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SUMMARY 
 
 

There can be no reasonable dispute that a rollover problem exists in the U.S., 
primarily due to the marketing of SUVs for use as station wagon replacements. The 
National Highway Traffic Safety Administration has repeatedly referenced the 
existence of the rollover problem. Efforts to significantly reduce the incidence of death 
and catastrophic injuries associated with rollover crashes have been repeatedly 
thwarted by certain companies and individuals who have argued that there is no 
relationship between roof strength and injury in rollover crashes. 

 
This report presents the results of some of the industry’s own rollover test 

data as unequivocal evidence that a direct, causal relationship exists between the 
peak neck forces in restrained occupants, which lead to catastrophic injury, and the 
magnitude of roof crush sustained by a vehicle in a rollover crash.  

 
Our study focuses on the events surrounding the first continuous ground 

contact for both the driver’s and passenger’s side roof rails in Ford Explorer dolly 
rollover tests conducted by Autoliv ASP in 1998-1999 and sponsored by Ford Motor 
Company. In 2003, the full raw data set (including sensor data, still photographs and 
high speed video data) was made available for our review and analysis in litigation 
involving consumers catastrophically injured in rollover crashes involving Ford SUVs.  
An overview of the data along with Ford’s analysis and conclusions was presented to 
NHTSA by representatives of Ford on March 5, 2004 and publicly posted in the docket 
on April 27, 2004.1  Ford Motor Company’s public presentation of the Autoliv data was, 
to the best of our knowledge, Ford’s first public release of the test data, which 
fortunately allowed the scientific community public access to information that had 
previously been kept confidential since 1998.  

 
The auto companies, in general, and Malibu/CRIS authors, in particular, have 

for years sharply criticized the existing FMVSS 208 dolly rollover test methodology for 
its alleged lack of reliability and/or repeatability. The Autoliv rollover tests we have 
analyzed have been found to be very reliable and repeatable, however, when viewed 
from an occupant protection (vehicle-based) frame of reference. Moreover, the results 
of this study suggest that the 208 dolly rollover test provides superior biomechanical 
validity as compared to the existing FMVSS 216 roof crush resistance standard, 
uniaxial drop tests, and/or the rolling drop test (CRIS) sponsored by Ford Motor 
Company.   

 
The primary purpose of this report is to provide the Agency with a more 

complete analysis of what the objective data from the Autoliv rollover tests shows and 
to correct some misstatements made in Ford’s March, 2004 presentation. Stated in 
simplest terms, roof crush can and does cause catastrophic injury and death. The 
science is irrefutable. 

 
                                                 
1 Docket No. NHTSA-1999-5572-75 
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BACKGROUND 
 

1.1. Scope and Severity of the Rollover Problem 
 

There can be no reasonable dispute that a rollover problem exists in the 
United States, primarily due to the marketing of SUVs for use as station wagon 
replacements. The National Highway Traffic Safety Administration has repeatedly 
referenced the existence of the rollover problem.  

 
Rollovers present a high degree of risk to occupants as evidenced by the 

fact that rollovers have a higher fatality rate than other kinds of crashes. Of the 
11.1 million vehicle crashes in 2003, only 2.5% involved a rollover. However, 
rollovers accounted for 20% of all fatal crashes. In 2003 alone, over 10,000  
consumers died in rollover crashes.2 An even higher number of consumers were 
critically injured in rollovers, which translates into hundreds of millions of dollars 
of unnecessary health care costs on society in general. 
 

HARM and Abbreviated Injury Scale (AIS) are used to compare injuries of 
different types and severities (Digges, 1994).  The AIS is a measure of “threat to 
life” (or risk of death).  In contrast, the HARM scale recognizes the enormous 
cost to society and to consumers who survive a crash, yet receive catastrophic 
injuries, which are often permanent in nature.  The HARM scale (Malliaris, 1985) 
includes both monetary costs of the injury (i.e. direct costs associated with the 
loss of wages) as well as comprehensive costs (i.e. monetary costs plus non-
monetary costs).  Importantly, the non-monetary costs include such measures as 
loss of functional capacity and quality of life.   

 
Although some industry representatives still dispute any relationship 

between vehicle design and injury causation in rollover crashes, according to 
Digges et al. (1994), “…significant portions of the HARM (in rollover crashes) are 
associated with head/brain and spinal injuries from contact with the roof and 
upper interior structure.”  Moreover, restrained occupants are at higher risk of 
HARM from roof and rail/header contacts than unrestrained occupants.  (Digges 
et al, 1994) “Reductions in the severity of contacts which produce injury can be 
achieved by reducing the relative displacement between the occupant and the 
surface contacted and by providing a yielding ‘friendly’ surface.”   

 
NHTSA has attempted to estimate the magnitude of injuries caused by 

roof intrusion during the 1988 through 1999 timeframe. 3 Using NASS data in this 
manner, however, may significantly underestimate the role of roof crush in 
catastrophic injury due to the assumptions inherent in such data analysis (Figure 
1). 
 

                                                 
2 http://www-nrd.nhtsa.dot.gov/pdf/nrd-30/NCSA/TSFAnn/2003HTMLTSF/tbl37.htm  
3 Federal Register/Vl.66, No. 204/Monday, October 22, 2001/Proposed Rules, p 53379 (Figure 1) 
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FIGURE 1 
NHTSA Estimates of Rollover Injury Causation with Underlying Assumptions4

 

                                                 
4 Ibid (Comments in red inserted by authors of this report) 
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Ejection, both full and partial, has long remained a major cause of fatality and 
catastrophic injury in rollover crashes.  During the 1997 to 2002 timeframe, a 
conservative estimate of 3,900 individuals or thirty-six percent (36%) of all 
rollover fatalities were ejected through side windows (Duffy, 2004). 
Countermeasures to prevent such injuries include advanced structural safety 
cells, advanced restraint systems designed to tie the occupant to the seat, 
inflatable systems (window curtains), advanced side glazing (bi-laminate, tri-
laminate) and/or a combination of these countermeasures.  The vast majority of 
these countermeasures have been discussed for decades within the industry, but 
adoption of the technology has been repeatedly ignored by most car 
manufacturers based on a claim that the need to adopt the technology simply did 
not exist. 

 
Such enhanced passive safety is clearly achievable and has been for 

many years, at least from a technological standpoint.  Enhanced safety may be 
achieved using a variety of features, including belt pretensioners, strengthened 
upper body structures, integrated safety belt systems that incorporate 
pretensioning systems, roll bars, extended head restraints, and inflatable side air 
curtains, coupled with energy-attenuation padding to roof rail and pillar 
structures.  These features, both independently and in combination with each 
other, have been evaluated, studied, tested, and, in some cases, even patented 
for use in providing protection to consumers involved in rollover crashes. 

 
 
1.2. Occupant Protection Systems 

 
From a rollover occupant protection standpoint, a comprehensive 

occupant protection system must include three key components of passive 
safety, all of which was put into practice by Volvo in the development of its XC-90 
SUV in the mid to late 1990’s (Figure 2). 

