint system consists of two lap belts, two anti-submarine 

belts, one negative G belt and either two or four shoulder belts.  All seat belt anchorages 

are contained within the driver’s seat.  The shoulder belts of a 9-point system have four 

individual anchorage locations and consists of a 75 mm (3.0 inch) wide body belt (or under 

belt) and a 50 mm (2.0 inch) wide HANS (Head and Neck Support device) belt (or over 

belt).  The over belt is typically oriented horizontally to the anchorage for frontal restraint, 

while the body belt may be positioned with a downward angle to improve vertical retention.  

On each side, the over and under belts are sewn together to form a merge point, which is 

typically located near the level of the drivers xiphoid process.  A 7-point system has single 

individual left and right shoulder belts, which pass over the HNR device.  Diagrams of a 

7-point and 9-point seat belt restraint system are shown in Figures 31 and 32.   
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Figure 31. 9-point seat belt restraint system 

 

Figure 32. 7-point seat belt restraint system 

 

 

Pretensioners are not used with the motorsport seat belt system.  While webbing length 

adjuster configurations vary, drivers always have shoulder belt adjusters and usually at 

least one lap belt adjuster.  Typically, the remaining system belts are fixed (sewn-to-
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length) length; unique for each driver.  It is common practice for teams to have ± 3 mm 

(0.13 inch) length increments readily available of each fixed belt, which can be quickly 

changed for driver fitment and comfort.  This allows for reduced system adjustment 

hardware: improving fit and comfort, removing adjusters from the webbing load path and 

reducing system weight.  Drivers often use pull-up adjuster(s) on the lap belts, to orient 

the belt tightening pull direction advantageously.  Force/load limiters are also not used 

with the motorsport seat belt system.  Secondary and tertiary impacts in motorsports are 

common and preclude their use.   

Drivers are also required to use a HNR device and full face helmet.  The primary purpose 

of the HNR is to reduce neck loads and injurious head kinematics (Gramling & Hubbard, 

2000).  The helmet completes the load path between the skull, HNR and shoulder belts.  

This restraint assembly has been effective in protecting drivers from severe impacts.  

Somers et al. summarized all national series NASCAR recorded impacts during the 2002-

2008 race season which included 4,071 impacts, of which 44 included injury (Somers et 

al., 2011).  Somers, et al also found that while NASCAR drivers commonly experience 

high speed impacts, injuries are rare and often minor.   

Drivers are also required to use NASCAR approved all-belts-to-seat (ABTS) seats, 

meeting the SFI 39.1 specification (SFI, 2015b).  The seat is the primary source of driver 

restraint during lateral and rear impacts (J.P. Patalak & Melvin, 2009).  Drivers are typically 

cast into the structure of the seat using a two-part liquid foam molding process.  Once set, 

the SFI 45.2 compliant foam (SFI, 2013) may be used as-is, but is usually scanned to 

allow for future insert machining from foam billets.  This allows for easy replacement of 

foam and continuity of seating position, without having to repeatedly subject the driver to 

the molding process.  Drivers are currently required to have a minimum foam thickness of 

19.05 mm (0.75 inch) in the area directly under the driver (drivers waist/belt line to 102 
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mm (4.0 inch) forward of the lap belt anchors and 127 mm (5.0 inch) left and right).  Driver 

seating position is unique to each driver. Drivers position their bodies prior to the liquid 

foam being added into the seat structure, at which point their pelvis may assume upright 

or slouched postures.  Seats are rigidly mounted to the vehicle chassis without any 

position adjustment.  Each driver may have multiple seat mounting orientations and/or 

foam seat inserts depending on the track configuration.     

3. METHODS 

Quasi-static Testing 

Quasi-static compression testing of the SFI 45.2 energy absorbing (EA) seat insert foam 

was conducted.  BSCI Incorporated (Mooresville, NC) supplied a high density foam 

described as a closed cell, cross-linked polyethylene foam which meets and exceeds the 

SFI 45.2 testing criteria.  The foam was supplied in 101.6 mm (4.0 inch) thick sheets.  The 

foam density was 29.5 kg/m3 (1.84 lbs/ft3). 

Square foam samples, each 10,322.6 mm2 (16.0 in2), were subjected to compressive 

loading, at a constant rate of 0.635 millimeters per second (0.025 in/s).  The test setup is 

shown in Figure 33.  The stress strain curve along with the BSCI material data sheet 

information is shown in Figure 34.  

Figure 33. BSCI W18 foam quasi-static compression testing 
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Figure 34. BSCI W18 foam stress strain curve 

 

Quasi-static tensile testing was also conducted on a lap, negative G and shoulder belt, 

which were of the same make and model as the seat belt assembly used during sled 

testing.  A constant load rate of 1.52 mm (0.06 in) per second was applied.  The negative 

G and anti-submarine belts were constructed from the same webbing.  The resulting stress 

strain curves are shown in Figure 35.  The test setup is shown in Figure 36.       

Figure 35.  Quasi-static seat belt stress strain curves 
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Figure 36.  Quasi-static seat belt tensile test setup 

 

Drop Testing 

Dynamic drop testing of the SFI 45.2 foam was conducted.  A 7.23 kg (16.0 lb) steel 

hemisphere with a 254 mm (10.0 in) diameter impacted the foam at 33.8 kph (21.0 mph).  

The foam block was 152.4 mm (6.0 in) thick and 508 mm (20.0 in) square.  Three drops 

were conducted on three new pieces of foam.  High speed video recorded at 1 kHz was 

used for hemisphere tracking.  Hemisphere accelerations for all three tests along with the 

drop test FE simulation acceleration are shown in Figure 37.  A still image from the high 

speed video is shown in Figure 38. 

 

Figure 37. Foam drop test & simulation hemisphere accelerations 
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Figure 38. High speed video frame 

 

Sled Testing 

A zero-degree (0°) frontal sled test was conducted at the Takata sled (Instron Structural 

Testing Systems, Norwood, MA) test laboratory in Auburn Hills, Michigan.  The Instron 

sled uses a servo valve to control hydraulic flow to achieve the acceleration test pulse.  

The system’s pitching (vertical axes) capabilities were not used for this test.  

Sled acceleration and 50th percentile male ATD data was acquired at 20 kHz and 

processed according to SAE J211 (SAE, 2014) standards.  The ATD was calibrated prior 

to the test.   

Seat belt restraint loads were recorded at each individual mounting location.  For the 

shoulder belts, load cells (model 5325) from Humanetics Innovative Solutions, 

Incorporated (Plymouth, MI) were used, as shown in Figure 39.  For the lap belts, anti-

submarine belts and negative G belt custom instrumented anchorages were used (U.S. 

patent 9580042B2).  Pretest seat belt restraint loads and the pretest position of the ATD, 

helmet and HANS were recorded. 
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Figure 39. Shoulder belt load cells 

 

The sled test used the motorsports industry standard SFI 38.1 (SFI, 2015a) acceleration 

pulse, shown in Figure 40.  A pretest photo of the ATD is shown in Figure 41.   

Figure 40. Sled test acceleration and velocity change. 
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Figure 41. Pretest ATD position 

 

 

A new SFI 16.6 seven point seat belt restraint system was used.  All webbing adjusters 

were marked pretest and checked for slippage post-test. A HANS HNR device was used.  

The SFI 45.2 seat foam insert was machined to produce a 30° SRA.  Additional details of 

this sled test as well as other tests using this setup have been previously published (John 

Patalak & Stitzel, 2017). 

Instrumented Driver Fit Check 

An ABTS composite seat was instrumented with seat belt load cells and installed in a race 

prepped vehicle.  Seat belt loads were recorded as a driver donned the seat belt restraint 

system.  Shoulder and lap belt loads fluctuated with respirations.  The driver was asked 

to pause breathing and the averaged left and right loads were 91.2 N (20.5 lbs), 110.3 N 

(24.8 lbs) and 3.7 N (0.83 lbs) for the shoulder, lap and anti-submarine belts, respectively.  

The single negative G belt was measured at 0.5 N (0.11 lbs) during the same duration. 

Seat Ramp Angle Survey 

A survey of seat ramp angles was taken for all NASCAR National series drivers.  The red 

line in Figure 42 depicts the location at which the seat insert was measured.  The green 
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line represents horizontal (zero degrees).  Each driver’s seat insert was measured on the 

left and right legs.  The left and right angles vary depending on the driver’s preference for 

interacting with accelerator, brake and clutch pedals.   

Figure 42. NASCAR Driver seat insert & cross-section with seat ramp measurement 
location 

 

In total 116 vehicles (unique seats) were measured.  The minimum angle measured was 

18°, maximum was 49° and the mean of the averaged left and rights was 32° above 

horizontal.  A frequency histogram is shown in Figure 43.  

Figure 43. Seat ramp angle frequency histogram 
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Upright MRI 

A FONAR Corporation (Melville, NY) Upright Multi-Position 0.6 Tesla Open MRI was used 

to obtain images of a driver in the race seat position.  A custom foam seat insert was 

machined to fit between the MRI coils, while retaining the seat back and seat ramp angles.  

A standard FONAR Quad Planar Coil was used.  Figure 44 shows how the original insert 

CAD was fit into the MRI before the insert was trimmed.  A wood floor, toe board and 

steering column were installed relative to the seat insert.  A plastic steering wheel was 

also utilized.  Radiopaque markers were used in the seat insert to correlate driver vertebral 

body location relative to the seat foam insert.  The driver from Table 6, Case 2 was 

scanned.  The driver seated in the MRI and an MRI image is shown in Figure 45.  The 

MRI imaging was used to confirm a realistic settled position of THUMS.  The 50° SRA, 

upright THUMS position configuration was representative of the MRI seated driver 

position.  Using the seat insert radiopaque marker, the settled THUMS anterior-superior 

corner of the L2 vertebral body (sagittal view) was confirmed to be within 4 mm (0.16 in) 

of the MRI scanned driver’s L2 vertebrae. 