 
(1) A safety belt system that provides and 

maintains appropriate fit, comfort, and proper coupling 
of the occupant to the vehicle seat, with appropriate 
energy attenuation capability for the foreseeable 
range of occupant sizes,  

 
(2) A body structure that maintains the 

occupant survival space (Franchini, 1969) and does 
not pose an unreasonable risk of injury to belted 
occupants, and  

 
(3) Effective restraint and structural integrity so 

as to prevent lateral head impacts and partial ejection 
through side window portals.  

 

 
6



                                            FIGURE 2 
 

              
 
In simple terms, the vehicle must be designed to accommodate a rollover-

type accident, especially where the vehicle has inherent design features that 
increase the risk of rollover occurring.  The protection necessary is a combination 
of measures, which cannot be judged in isolation.  For instance, a vehicle with an 
inherently weak roof, but a superb, state of the art safety belt system, is not 
reasonably safe because belted occupants are exposed to an unreasonable risk 
of injury from an intruding roof.  Likewise, for example, a vehicle design that 
incorporates a reasonably safe roof design, but is equipped with a safety belt that 
allows the occupant to move outside the occupant compartment is not a 
reasonably safe design. Thus, federal standards aimed at providing rollover 
occupant protection must necessarily test the overall vehicle system design in a 
simulated real-world, dynamic rollover environment. 

 
1.3. Biomechanical Engineering Considerations in Rollover Data 

Interpretation 
 

Careful biomechanical engineering judgment must be used to accurately and 
objectively analyze data output of crash dummies (e.g. upper vs. lower neck load 
cells) and vehicle component sensors (e.g. side roof rail accelerations) relative to 
those rollover impact variables, which significantly influence catastrophic injury in 
rollover crashes. 

 
1.3.1. Mechanism-based Neck Injury Types 

 
Impact loads to the head in rollover crashes have been associated 

with basilar skull fracture and/or different types of cervical spine fractures 
and dislocations.  Myers and Winkelstein (1995) reported a mechanism-
based classification of cervical spine injuries (Table 1).  
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The biomechanical literature suggests that these different catastrophic 
injury patterns observed in rollover crashes are predictable and influenced 
by a constellation of mechanical factors, including: 
 

 load magnitude, direction, and duration 
 load rate (i.e. impact velocity)  
 initial position (i.e. cervical lordosis and degree of pre-flexion) 
 end conditions (i.e. degree of constraint on the head) 
 individual tolerance variations (i.e. due to age and gender) 

 
 

Table 1 
Mechanism-based Classification of Cervical Spine Injuries  

   (Myers and Winkelstein, 1995) 
 

Compression 
Jefferson fracture 

 Multipart atlas fracture 
 Multipart vertebral body fracture 
Compression-flexion 
 Burst fracture 
 Wedge compression fracture 
Compression-extension 
 Posterior element fractures 
Tension 
 Occipitoatlantal dislocation 
Tension-extension 
 Hangman’s fracture 
Flexion moment 
 Hyperflexion sprain 
 Bilateral facet dislocation 
 Unilateral facet dislocation 
Extension moment 
 Hangman’s fracture 

Anterior longitudinal ligamentous rupture 
 Disk rupture 
 Horizontal fracture of vertebral body 
Torsion 
 Atlantoaxial rotary dislocation 

Atlantoaxial unilateral facet dislocation 
Horizontal shear 
 Transverse ligament rupture 
Multiple mechanisms 
 Odontoid fracture 
 Teardrop fracture 
 Clay shoveler’s fracture 
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1.3.2. Failure Load 
 

The auto industry has exploited some confusion in the published 
literature regarding the most appropriate definition of “failure load” of the 
spine, in order to justify their position that roof crush does not cause injury.  
In the study of the mechanics of deformable bodies, engineers frequently 
refer to the “failure” of a structure; however, failure can mean many things. 
In the study of materials (biological as well as non-biological), theories of 
failure usually refer to that stress condition which initiates yielding or 
causes fracture. (Higdon et al, 1985) In contrast, publications often report 
cervical spine “failure loads” as the output force measured at the lower 
cervical spine, thereby accounting for head inertial effects, yet neglecting 
the kinetic energy dissipation associated with spinal fracture. (Nightingale 
et al, 1991, 1997; Myers and Nightingale, 1997).   Some studies have 
reported both the input and output loads in cadaver tests of the cervical 
spine (Pintar et al, 1989, 1990, 1995, and 1998; Nightingale et al, 1997).  
These data provide a quantitative comparison of the significant differences 
between the input loads measured at the cadaver head versus the 
“residual force magnitude” recorded in the C7-T1 level  (e.g. 5.9 kN ±3.0 
kN for head impact load and 1.7 ± 0.57 kN for C7-T1/output loads).  No 
experimental cadaver work has measured and/or estimated the input 
loads at the superior aspect of the human neck (i.e. C1), which is the site 
of the upper neck load cell in the Hybrid III dummy. 

 
This confusion of terms has a significant bearing on the proper 

interpretation of Hybrid III dummy axial neck load sensor output in 
controlled rollover tests. As only one example, the General Motors (GM) 
engineers who conducted the frequently cited “Malibu studies” (Bahling et 
al, 1990, 1995) utilized 2,000 N as “potentially injurious impacts,” which 
correlates with the published “failure” data at the lower cervical spine 
(Nightingale et al, 1997).  We believe this data should more appropriately 
be called, “residual force magnitude.” In contrast, the minimum actuator 
(input) force required for cervical spine fracture/subluxation in axial 
compression when measured at the head was 5,856 N (Pintar et al, 1990). 
In this same study, Hybrid III upper neck load cells demonstrated 
comparable compressive load magnitudes to the actuator (input) force; 
however, the lower load cells obviously could not and did not reproduce 
the cadaver specimen output load as the Hybrid III neck did not “fracture.”  
 

In reality, the true axial compressive failure load of the human 
cervical spine is likely slightly below that measured by the head input 
loads in cadaver tests (due to inertial effects of the cadaver head), yet 
substantially greater than the lower cervical spine force data reported in 
these same axial compression tests.   
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1.3.3. Relevance of Dummy Load Cells to Injury Prediction 
 

Researchers have shown that the Hybrid III dummy neck, taken as a 
unit, is not biofidelic in axial compression (Fz).  The lower neck cell records 
essentially the same magnitude vertical load as the upper load 
cell (Yoganandan et al, 1989; Pintar et al, 1990). This is not surprising 
given that Hybrid III dummies were designed primarily for frontal crash test 
conditions.  Moreover, the dummies cannot simulate cervical spine 
displacement and/or fracture and therefore no significant difference in 
upper and lower load cell is measured (i.e. there is no opportunity for 
kinetic energy dissipation through bone displacement and/or fracture).   