Figure 44. Upright MRI seat insert fitment (Quad Coil in red, MRI patient table in green) 
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Figure 45. MRI driver position and lumbar spine image 

 

 

FE Simulation 

The LS-DYNA (version: MPP S R7.1.2, Livermore Software Technology Corporation, 

Livermore, CA) FE solver was used and run on the Wake Forest University DEAC and the 

Pittsburgh Supercomputing Center’s Bridges clusters.  LS-PrePost (versions: 4.2 & 4.3, 

Livermore Software Technology Corporation, Livermore, CA) and MATLAB (version 

R2015b, MathWorks, Inc., Natick, Massachusetts) were used for pre- and post-

processing. 

FE simulation of the SFI 45.2 foam drop testing was conducted.  The hemisphere was 

modeled as rigid.  The foam was modeled using *MAT_LOW_DENSITY_FOAM.  The 

correlation of the simulation and the empirical hemisphere acceleration is shown in Figure 

37. 

FE simulation of the sled test was also conducted.  The 50th percentile male Humanetics 

Hybrid III FE model (version 7.1.8) was used.  Settling of the ATD consisted of setting the 

pelvic angle, manipulating the torso, head and limbs, locking all joints and then applying 

gravity.  The nodes shown in Figure 46 were used for ATD positioning.  After settling and 
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seat belt restraint system pre-tensioning simulations the ATD node locations had an 

average error of 2 mm (0.079 in) with a maximum error of 13 mm ( 0.51 in) at the ankle.  

The SFI 38.1 sled test pulse was applied and ATD and seat belt load signals were filtered 

according to SAE J211. 

Figure 46. ATD positioning nodes 

 

 

The helmet was modeled as rigid and constrained to the ATD skull using 

*CONSTRAINED_RIGID_BODIES.  The HANS device was also modeled as rigid.  The 

seatbelt restraint system was modeled using 1 and 2D elements with *MAT_SEATBELT 

and *MAT_FABRIC material models, respectively.  A Sprague & Geers error analysis 

(Sprague & Geers, 2004) was used to compare the sled ATD and belt force signals to the 

FE simulation signals.  Empirical sled test ATD and FE ATD resultant pelvis acceleration 

and lumbar axial force overlays are shown in Figure 47.  Seat belt load overlays are shown 

in Figure 48. 
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Figure 47. Empirical sled test & FE ATD data overlays 
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Figure 48. Empirical sled test & FE seat belt load overlays
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FE simulation using the THUMS (version 4.01) was then conducted using this validated 

FE motorsport restraint system.  Injury metric post-processing was done using the IPPP 

(Injury Prediction Post-Processor) software tool (Golman, Danelson, & Stitzel, 2015; 

Miller, Gaewsky, Weaver, Stitzel, & White, 2016). 

160 simulations were used to evaluate the influence of five variables on thoracolumbar 

loading in the validated motorsport restraint system.  Two of the variables had fixed values 

and three of the variables had values filled using a latin hypercube (LHD) sample space 

(Stocki, 2005).  The variables and their fixed values or LHD limits are shown in Table 7.   

Table 7. THUMS study variables 

Variable Type Values or Limits 

Seat Ramp Angle (SRA) Fixed (Discrete) 20°, 30°, 40°, 50° 

THUMS Initial Position (TIP) Fixed (Discrete) Upright (UP) or Slouched 
(SLO) 

Acceleration Pulse 
Multiplier (Pulse) 

LHD (Continuous) 0.9 to 1.1 

PDOF about Z-axis LHD (Continuous) ± 10° 

PDOF about Y-axis LHD (Continuous) ± 10° 
 

SRA and TIP were selected as discrete variables due to the manual nature of the settling 

and belting simulations required for each of the combinations of these parameters. The 

combination of SRA and TIP produced eight THUMS seated configurations, which are 

shown in Figure 49.  A sample space of 20 was used to fill the Pulse and PDOF’s using 

the LHD.  Each of the eight seated configurations was then simulated for all 20 variable 

sets, totaling 160 simulations.  The LHD variable space which was applied to each of the 

eight seated configurations is shown in Figures 50 and 51. 
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Figure 49. Eight Seated Configurations  

Seat Ramp 

Angle (SRA) 

Initial THUMS Position (TIP) 

Upright Slouched 

20° 

 

30° 

40° 

50° 

 

Figure 50. LHD variable space  
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Figure 51. Top & side views of PDOF with pulse magnitude depicted by line length (red 
line indicates 0° frontal with no pulse scaling) 

 

The acceleration pulse for the FE simulations were derived from the two case study 

pulses and is shown in Figure 52 in black and grey (SFO = 1.0).  Acceleration curve 

scale factors for the ordinate (SFO) of 0.9, 1.1 and 1.5 are also shown. 
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Figure 52. FE simulation acceleration pulse  

 

For all FE simulations, the lap and anti-submarine belt anchorage locations were the 

same.  The shoulder belt anchorages were moved in Z for each of the eight seated 

configurations to maintain a horizontal shoulder belt between the seat anchorage and the 

HANS HNR.  This was an iterative process due to gravity and seat belt pre-tensioning 

during the first 40 milliseconds of the simulations.  All eight seat configurations had 

shoulder belt angles of 0° (± 2.6°) between the seat and HANS HNR at 40 milliseconds.  

The negative G belt anchorage was moved forward for the slouched TIPs.  The eight 

seated configurations had an average lap belt angle (measured at 40 milliseconds) of 

51.6° above horizontal with a maximum of 54.2° and a minimum of 47.7°. 

For each simulation, the first 40 milliseconds were used for seat belt pre-tensioning.  

Specifically, the shoulder belts were tensioned to 91.2 N (20.5 lbs) and the lap belts to 

110.3 N (24.8 lbs).  The anti-submarine belts and negative G belts did not have 

pretensioners applied, but did have minimal residual pre-pulse tension from the shoulder 
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and lap belt pre-tensioning sequence.  This method of seat belt system pre-tensioning 

was deemed most representative of the real world conditions.  The negative G and anti-

submarine belts are not typically equipped with driver-useable webbing length adjusters. 

For each of the eight seated configurations the cervical, thoracic and lumbar spine angles 

along with the pelvic and hip angles were calculated using nodal coordinates as shown in 

Figure 53.  The spine angles were calculated through the body centers of the most 

superior and inferior vertebrae of each respective spine segment.  The pelvic angle was 

calculated using the coordinates of the anterior superior iliac spine (ASIS), the posterior 

superior iliac spine (PSIS) and a horizontal reference line.  The hip angle was calculated 

using the coordinates of the femur intercondylar fossa and the greater trochanter relative 

to a perpendicular reference line from the pelvic angle (ASIS-PSIS line).  The angles for 

all eight seated configurations are shown in Table eight. 

Figure 53. Spine, pelvic and hip angles 
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Table 8. Seated configuration spine, pelvic and hip angles 

Seating 
Configuration 

Cervical 
Angle 

Thoracic 
Angle 

Lumbar 
Angle 

Pelvic 
Angle 

Hip 
Angle 

20UP 50.8 49.6 12.2 130.6 114.6 

20SLO 58.3 56.4 13.8 121.5 123.2 

30UP 47.9 51.9 6.9 134.5 106.9 

30SLO 55.4 57.3 14.0 118.3 117.1 

40UP 56.4 54.7 8.4 129.2 103.1 

40SLO 48.6 50.9 20.4 107.6 122.9 

50UP 53.1 49.8 10.4 125.4 92.9 

50SLO 45.8 56.5 19.6 108.7 114.5 

 
It is important to note that the slouched nomenclature used in this research is not indicative 

of the typical passenger vehicle occupant posturing who may experience submarining of 

the lap belt due to detrimental pre-impact posture.  Rather, the terminology is being used 

here as a qualitative description of a motorsport driver who has been permanently molded 

into the seat insert with smaller pelvic angle and/or a further forward H-point when 

compared to an upright posture. 

In addition to the 160 simulations, eleven additional simulations were conducted to further 

explore the THUMS response.  Eight of these eleven simulations used the eight individual 

THUMS seated configurations at 0° frontals, but with the 1.5 SFO pulse, shown in Figure 

52.  Three simulations were conducted to assess the influence of the seat back angle on 

thoracolumbar loading and for comparison to previous research.  Using the four upright 

seated configurations, the 20° SRA was rotated rearward 30° about the Y-axis, the 30° 

SRA was rotated 20° and the 40° SRA was rotated 10°, each producing a 50° SRA as 

shown in Figure 54.  These rotations provided 10° seat back angle increments while 

maintaining a consistent 50° SRA.  Due to the continuous curvature of the seat back insert, 

the seat back angle was defined between nodes at the top and bottom of the insert, also 

shown in Figure 54. 
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Figure 54. Seatback angle simulations setup and seat back angle measurement  

 

 

4. RESULTS 

Using the IPPP, cross sectional forces and moments of each thoracic and lumbar vertebral 

body were measured and recorded.  An example of the lumbar spine axial force is shown 

in Figure 55 for the 30° upright zero degree frontal simulation.  The first 0.04 seconds are 

seat belt pre-tensioning only. 
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Figure 55. 30UP lumbar spine axial force (Fz) with inset of peaks 

 

Peak forces and moments of each vertebral body for all simulations were tabulated.  