 
Notwithstanding the biomechanical differences between the necks of 

human cadavers and dummy necks, the Fz measurements of the upper 
load cell of the Hybrid III dummy have significant relevance for estimating 
axial load magnitudes to which the human neck may be subjected in 
rollover crashes. Given that the mass of a Hybrid III dummy head 
reasonably mimics that of the comparable human (e.g. 50th percentile 
male), the inertial effect of the dummy head should not confound readings 
from its upper neck load cell.  Such measurements may be best compared 
to impact loads to the cadaver head, absent inertial effects of the head 
mass.  The upper and lower neck load cells can have significant relevance 
for comparison of recorded moment loads to published tolerance values in 
flexion and lateral bending.  
   

Restated, in simpler fashion, the auto industry has used an artificially 
low “failure load” of the cervical spine in order to substantiate their 
published conclusions that no injury reduction is gained from reinforcing a 
roof to prevent roof crush. The upper neck load cell of the Hybrid III 
dummy appears to provide a reasonable measure of the Fz input load to 
the human spine; however, the value should be judged against a 
reasonable failure load.  Using an artificially low value obscures otherwise 
obvious differences in roof crush between production roofs that crush and 
reinforced roofs that do not crush excessively.   

 
1.3.4. Loading Rate, Age and Gender 
 

The human cervical spine is a multi-segmented structure that exhibits 
viscoelastic, nonlinear behavior.   As such, the load to failure of the 
cervical spine is very dependent on load rate.  An increase in load rate 
(i.e. impact velocity) has been reported to increase the stiffness of the 
cervical spine (taken as a complete unit) as well as the failure load of the 
structure (Chang et al, 1992).   
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Controlling for loading rate, age and gender in a sample of twenty-
five human cadaver head-neck compression tests, Pintar et al. (1998a) 
reported 

(1) Compressive tolerance varied from 7 kN in the young (third 
decade) to 2 kN in the very old (ninth decade),  

(2) Failure loads (recorded at the lower cervical spine) ranged from 2 
kN at quasistatic loading rates to 5 kN at dynamic loading rates (8 m/sec) 

(3) Failure tolerance for the male population was 25% higher than the 
female population (without regard to age and rate of loading). 

 
Depending on the magnitude and direction of roof rail intrusion, 

dynamic head impacts as great as 8 m/sec (17.9 mph) may be 
experienced by restrained occupants in rollover crashes. (This study 
reports roof rail-to-dummy head contacts in the range of 5 m/sec (11.2 
mph) in the first ground strike of the Autoliv rollovers). In contrast, the 
platen loading rate (and the concomitant roof rail velocity) of the FMVSS 
216 quasi-static test is 0.5 inches/sec (0.0127 m/sec; 0.03 mph).   Given 
the rate dependence of the cervical spine tolerance to injury, coupled with 
the published dynamic tolerance values of the cervical spine, the FMVSS 
216 criteria does not appear to be an acceptable test environment to use 
for evaluating reasonable protection of occupants against catastrophic 
injury due to roof crush in rollover crashes. 
 
1.3.5. Initial Head Position 

 
Positioning of the head and neck complex when struck by (or when it 

strikes) the roof is a key variable in determining whether catastrophic 
injury will occur, and if so, the specific type of injury sustained.  Numerous 
rollover and drop tests have been conducted with instrumented dummies, 
virtually all of which pre-positioned the vertex of the dummy’s head against 
the roof with the head and neck in axial alignment with the principal 
direction of force (PDOF) of the pre-determined roof-to-ground contact 
(Bahling et al, 1990; Moffatt et al, 2003)  Given the manner in which the 
head and neck complex was arranged, it is not surprising that significant 
axial neck loads were recorded, irrespective of roof strength (i.e. 
production versus reinforced roofs).   Pre-positioning the head in this 
matter is inconsistent with dummy kinematics observed in the Autoliv 
series of J2114 SUV rollover tests documented in this report, particularly 
for far side occupants. Such limited testing may support a particular point 
desired by the Malibu/CRIS authors5 (i.e. roof crush does not appear to be 
causally related to neck injury); however, replacing such a key 
experimental variable as head and neck position with a constant, pre-
determined value is not scientifically valid from a biomechanical 
engineering perspective.  
 

                                                 
5 Moffatt, EA, Orlowski, KF and Bahling, GS. Response to Docket No. NHTSA-1999-5572-63 
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Certainly, the head position at the time of head-to-roof/rail/pillar 
contact is a function of numerous variables, including pre-crash seat 
position, roll interval, roll rate, belt restraint system design and function, 
passive and active neck muscle activation, and degrees of freedom for the 
head and neck to move through its physiologic range of motion. (See 
Section 1.3.1.6 End Conditions)  
 

Published biomechanical studies suggest that cervical spine 
preflexion yields a greater incidence of lower cervical compression and 
burst fractures than neutrally positioned spines (Pintar et al, 1990, 1995).  
Restrained occupants in rollover collisions are typically pre-flexed, due to 
the initial locking of their belt restraint system, and thus are at higher risk 
of cervical spine injury in the presence of an intruding roof structure when 
compared to unrestrained occupants. Ford, for instance, recognized the 
increased risk to belted occupants in rollover crashes as early as the 
1970’s when it first began serious investigations into vehicle rollover 
countermeasures. This higher risk of serious head and/or spine injury with 
roof impact for restrained versus unrestrained occupants in rollovers was 
confirmed with U.S. field accident data (Digges et al, 1994). 

 
1.3.6. End Conditions 

 
Nightingale et al. (1991) reported on the influence of boundary or end 

conditions of the cervical spine relative to specific injury types. When the 
head was unconstrained and free to translate and/or rotate away from the 
applied load, no cervical injury was sustained, despite high input loads to 
the head.  With rotational constraint (e.g. the neck flexes forward to the 
point where the chin is against the sternum), bilateral locked facets 
typically occurred.  In “full constraint” conditions, with the head pre-flexed 
along its stiffest axis (i.e. removal of the normal cervical lordosis), buckling 
and burst fractures were noted. Thus, the degree of constraint imposed by 
the contacting surface, such as an intruding roof, can be a major 
determinant for cervical spine injury. 

 
1.3.7. Tolerance  

 
Many studies have reported compressive (axial) load to failure for the 

cervical spine in both full cadaver and isolated cervical spine specimens.  
The studies that are useful for understanding injury potential in rollover 
crashes are those which (1) include instrumentation to measure the head 
impact loads, as well as the loads in the cervical spine,  (2) test at load 
rates comparable to the rollover environment, (3) include an 
unconstrained head mass, and (4) simulate passive neck musculature.  
 

Two research groups have been most active in the investigation of 
the dynamic tolerance of the cervical spine potentially relevant to the 
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rollover injury environment: Medical College of Wisconsin (MCW) (Pintar 
et al, 1989, 1990, 1995, 1996, 1998 a, b; Yoganandan et al, 1989) and 
Duke University (Myers et al, 1995, 1997; Nightingale et al; 1991, 1997; 
Myers and Nightingale, 1999).  Mean compressive failure loads reported 
by the MCW group are generally higher than those reported by the Duke 
research group.  The variations are easily explained by the difference in 
experimental technique; the MCW studies tested a pre-flexed spine which 
has a higher known stiffness than the neutral spine, which was tested by 
Duke investigators.  Assuming the belt retractor locks and remains locked 
during a rollover event, the cervical spine of restrained occupants will 
necessarily be in a pre-flexed position at the time of roof-to-head contact.    
 