Figure 56 shows the peak axial compressive force of T12, L1 and L2 vertebral bodies for 

all 160 LHD simulations.  Figure 57 shows the peak resultant XY bending moment of T12, 

L1 and L2 vertebral bodies for all 160 LHD simulations.  The three orange data points at 

the end of each seated configuration group represent the zero degree frontal with no 

acceleration magnitude scaling simulation in both Figure 56 and 57. 
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Figure 56. Vertebral body peak compressive force 

 

 

Figure 57. Vertebral body peak resultant XY moment 

 

 

Mean peak maximum principal strain for the cortical bone elements of each vertebral body 

for each simulation were also tabulated.  Fringe plotting was also conducted for the zero 

degree frontal simulations to visualize the location of the peak strains.  A frame from the 

20UP fringe plot at maximum strain is shown in Figure 58.  A summary of the mean peak 
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maximum principal strains for the T12, L1 and L2 vertebral bodies of eight zero degree 

frontal simulations is shown in Figure 59. 

Figure 58. 20UP fringe plot at mean peak maximum strain of cortical bone
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Figure 59. Summary of mean peak maximum principal strains for the eight 0° frontals 

 

The ASIS and PSIS nodal coordinates were tracked with respect to time for each of the 

eight zero degree frontal simulations.  Figures 60 and 61 show the baseline shifted time 

histories of the ASIS and PSIS for these eight simulations. 

Figure 60. ASIS XZ motion with respect to time 
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Figure 61. PSIS XZ motion with respect to time 

 
 
Seat belt restraint system belt forces were evaluated for the eight zero degree frontal 

simulations.  The left and right shoulder, lap and anti-submarine belts were averaged and 

the average peak belt force tabulated.  The peak averaged shoulder belt, lap belt and anti-

submarine belt forces are shown in Figures 62, 63 and 64, respectively. 

Figure 62. Peak averaged shoulder belt forces 
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Figure 63. Peak averaged lap belt forces 

 
 

Figure 64. Peak averaged anti-submarine belt forces 

 

The same data was captured for the eleven additional simulations.  The eight zero degree 

frontal simulations with the acceleration magnitude scaled to SFO = 1.5 were compared 

to the identical simulations with an acceleration magnitude scaled to SFO = 1.0 in Figures 

65 and 66. 
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Figure 65. Vertebral body peak compressive force for 0° frontals of two different acceleration 
severities 

 
 
 

Figure 66. Vertebral body peak resultant XY moment for 0° frontals of 2 different acceleration 
severities  

 
 

The last three simulations, shown in Figure 54 evaluated the effect of seat back angle on 

the THUMS kinematics.  These three simulations are grouped with the 50UP zero degree 

frontal for a set of four seat back angles, all with a 50° SRA.  The force and moment data 

for T12, L1 and L2 for these four simulations are shown in Figures 67 and 68. 
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Figure 67. Vertebral body peak compressive force for varying seat back angles 

 
 

Figure 68. Vertebral body peak resultant XY moment for varying seat back angles 
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5. DISCUSSION 

The purpose of this study was to explore the influence of initial motorsport driver position 

and seat ramp design on thoracolumbar loading during frontal impacts.  This study 

focused on motorsport occupants with a common seat back angle, which would be 

described as upright, when compared to open wheel motorsport driver postures.  For this 

study the THUMS posture was changed between an upright and slouched posture across 

four unique SRA seat inserts.   

IBM SPSS Statistics version 24 (IBM Corporation, Armonk, New York) was used for data 

analysis.  An independent-samples t-test was conducted to compare peak axial 

compressive forces in the T9-L5 vertebral bodies in the slouched and upright THUMS 

postures.  There was a significant difference in the scores for slouched and upright 

postures, as shown in Table 9. 
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Table 9. Independent-samples t-test for peak Fz between slouched and upright postures 
Group Statistics Independent Samples Test 

 TIP N Mean (N) 
Std. 

Deviation 
Std. Error Mean t df P-value 

T9 Fz 

UP 80 -3316.3 473.2 52.9 

-15.63 158.0 0.000 

SLO 80 -2072.7 531.6 59.4 

T10 Fz 

UP 80 -3453.2 470.6 52.6 

-16.43 158.0 0.000 

SLO 80 -2133.2 543.2 60.7 

T11 Fz 

UP 80 -3743.2 441.9 49.4 

-17.82 151.6 0.000 

SLO 80 -2347.3 543.9 60.8 

T12 Fz 

UP 80 -4254.9 407.8 45.6 

-20.05 146.3 0.000 

SLO 80 -2727.8 545.8 61.0 

L1 Fz 

UP 80 -4391.6 395.9 44.3 

-21.25 147.9 0.000 

SLO 80 -2845.0 517.0 57.8 

L2 Fz 

UP 80 -4655.8 383.8 42.9 

-22.81 150.4 0.000 

SLO 80 -3083.6 482.4 53.9 

L3 Fz 

UP 80 -4658.1 357.5 40.0 

-23.53 152.7 0.000 

SLO 80 -3184.4 431.5 48.2 

L4 Fz 

UP 80 -4631.0 381.8 42.7 

-21.52 158.0 0.000 

SLO 80 -3215.7 447.4 50.0 

L5 Fz 

UP 80 -4785.5 380.6 42.5 

-21.51 158.0 0.000 

SLO 80 -3361.8 453.4 50.7 

 

These results show that the THUMS posture does have a statistically significant effect on 

peak compressive forces in thoracolumbar spine vertebral bodies T9-L5.  Specifically, the 

slouched posture produced lower peak axial compressive forces. 

A second independent-samples t-test was conducted to compare the peak XY resultant 

bending moment in the T9-L5 vertebral bodies in the slouched and upright THUMS 

postures.  There was a significant difference in the scores for slouched and upright 

postures, except in the 10th thoracic vertebrae, as shown in Table 10. 
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Table 10. Independent-samples t-test for peak resultant XY bending moment between slouched 
and upright postures 

Group Statistics Independent Samples Test 

 TIP N 
Mean 

(N-m) 
Std. Deviation Std. Error Mean t df P-value 

T9 Mxy 

UP 80 24.6 6.7 0.8 

-2.04 129.6 0.044 

SLO 80 27.6 11.2 1.2 

T10 Mxy 

UP 80 35.8 9.0 1.0 

-1.17 142.0 0.242 

SLO 80 37.8 12.8 1.4 

T11 Mxy 

UP 80 51.6 12.1 1.4 

2.18 158.0 0.031 

SLO 80 47.1 14.0 1.6 

T12 Mxy 

UP 80 88.8 16.6 1.9 

10.14 158.0 0.000 

SLO 80 63.9 14.3 1.6 

L1 Mxy 

UP 80 120.4 18.1 2.0 

14.59 146.8 0.000 

SLO 80 83.4 13.7 1.5 

L2 Mxy 

UP 80 120.2 10.9 1.2 

21.33 143.7 0.000 

SLO 80 88.2 7.9 0.9 

L3 Mxy 

UP 80 91.8 13.1 1.5 

7.63 154.6 0.000 

SLO 80 77.0 11.3 1.3 

L4 Mxy 

UP 80 86.0 15.9 1.8 

3.58 154.3 0.000 

SLO 80 77.7 13.6 1.5 

L5 Mxy 

UP 80 88.9 18.9 2.1 

4.08 158.0 0.000 

SLO 80 77.9 15.1 1.7 

 

These results show that the THUMS posture does have a statistically significant effect on 

the peak XY resultant bending moment in thoracolumbar spine vertebral bodies T9-L5, 

except for T10.  T9 and T11 also exhibited reduced levels of significant difference.  This 

may be due to the structural influences of the superior thorax anatomy.  Specifically, the 

slouched posture produced lower peak XY resultant bending moments in the T11-L5 

vertebral bodies. 
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Two separate one-way ANOVA (analysis of variance) tests were conducted to determine 

the presence of a statistically significant difference between SRA for peak axial 

compressive force and peak XY resultant bending moment in vertebral bodies T12-L2.  

The 80 upright TIP simulations were used in the first ANOVA, shown in Table 11 and the 

80 slouched TIP simulations were used in the second ANOVA, shown in Table 12. 
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Table 11. One-way ANOVA test for SRA and peak axial compressive force and resultant XY 
bending moment in upright TIP simulations 

Axial Force 

(Fz) 
SRA N 

Mean 

(N) 
Std. Deviation 

P 

Value 

T12 

20 20 -4654.8 310.6 

0.000 

30 20 -4349.6 270.9 

40 20 -4131.4 313.3 

50 20 -3883.9 291.2 

L1 

20 20 -4782.3 296.9 

0.000 

30 20 -4476.6 275.0 

40 20 -4281.6 299.4 

50 20 -4025.9 276.4 

L2 

20 20 -4986.2 317.9 

0.000 

30 20 -4727.2 308.6 

40 20 -4575.6 300.9 

50 20 -4334.0 299.4 

XY Resultant 
Bending 

Moment (Mxy) 
SRA N 

Mean 
(N-m) 

Std. Deviation 
P 

Value 

T12 

20 20 94.8 18.5 

0.033 
30 20 90.7 18.1 

40 20 89.5 13.2 

50 20 80.0 13.4 

L1 

20 20 123.8 20.3 

0.183 
30 20 122.6 20.3 

40 20 122.4 16.4 

50 20 112.7 13.8 

L2 

20 20 115.3 10.0 

0.106 
30 20 120.0 10.7 

40 20 122.8 11.0 

50 20 122.5 11.0 
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Table 12. One-way ANOVA test for SRA and peak axial compressive force and resultant XY 
bending moment in slouched TIP simulations 

Axial Force (Fz) SRA N 
Mean 

(N) 

Std. 