As discussed previously (see Section 1.3.1.2) true tolerance values 
for the cervical spine should represent input, not output, loads to the 
head/spine that will result in permanent damage.  Using this definition of 
failure load, the minimum dynamic axial compression failure loads of the 
adult cervical spine reported in the literature appear to be in the range of 
5-6 kN (Pintar et al, 1990).  The total displacement of the cervical spine 
also has been suggested as a tolerance measure.  Pintar et al. (1995) 
reported injuries at a mean compressive displacement of 18 ± 3 mm (0.7 
in) 
 

Using cadaver spine specimens, Pintar et al (1998b), the average 
moment (My) magnitude resulting in “major” neck injury was 97 Nm at the 
specific cite of injury in the cervical spine (i.e. not positioned as inferior as 
the lower neck load cell of the Hybrid III dummy.)  The threshold 
magnitude of My for major neck injury at the position of the Hybrid III lower 
neck load cell is likely greater than 100 Nm. The peak axial head impact 
force ranged from 3,000 to 9,700 N, with the peak flexion bending moment 
at the injured level ranging from 19 to 169 Nm. No dynamic test data for 
cervical spine tolerance in lateral bending was identified.  
 

1.4. The Roof Crush Debate 
 
For almost two decades there has been an ongoing debate between safety 

professionals and industry representatives over whether roof crush causes 
catastrophic injury or whether it is simply associated with the injury.  The debate, 
at least from the industry’s standpoint, has been largely fueled by auto-industry 
sponsored research, initially by General Motors’ “Malibu” studies (Orlowski et al, 
1985; Bahling et al, 1990) and more recently by Ford Motor Company’s “CRIS” 
studies (Cooper et al, 2001; Carter et al, 2002; Moffatt et al, 2003).  The industry 
position that roof crush does not cause injury is best illustrated graphically in 
Figure 3, which was first published by Bahling et al. (1990).   
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FIGURE 3 
 

(Bahling, GS, Bundorf, RT, Kaspzyk, GS, Moffatt, EA, Orlowski, KF and 
Stocke, JE.”Rollover and Drop Tests – The Influence of Roof Strength on Injury 
Mechanics Using Belted Dummies.”  SAE 902314, 1990) 
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As summarized by Moffatt (2001),6 two technical issues appear to dominate the 
roof crush debate:  

 
What is the effect on injury mechanics if a person’s head is already 
against the undeformed roof when the roof strikes the ground?  
First, there is likely little stopping distance available to slow the 
head.  So, the acceleration and delta V of the piece of roof which 
the head is against is likely very similar to that of the head.  
Second, the “roof crush” (which is actually the bottom of the car 
moving closer to the roof) progresses long after the head impact 
has occurred.7  This is one of the reasons why roof crush had little 
effect on the head and neck loads during similar ground impacts in 
rollover and drop tests (Bahling, 1990).  

 
At least publicly, the auto industry in general, and Ford in particular, has 

adopted this “…perspective on roof crush and vehicle rollover as it pertains to 
occupant injury risk.”8  The statement is qualified because industry internal 
documents show that this publicly held position is not universally shared by 
engineers working for the various companies. More importantly, the records from 
within the industry demonstrate that the industry, including Ford and GM, does 
not conduct internal test protocols consistent with such a philosophy.  For 
instance, although these companies submit comments to the docket stating that 
roof crush does not cause injury, they routinely add roll bars to their test vehicles 
to ensure that roofs don’t crush test drivers in the event of a rollover accident.  If 
these companies genuinely believed that there was no relationship between the 
amount of roof crush and occupant injury, one would expect that they would not 
waste time or financial resources with reinforcing roofs because the occupant, 
regardless of the amount of crush, would suffer a disabling or fatal injury in the 
event of a rollover.   

 
1.5. Unpublished Rollover Test Data 
 

During the eight month interval from December 9, 1998 to August 11, 
1999, Ford Motor Company sponsored a number of J2114 dolly rollover tests of 
Explorer vehicles at Autoliv ASP (Auburn Hills, MI)9. The structure of each SUV 
was instrumented with accelerometers at the vehicle’s center of gravity and all 
pillars, roof rails and rocker panels.  Two fully instrumented Hybrid III 50th 
percentile male dummies were three-point restrained in the driver and right front 

                                                 
6 Ibid 
7 Common statements in the docket such as these, of course, fail to appreciate that roof-to-
ground impacts in rollovers do not occur at precisely 180 degrees.  Thus a significant lateral 
component is virtually always introduced into roof loading, which leads to significant acceleration 
of the roof rails relative to the occupant and vehicle center of gravity. 
8 Docket No. NHTSA-1999-5572-29 
9Ford SUV Test 1 (Autoliv Test B190042) conducted 8/10/99; Ford SUV Test 2 (AutolivTest B180219) 
conducted 12/9/98; Ford SUV Test 3 (Autoliv Test B190043) conducted 8/11/99; and Ford SUV Test 4 
(Autoliv Test B180220) conducted 12/10/98. 
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passenger seating positions.  A total of 118-127 channels of data as well as high 
speed external and internal video footage were collected for each test.   

 
In 2003, the full raw data set (including sensor data, still photographs and 

high speed video data) was made available for our review and analysis in 
litigation involving consumers catastrophically injured in rollover crashes 
involving Ford SUVs.  An overview of the data was presented to NHTSA by 
representatives of Ford on March 5, 2004, and publicly posted in the docket on 
April 27, 2004.10  Ford Motor Company’s public presentation of the Autoliv data 
was, to the best of our knowledge, Ford’s first public release of the test data, 
which fortunately allowed the scientific community public access to information 
that had previously been kept confidential since 1998. 

 
2. PURPOSE OF THE STUDY 
 

The purpose of our study was to investigate the temporal relationship 
(timing) between roof crush and restrained dummy neck loads in FMVSS 208 
dolly rollover tests of Ford Explorer SUVs conducted by Autoliv ASP.  Our study 
focuses on the events surrounding the first ground contacts for both the driver’s 
and passenger’s side roof rails.   A second purpose of our work was to contrast 
an analysis of the actual objective data with the comments and presentation 
made by Ford to the Agency on March 5, 2004.  For whatever reason, Ford’s 
presentation to the Agency failed to include some critical data findings that bear 
directly on the issues important to the Agency’s current investigation.  Additional 
work is ongoing and our report will be supplemented as the analysis continues.   
 
 
3. MATERIALS AND METHODS 
 

3.1. Test Vehicles  
 
Rollover tests were conducted by Autoliv ASP for Ford Motor Company as 
part of a rollover occupant protection system development program for mid 
size SUVs (4 and 2 door).   Four tests involved full scale, dolly rollover tests 
with instrumented, belted Hybrid III 50th percentile dummies in the driver and 
right front passenger seating positions.  All vehicle and dummy 
instrumentation was installed per Ford’s request.11  The test vehicle, fixtures 
and test date for the four tests are summarized in Table 2. 
 