Deviation 

P 

value 

T12 

20 20 -3532.3 213.4 

0.000 

30 20 -2833.6 174.8 

40 20 -2243.5 104.9 

50 20 -2301.7 143.0 

L1 

20 20 -3602.1 185.4 

0.000 

30 20 -2956.5 171.9 

40 20 -2380.8 120.0 

50 20 -2440.7 132.5 

L2 

20 20 -3776.2 183.8 

0.000 

30 20 -3177.9 195.4 

40 20 -2647.0 174.9 

50 20 -2733.2 144.6 

XY Resultant 
Bending 

Moment (Mxy) 
SRA N 

Mean 
(N-m) 

Std. 
Deviation 

P 
Value 

T12 

20 20 75.4 13.1 

0.000 
30 20 65.2 13.2 

40 20 63.5 11.7 

50 20 51.5 7.9 

L1 

20 20 92.4 14.0 

0.000 
30 20 85.0 14.0 

40 20 81.1 11.8 

50 20 74.9 8.8 

L2 

20 20 88.1 7.0 

0.701 
30 20 86.5 8.3 

40 20 88.7 9.2 

50 20 89.4 7.0 

 

These results show that SRA does have a statistically significant effect on the peak axial 

compressive force in T12-L1.  Specifically, the peak axial force decreases as SRA 

increases, except for the 50° SRA in the slouched TIP, shown in Figure 69.  The effect of 
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SRA on the peak XY resultant bending moment was mixed between upright and slouched 

TIPs and the individual vertebrae, as shown in Figure 70.  A consistent statistically 

significant difference was not found. 

Figure 69. SRA and mean peak axial force for T12-L1 

 
 

Figure 70. SRA and mean peak XY resultant moment for T12-L1 
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Additional analyses of the eight zero degree frontal simulations were conducted.  The axial 

forces are calculated in IPPP by summing the individual element forces which are 

contained in the vertebral body cross section.  This method provides an overall axial force 

for the entire vertebral body cross section.  Therefore, cortical bone element strains of the 

entire vertebral bodies were evaluated to check that localized peak strains did not deviate 

from the overall vertebral body cross sectional loading characterizations.  As shown in 

Figure 59 the slouched posture produced lower peak strains than the upright posture 

across the eight zero degree frontal simulations, which generally agreed with both the 

peak axial compressive force and XY resultant bending moment trends.   

The effect of pelvic restraint has previously been identified as a significant contributor to 

successful occupant restraint (J. Patalak et al., 2015).  Pelvis motion in the XZ plane for 

the eight zero degree frontal simulations was shown in Figures 60 and 61 for the ASIS 

and PSIS, respectively.  Figures 71 and 72 show both the ASIS and PSIS for the upright 

and slouched postures, respectively, for the same eight simulations.  The ASIS and PSIS 

initial positions have been baseline shifted to a common starting location, relative to the 

ASIS.   
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Figure 71. ASIS and PSIS traces for the upright posture zero degree frontal simulations 

 
 

Figure 72. ASIS and PSIS traces for the slouched posture zero degree frontal simulations 

 

For the upright and slouched postures, pelvic restraint was increased (less forward pelvic 

translation) as SRA increased as shown in Figure 73.  It was also noted that for each of 

the slouched posture configurations, the left and right ischial tuberosity were initially 

positioned closer to the seat ramp. 
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Figure 73. Peak ASIS and PSIS X-axis displacements 

 

As shown in Figures 63 and 64, the lap and anti-submarine belt averaged peak loads also 

decreased as SRA increased.  These observations suggest that increased SRA angles 

contributed to forward pelvic restraint. 

It was also noted that for the two larger SRA inserts, the PSIS translated further forward 

in the slouched posture when compared to the respective upright posture, while the ASIS 

peak translation remained nearly constant between TIPs.  This indicates greater dynamic 

pelvic rotation in the 40 and 50 SRAs slouched posture than in the upright posture, which 

may be related to the smaller (more supine) initial pelvic angle of the slouched TIPs.   

Eight additional zero degree frontal simulations with the acceleration magnitude scaled to 

1.5 were conducted to understand the effect of a larger acceleration magnitude on the 

vertebral body force and moment trends.  As shown in Figures 65 and 66, similar force 

and moment versus SRA relationships were found with the more severe simulation 

acceleration pulses.   
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Four simulations were performed to assess the influence of seat back angle on the 

thoracolumbar loads.  As shown in Figures 67 and 68, forces and resultant bending 

moments in T12, L1 and L2 generally increased as seat back angle increased (more 

reclined).  This trend is consistent with previous research by Jones, et al (Jones et al., 

2016).  It is important to note that the shoulder belt angles were not adjusted for these 

seat back angle simulations, which has previously been shown to influence thoracolumbar 

loading (Katsuhara et al., 2017a; Troxel et al., 2006) in a recumbent driving position. 

Focusing on the case studies fractured vertebrae of L1 and L2, the slouched posture 

produced smaller peak axial compressive forces and smaller peak XY resultant bending 

moments.  The slouched posture also produced lower peak strains.   It was also shown 

that as SRA increased, the vertebral body peak axial force decreased, except for the 50° 

SRA in the slouched posture.  A consistent statistically significant difference was not found 

between SRA and the peak XY resultant vertebral body bending moment.   

Yoganandan, et. al, developed a thoracic and lumbar spine fracture axial force-based 

probability curve for vertical impact loading using post mortem human spinal columns 

(Yoganandan et al., 2013).  They found that 3.7 kN (832 lbf) peak force in the 

thoracolumbar spine was associated with a 50% probability of fracture.  While these tests 

were vertical impacts, the vertical component of spinal loading during frontal impacts has 

been previously identified and documented (Begeman, King, & Prasad, 1973).  Using the 

Yoganandan, et. al curve, Figure 74 shows the fracture probability for the eight zero 

degree frontal simulations for T12-L1. 
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Figure 74. Yoganandan Thoracic & lumbar spine fracture probability for eight zero degree frontal 
simulations based on axial force 

 

Figure 74 shows high fracture probabilities for all the upright postures, with slight reduction 

as SRA increases.  The slouched postures have significantly lower fracture probabilities 

and exhibit reductions with increasing SRA, up to 40°.  As previously presented in Table 

6, there have only been two documented cases of lumbar fracture during frontal PDOF 

impacts in NASCAR sanctioned competition.  Based on Figure 74, the number of fractures 

sustained may have been expected to be higher.  Several reasons may contribute to this 

disparity.  NASCAR drivers are predominantly young, healthy males.  In 2012 the average 

age of active NASCAR drivers was 33, with a rules limited minimum of 18 (J. Patalak et 

al., 2013).  Previous research has documented that younger drivers are less likely to 

receive lumbar compression fractures in frontal crashes (Kaufman et al., 2013).  Also, due 

to the configuration of NASCAR racing, frontal PDOF impacts are also less likely to occur 

than lateral PDOF impacts (J. Patalak et al., 2013).  Jones, et al summarized lumbar spine 
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fracture research and reported axial compression forces at fracture across a large range, 

from 3.0 to 10.8 kN and also noted that younger drivers experienced higher bending 

moments without fracture when compared to older drivers (Jones et al., 2016). 

6. SUMMARY 

In summary, as SRA increased, the peak axial compressive force of T12, L1 and L2 

decreased.  For each SRA, the slouched posture produced lower peak axial compressive 

forces.  SRA was identified as an important contributor to frontal pelvic restraint.   As SRA 

increased, pelvic restraint increased.  It is noteworthy that larger SRAs provided better 

pelvic restraint while also reducing peak axial compressive forces in seven of the eight 

seated configurations.     

7. FUTURE WORK 

 

Future work could further develop the relationships between spinal loading, initial 

spine/pelvic posture, seat ramp angle and initial positioning of the pelvis relative to the 

seat ramp angle.     This further study may be focused on the effect of reducing the amount 

of lumbar spine kyphosis in the motorsport seated posture, beyond the upright posture 

used in this study and initial positioning of the pelvic ischial tuberosities, relative to the 

seat ramp angle.  While human body models have been widely used to predict injury, the 

influences of active musculature, occupant pre-crash bracing and positioning were not 

accounted for in this study.  Lastly, improved helmet and HANS FE models would allow 

for more in-depth study of the head and cervical spine. 
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Chapter IV: Summary of Research 

 The research included in this thesis summarizes important advancements and 

additions to the knowledge base of protecting motorsport drivers during severe frontal 

impacts.  The use of a combination of biomechanical approaches and tools including 

ATDs, FE HBMs, live volunteer fit checks, MRI scans and other tests, culminated in the 

identification of methods to significantly reduce lower extremity injury risk and contribute 

to a better understanding of thoracolumbar loading.   

While research must continue to better understand thoracolumbar loading and the 

associated fracture risk, the research presented in Chapter II resulted in NASCAR driver 

safety rule changes and the mandatory implementation of the EA foam in the race cars. 

The methods of this research and the findings themselves may be applicable to 

occupants in other similarly configured restraint systems, such as military vehicles, child 

restraints and space travel. 

The research presented in Chapter II of this thesis has been published in Traffic Injury 

Prevention.  The Chapter III research has been submitted to the Society of Automotive 

Engineers for publication.   
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