3.1.1. Vehicle Instrumentation 
 
Sensors were installed in each vehicle for measuring vehicle dynamics 
during the rollover tests.  Accelerations were recorded at each of the 

                                                 
10 Docket No. NHTSA-1999-5572-75 
11 Autoliv Test Report Number B190042, Section 2.1, p. 1 (Bates Number 4526) 
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following vehicle structure locations in coordinate systems consistent with 
SAE J211 guidelines (Appendix 1, Figure 1). 
 

 Center of Gravity (CG) (x, y, z) 
 
 Left (driver) roof rail  at  

o A-pillar (y, z) 
o B-pillar (y, z) 
o C-pillar (y, z) 
 

 Right (passenger) roof rail at 
o A-pillar (y, z) 
o B-pillar (y, z) 
o C-pillar (y, z) 
 

 Left Rocker at B-pillar (x, y, z) 
 
 Right Rocker at B-pillar (x, y, z) 

 
 Left B-pillar, 10” above rocker (y) 

 
 Right B-pillar, 10” above rocker (y) 

 
TABLE 2 

Autoliv Rollover Test Vehicles 
 

AUTOLIV 
TEST 

NUMBER 

FORD 
SUV 
TEST 
NO.* 

TEST 
DESCRIPTION 

VIN # FORD 
TAG # 

TEST 
DATE 

B190042 1 SAE J2114 
Rollover (23 

degree; 30.5 mph) 

1FMCU24E5VUC19292 302W163 8/10/99 

B180219 2 FMVSS 208 
Rollover (23 

degree; 30.3 mph) 

4M2DU55P1VUJ48046 306W026 12/9/98 

B190043 3 FMVSS 208 
Rollover (23 

degree; 30.4 mph) 

1FMDU34E6VUB99290 307W963 8/11/99 

B180220 4 FMVSS 208 
Rollover 

(23 degree; 30.9 
mph) 

1FMDU35P5VUC14510 318W886 12/10/98 

*Ford “SUV Test Number” as referenced in the 3/5/04 presentation to NHTSA.  The actual 
Autoliv Test Numbers may be seen in Ford’s Power Point presentation that used video clips 
taken from the internal camera shots.  The Autoliv test numbers are visible on the backs of 
the driver’s and front right passenger’s seat backs.  
n/a: Information was not provided in Autoliv Report 
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3.2. Anthropometric Test Dummies (ATD) 
 
Two lap-shoulder belted Hybrid III 50th percentile male, instrumented test 
dummies were placed in the front seats of Ford Explorer SUVs.  Both ATDs 
were positioned according to reference FMVSS 208 Dummy Positioning 
Procedure with the seats located in the mid-track position. 
 
The following injury metrics were recorded and analyzed for both driver and 
passenger dummies: 
 

 Head CG acceleration (x, y, z) 
 Upper Neck 

o Force (x, y, z) 
o Moment (x, y, z) 

 Lower Neck 
o Force (x, y, z) 
o Moment (x, y, z) 

 Chest 
o Acceleration (x, y, z) 
o Deflection  

 Pelvis Acceleration (x, y, z) 
 Femur Force (Fz, right and left) 

 
 
3.3. Test Conditions 

 
The SAE J2114 procedure was utilized for all tests.  The vehicles were 

positioned on the rollover test cart with the driver side against the test cart trip 
flange. The platform was raised to the 23 degree required angle and locked 
into position.  The ground clearance for the leading tires was 9 inches. The 
target speed for all tests was 30 mph.  With the cart platform angled at 23 
degrees, the data acquisition system was set up and armed for trigger.  Time 
zero for all data acquisition was provided by a contact switch at both shock 
absorbers to indicate the start of cart deceleration. The data-sampling rates 
for each test are provided in Table 3.   
 

A total of 12 high speed cameras (3-4 onboard) provided videographic 
documentation of each rollover test.  Selected stills from this video footage, 
but not the entire video sequence, were provided to NHTSA by Ford 
representatives on March 5, 2004 
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 TABLE 3 
Data Sampling Rates 

 
AUTOLIV 

TEST 
NUMBER 

FORD 
SUV 
TEST 
NO.* 

TEST  
DESCRIPTION 

DATA 
SAMPLING 

RATE 

SAMPLING 
DURATION 

TEST 
DATE 

B190042 1 FMVSS 208 Rollover   
(23 degree; 30.5 

mph) 

20,000 Hz ~13,000 ms 8/10/99 

B180219 2 FMVSS 208 Rollover 
(23 degree; 30.3 

mph) 

12,500 Hz ~8,000 ms 12/9/98 

B190043 3 FMVSS 208 Rollover 
(23 degree; 30.4 

mph) 

20,000 Hz ~13,000 ms 8/11/99 

B180220 4 FMVSS 208 Rollover 
(23 degree; 30.9 

mph) 

12,500 Hz ~8,000 ms 12/10/98 

 
3.4. Data Analysis 

We analyzed the Autoliv data within the context of the published scope 
and purpose of the rollover test requirements (S5.3) of Federal Motor Vehicle 
Safety Standard No. 208 (§571.208), under which the Autoliv tests were 
conducted: 

S1. Scope.  This standard specifies performance requirements for 
the protection of vehicle occupants in crashes. 

S2. Purpose.  The purpose of this standard is to reduce the 
number of deaths of vehicle occupants, and the severity of 
injuries, by specifying vehicle crashworthiness requirements in 
terms of forces and accelerations measured on anthropomorphic 
dummies in test crashes, and by specifying equipment 
requirements for active and passive restraint systems. 

 
3.4.1. Mathematical Transformation to Vehicle-Fixed Reference 

Frame 
 

All data was evaluated in the occupant’s (vehicle-fixed) reference 
frame, rather than an external observer’s (earth-fixed) perspective, which 
has somewhat inappropriately dominated the industry’s responses to the 
docket.  This occupant protection approach also was applied to the issues 
of reliability12 and validity13 of data output.   

                                                 
12 reliability; reproducibility, precision, stability (Lehner 1996:212); extent to which measurement is 
repeatable and consistent (eg. the spread of a cluster of arrows on a target as separate from how 
close the cluster is to the bull's eye ) (Martin & Bateson 1993:114) 
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The raw, ASCII sensor data was filtered consistent with SAE J211 and 

transformed into a vehicle-fixed, center-of-gravity, coordinate systems 
using MATLAB®, a technical computing environment commonly used 
within the automotive industry.14 Consistent with specific 
recommendations within the Autoliv test reports, the polarity of some files 
was reversed.  The resultant files were then compared quantitatively and 
qualitatively to the graphs of the same data presented by Ford 
representatives to NHTSA on March 5, 2004. The sensor data was also 
compared to the high speed film for validation tests (see Section 3.4.3). 

  
Mathematically, the gross motion of a vehicle during a rollover, 

especially a high energy one, generally must be represented by a six-
degree-of-freedom (6DoF) model.  Systems with 6DoF gross motion and 
structural dynamics are fairly common in the aerospace field where 
airplanes, missiles, and spacecraft are the vehicles of interest (Fitz-Coy 
and Cochran, 1985; Cochran, 1994) and have been incorporated in 
recently developed ground vehicle simulation programs such as 
TruckSim®15.  The rollover dynamics of a pickup truck and a dummy have 
also been investigated using PAM-CRASH (Henry, 2003). This complexity 
does not preclude the extraction of much useful information from rollover 
tests by using models with fewer than six degrees of freedom, but the use 
of such models must be carefully considered.   Thus, transformation 
algorithms were specifically developed to process and analyze the Autoliv 
test rollover data in three dimensions (6DoF plus), consistent with well-
recognized principles of structural dynamics. (Appendix 1) 

 
Roof rail accelerations were transformed by subtracting the center of 

gravity accelerations from each measurement as a function of time.16 The 
result of the transformations was the acceleration of the roof rail relative to 
the vehicle center of gravity.  The accelerations recorded by the rail 
sensors were influenced by both vehicle rotation (angular velocity) and 
localized pillar deformation (crush). The contribution due to vehicle 
rotation was made at a low frequency given that the peak roll rate of the 
vehicle at any time during our test interval (0-1000 ms) was approximately 
350-400 degrees/sec (i.e. less than 2 Hz). Thus, all higher frequency 
accelerations were necessarily due to localized structural deformation. 

 

                                                                                                                                                 
13 validity: accuracy (Lehner 1996: 212); extent to which a measurement actually measures those 
features the investigator wishes to measure (Martin & Bateson 1993:115) and provides 
information that is relevant to the questions being asked (e.g. degree to which the arrow hit the 
bull's eye, to which it is real and accurate 
14 MATLAB is a registered trademark of The Mathworks, Inc. 
15 TruckSim is a registered trademark of Mechanical Simulation Corporation, see 
www.carsim.com  
16 CG accelerometer data was not available for Autoliv Test B180219; therefore, transformed rail 
acceleration data compared to dummy neck loads are provided for three tests in this report. 
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In analyzing the data, we have made the assumption that the 
coordinate systems of the rail, dummy and CG sensors remained 
reasonably aligned during the brief time period we considered while the 
roof was in contact with the ground for the first time (i.e. approximately 
500 to 800 ms). Rail deformation estimates (Appendix 1) and high speed 
video data provided validation of this assumption.  
 
3.4.2. Definition of Objective Roof/Pillar Deformation (“Roof Crush”) 
  

Auto industry-sponsored rollover studies have traditionally used an 
extremely subjective method of interpreting “observable roof deformation,” 
solely from a review of video images. The vehicle instrumentation in this 
rollover series, however, provided the opportunity to use an objective 
definition of roof crush.  Specifically, the sensor output from the driver and 
passenger roof rail accelerometers positioned at the B-pillar provided the 
means for a quantitative, objective definition of roof intrusion (i.e. “roof 
crush”) into the occupant survival space.   

 
The roof rail sensors in the Autoliv tests recorded dynamic motion at 

12,500 Hz to 20,000 Hz, compared to the Malibu and CRIS series, whose 
authors based their conclusions on subjective interpretation (i.e. time of 
the initial “observable” roof crush) of 16 mm film, shot at a nominal 240 
frames/sec. 

 
The mathematically transformed driver and passenger roof rail 

acceleration tracings in the present study provided objective evidence of 
the time interval(s) when significant roof/pillar deformation occurred, which 
was validated with careful scrutiny of the video data. Thus, objective roof 
rail/pillar deformation in this study was defined under the following 
necessary, contemporaneous conditions: 

 
(1) Vertical and/or lateral rail acceleration peak(s)  

“downward” and/or inboard toward the restrained dummy  
(2)  External camera video data consistent with SUV roof-to-

ground contact 
(3) Onboard camera video data consistent with a 

compromise in occupant survival space (i.e. reduced 
headroom) with dummy head-to-roof contact 

 
3.4.3. Validation with Video Analysis 

 
Vehicle dynamics were visually recorded by up to eight external 

cameras, which were time synchronized with the cart trigger and imaged 
at 500 frames/sec. Clocks were visible in the external camera views. Up to 
four onboard cameras recorded dummy kinematics as a function of time 
using an onboard clock synchronized with the cart trigger.  Targets were 
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affixed to the posterior aspect of the driver and dummy heads and were 
visible by the same camera monitoring the onboard time clock. 

 
Roof rail accelerations, peak dummy neck forces and moments were 

compared to video data to validate the correlation in time between the 
presence of objective roof crush and the development of peak dummy 
neck loads.  

 
4. RESULTS AND DISCUSSION 

The results presented in this report are limited to the first second of the roll 
sequence for each SUV test, which corresponded to the first driver’s side ground 
contact, followed by the first passenger-side ground contact.  Roof-to-ground 
contact was continuous from the first contact of the driver’s roof rail with the 
ground until the end of the 1000 ms period. 

 
4.1. The Relationship Between Peak Neck Forces and Roof Crush 

A series of overlay graphs was created to objectively compare the timing 
of local and absolute maximum accelerations in the vehicle roof/pillar 
structure to the local and absolute maximum dummy head and neck loads. All 
observations correlated well with external and internal video camera images17 
(Figure 4 a-c). 

FIGURE 4 
AUTOLIV TEST B190043 

 

 
 

a. 0 ms (trigger point) 

                                                 
17 The video clips shown in Figure 2 are labeled “Subject to Protective Order”; however, as noted 
previously, clips from these same Autoliv tests were publicly released by Ford representatives 
during a meeting with NHTSA representatives on March 5, 2004.  
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b. 540 ms; External Camera View (Driver roof crush at time of peak driver 
Upper Neck Fz) 
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c. 600-800 ms; External and internal cameras document continuous roof-
to-ground contact as passenger roof rail/pillars deform into passenger 
survival space (See Figure 6, Peak Passenger Upper Neck Fz occurs 
at 764 ms) 
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“Objective” roof rail/pillar deformations as defined in this study (including 
use of the sensor data) were compared to the subjective “observable” roof 
deformation data reported to NHTSA by Ford representatives on March 5, 
2004.  For example, Figure 3 provides the sensor output of the driver dummy 
Upper Neck Fz load cell compared to the relative (with respect to the vehicle 
CG) vertical acceleration of the driver’s roof rail at the B-pillar junction (Autoliv 
Test B190043; Figure 4 a-c).  Ford reported the peak driver Upper Neck Fz 
occurred at 540 ms, which is the same value determined in our study (Figures 
5 and 6); however, the time for “observable roof/pillar deformation” that Ford 
representatives reported to NHTSA is not consistent with the objective 
accelerometer data.  
 

Significant roof crush occurred PRIOR to peak injury metrics in each test 
for both driver and passenger dummies (Table 4). These data establish a 
clear causal relationship between compressive upper neck forces (Fz) and 
lower neck moments (My and Mx) and maximum roof/pillar crush.  In contrast, 
Ford used this same data to report opposite conclusions to NHTSA (Figure 
7). A complete set of overlay graphs for both dummies in each of the tests 
reflected in Table 4 is provided in Appendix 2.  

 
FIGURE 5 
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FIGURE 6 
Excerpts from Ford’s Presentation to NHTSA (3/5/04)18

 

Research & Advanced Engineering

SAE J2114 Sequence of Events - Driver (SUV Test 2)

T =540 ms Peak Compressive Neck Forces 
and Moments

 
 

Research & Advanced Engineering

SAE J2114 Sequence of Events - Driver (SUV Test 2)

T = 590 ms Observable Roof/Pillar Deformation

                                                 
18 Autoliv rollover test numbers are visible on the back of the seats 
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TABLE 4 
TIME OF OCCURRENCE OF ROOF/PILLAR DEFORMATION  

AND PEAK NECK LOADS (ms) 
DRIVER PASSENGER TEST 

PARAMETER B190042 B190043 B180220 B190042 B190043 B180220 
Objective Roof/Pillar 
Deformation (Vertical 
Acceleration Peaks) 

497 513 510 730 ~600-8002 742 

Objective Roof/Pillar 
Deformation (Lateral 
Acceleration Peaks) 

497 513 494 496 512 495 

Peak Fz 
4 533 540 516 730 764 n/a3

Peak My 533 541 517 729 764 751 
Peak Mx 537 548 540 783 774 760 
Ford’s “Observable” 
Roof/Pillar 
Deformation1

 
n/r 

 
590 

 
n/r 

 
802 

 
862 

 
800 

1According to information provided by Ford representatives to NHTSA on March 5, 2004 (n/r: 
interpretation not reported).  
2 No isolated spike in acceleration was noted; however, a sustained level of roof deformation is reflected in 
the roof rail tracings and the video footage for this test. 
3 No isolated absolute maximum Fz value was noted, which differed significantly from the other “local” 
maximums.  This was consistent with the very high peak My in this test, however, which was noted at 751 
ms (See Table 5, Section 4.3).  
4 Fz was measured at the upper neck load cell, whereas My and Mx were measured at the lower neck load 
cells 
 

FIGURE 7 
Ford Conclusions Presented to NHTSA Based on Autoliv SUV Rollovers 

Research & Advanced Engineering

Conclusion

•Based on available data, no relationship could be established 
between compressive neck forces and maximum roof/pillar 
deformation. 

•Peak compressive neck forces (Fz) and head moments (My) occur 
prior to observable roof/pillar deformation.

•In both curb trip and J2114, passenger(trailing side) occupant 
generally experienced higher compressive neck forces (Fz) and 
moments (My) than driver (leading side).

•For the SUV J2114 tests examined, timing of 1st peak neck moments 
(My) and forces (Fz) for both driver and passenger are comparable 
from test to test. 
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For each test, roof-to-ground contact was continuous as the vehicle rolled 
from driver roof rail to the passenger side. The dummy heads contacted the roof 
one or more times during the first 1000 ms roll interval as reflected in both local 
and absolute maximum peaks recorded by the force and moment sensors in the 
dummy upper and lower necks, respectively.  These local maximums often 
occurred both before and after the peak roof/rail deformation as a result of 
“simple” head-to-roof contact.  In contrast, a sudden spike in force and/or or 
moment load was associated with, or immediately followed, a sudden change in 
the adjacent rail acceleration profile (Figure 8). 
 

Referring to Figure 8, the passenger rail at the B-pillar experienced 
vibrational “ringing” at approximately 500 ms consistent with the vehicle’s second 
ground contact (post-wheels to ground) as the driver’s roof rail impacted the 
ground.  The acceleration profile of the passenger side rail changes dramatically, 
however, as the roof deformation wave spreads to the passenger side of the 
Explorer. The duration of each relative acceleration spike is significantly longer, 
as seen in Figure 8. The passenger dummy’s head impacted the roof (while the 
roof was on the ground; see video footage) resulting in a local maximum (peak) 
neck compression of -361 N at 620 ms. Approximately 100 ms later (T=730 ms), 
a sudden negative spike in the passenger rail acceleration precedes a likely 
injurious compression load of -5,933 N. As elastic recoil of the roof occurs, the 
dummy neck sensor passes back to zero and 100 ms later, records another local 
(non-injurious) peak neck compression as the vehicle begins to roll onto its 
passenger side. 
 

FIGURE 8 
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4.2. Reliability of Results 
 
The auto companies, in general, and Malibu/CRIS authors, in particular, have 

for years sharply criticized the FMVSS 208 dolly rollover test methodology for its 
alleged lack of reliability and/or repeatability. However we have found the Autoliv 
rollover tests to be very reliable when viewed from an occupant protection 
(vehicle-based) frame of reference.  
 

Test to test comparisons were made to assess the reliability of the results 
obtained in J2114 rollover tests as a measure of occupant injury potential, 
instead of reliability of crush patterns or specific vehicle ground strikes (Tables 4 
and 5). When evaluated in this manner, the Autoliv dolly rollover results were 
remarkably similar in predicting the time of occurrence of absolute maximum 
neck loads. 
 

• The absolute maximum value for Upper Neck Fz occurred in all three tests 
at 530 ± 15 ms for the driver dummy (Figure 9) and 730 ± 15 ms for the 
passenger dummy. 

FIGURE 9 
Driver Upper Neck Fz
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• The absolute maximum value for Lower Neck My occurred in all three tests 
at 530 ± 18 ms for the driver dummy (Figure 10) and 750 ± 21 ms for the 
passenger dummy. 
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FIGURE 10 
Driver Lower Neck My 
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• The absolute maximum value for Lower Neck Mx (ear-to-shoulder lateral 

bending) occurred in all three tests at 530 ± 18 ms for the driver dummy 
(Figure 11) and 770 ± 13 ms for the passenger dummy. 

 
FIGURE 11 

Driver Lower Neck Mx 
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A comparison of the filtered and transformed B-pillar accelerations is provided in 
Figure 12. 

FIGURE 12 

 
 
These small variations in time of occurrence of roof/pillar deformation and peak 
neck loads are particularly remarkable given, that  
 

• The data came from 6 different dummies and 3 different vehicles tested on 
3 different days 

• The differences in the time of occurrence of the peak neck loads was ≤20 
ms in an overall time interval of 1000 ms 

• Each 1000 ms time interval included either a sampling rate of 20,000 data 
points (B190043 and B190042) or 12,500 (B180220) 

 
We further asked the question: What is the probability that the small 

variations in time of occurrence noted above are due to random chance alone?  
Appendix 3 examines this issue and computes the probability for each pair of test 
metrics. This analysis revealed that there is a 93.1 to 98.6% probability that the 
differences in time occurrence of ultimate peak neck loads between these results 
are NOT due to random chance alone.  Stated more simply, there is a less than 
7% probability that these differences are coincidental. 
 

4.3. Validity of Results 
 
The concept of biomechanical validity of a test method is broadly accepted by 

the basic science community as a necessary condition to rely upon the results of 
a given test, whether in the research laboratory or the “laboratory” of real world 
experience.  In this study, we investigated the validity of the FMVSS 208 dolly 
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rollover test as a predictor of catastrophic occupant injuries in real-world 
rollovers.   
 

The constellation of driver versus passenger neck loads measured in the 
Autoliv rollover series of Ford Explorer SUVs was completely consistent with and 
predictive of field experience of catastrophic head and neck injuries observed in 
real world rollovers with restrained front seat occupants (Digges et al. 1994; 
Rains and Kanianthra, 1995; Parenteau et al, 2001).  Table 5 provides the 
magnitude of local and absolute maximums for all tests in this series.  

 
The magnitudes of the absolute maximum neck loads for the (near-side) 

driver were largely consistent among all three tests, with none of the magnitudes 
sufficient to be predictive of catastrophic injury.  In contrast, all of the three (far-
side), passenger dummies documented load magnitudes, which predicted 
catastrophic neck injury. These findings are consistent with 1992-1998 U.S. field 
injury data (NASS), which showed serious spinal injuries were more frequent for 
the far-side occupants (compared to near side), where the source was most often 
coded as roof, windshield and interior (Parenteau et al, 2001). 

 
TABLE 5 

MAGNITUDES OF LOCAL AND ABSOLUTE MAXIMUM NECK LOADS  
(During Time Interval of Continuous Roof-to-Ground Contact) 

 
DRIVER PASSENGER TEST 

PARAMETER B190042 B190043 B180220 B190042 B190043 B180220
Max Peak Fz  (N)3

 -958 -1960 -1920 -59331 -3245 None2

     Local Peak(s), Fz -200 -295 -223 -361  -50 200-260 
Max Peak My (Nm) 58 110 93 304 177 261 
     Local Peak(s), My 2 11 2-54 12-22 20-24 10 
Max Peak Mx (Nm) -106 -124 -167 68 98 41 
     Local Peak(s), Mx -11 to-18 n/a -20 to-46 9 12 19-21 
1 Magnitudes in red indicate these test parameters exceed the known tolerance of the human cervical spine 
(see Section 1.3.1) 
2 In Test 180220, no absolute maximum Fz was identified as all peak neck compression loads were within 
the range of 200-260 N.  Notably, the My values in B180220 and B190043 exceeds the known tolerance 
value, even though no driver side My injurious loads were recorded for any of the tests, though the Fz loads 
were as high as approximately 2000 N. 
3 Fz was measured at the dummy upper neck load cell; My and Mx measured at the lower load cell. 

 
 

The video images and roof rail sensor output in the Autoliv rollover tests 
clearly documented roof-to-ground contact, once begun (at approximately 500 
ms) remained continuous throughout and beyond the first 180 degrees of roll.  
Thus, the enhanced risk to the far-side occupant was not due to any increase in 
crash severity (i.e. there was only one, continuous ground contact during the first 
half roll). The higher magnitudes of passenger Upper Neck Fz and Lower Neck 
My must necessarily be attributable to the reaction of the vehicle’s roof structure 
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to the singular ground strike.  The near-side, driver’s roof rail/pillars deformed in 
all tests. This initial roof crush on the driver’s side also created a demonstrable 
effect on the opposite, passenger’s side of the vehicle.  Thus, the passenger side 
was already altered (weakened) by the time that the roof-to-ground reaction force 
reached it.  Thus, greater roof/pillar deformation was experienced on the 
passenger’s side compared to the driver’s side, with concomitantly greater neck 
injury metrics.  
 

Two common catastrophic neck injuries were predicted by the passenger 
dummies in the rollover tests.  As described previously in Table 1, a combination 
load of compression and flexion is associated with burst fractures and wedge 
compression fractures.  This is the precise load profile reflected in the B190042 
passenger dummy neck.  Flexion moments without associated compression, 
such as we see in tests B180220 and B190043, are associated with bilateral 
facet dislocation. Both neck injury types typically result in complete quadriplegia 
and enormous cost to society. 
 

The direct influence of roof crush as a source of injury in rollover is again 
revealed in a comparison of dummy Upper Neck Fz and Lower Neck My loads in 
B190043 and B180220.  Recall that loading rate (i.e. how fast the roof crushes 
into the occupant space) has a significant influence on spinal injury risk and 
injury type (Section 1.3.4)  Laboratory tests of cadaver human cervical spines 
have documented that burst fractures may occur under impulse loading 
conditions (3-10 ms time intervals), whereas ligamentous injuries typically seen 
in bilateral locked facet injuries require a longer duration of more sustained load 
application (Pintar et al., 1990; Nightingale et al, 1997) Both injury types were 
predicted in this test series.  No axial compression loads (Upper Neck Fz), which 
were predictive of catastrophic injury, were noted in either dummy in either test 
B190043 or B180220.  Yet, two out of the four dummies in these two tests (i.e. 
the B180220 and B190043 passenger dummies) predicted an injurious Lower 
Neck My flexion moment. 

 
The FMVSS 208 dolly rollover tests predicted injuries to the passenger side 

dummies consistent with the two mechanisms of spinal injury predicted by the 
cadaver tests of Pintar et al (1990) and Nightingale et al (1997).  Specifically, the 
passenger rail acceleration profiles corresponding to injurious Lower Neck My 
values in the dummies exhibited local maximums of longer duration without 
sudden impulse loads.  Such roof rail profiles were consistent with the video 
images of sustained roof crush, steadily intruding into the passenger survival 
space.   

 
The results of this study suggest that the 208 dolly rollover test provides 

superior biomechanical validity as compared to the existing FMVSS 216 roof 
crush resistance standard, uniaxial drop tests, and/or the rolling drop test (CRIS) 
sponsored by Ford Motor Company. A detailed discussion of this study in 
comparison to the alternative test proposals that have been published in Docket 
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No. NHTSA-1999-5572 is beyond the scope of this report.  We will comment on 
these issues separately if invited to do so by NHTSA.  Finally, we will, of course, 
provide all of our data and analysis in electronic form to the Agency upon 
request.   

 
5. CONCLUSIONS 
 
The following conclusions are reached on the basis of the results of this study: 

 
5.1. Roof crush into the survival space of restrained dummies was the 

direct cause of neck loads, which were predictive of catastrophic neck 
injury in rollover crashes. 

 
5.2. In the absence of significant roof crush into the occupant survival 

space, no dummy neck loads predictive of catastrophic injury were 
observed in this test series.  

 
5.3. No “diving-type”, injurious neck loads were observed in this test series.  

Small magnitude neck forces and moments (“Local maximums”) were 
noted each time the dummy head contacted the roof while the roof was 
in contact with the ground; however, the magnitude of these local 
maximums never exceeded published injury thresholds. 

 
5.4. The existing FMVSS 208 dolly rollover test is a repeatable and reliable 

test method to evaluate the occupant protection potential of vehicles 
involved in rollover crashes. 

 
5.5. The existing FMVSS 208 dolly rollover test is a valid test to predict 

catastrophic injury to restrained occupants in rollover crashes. 
 

5.6. The results of this study provide scientific evidence that directly refutes 
the position taken by Ford Motor Company and others in their 
communications with the Agency that roof crush occurs after peak 
neck loads are recorded in restrained dummies in rollover crashes. 
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