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We conducted Jordan Rollover System tests of five contemporary sedans. The tested
vehicles were selected from a list of cars that the National Highway Traffic Safety
Administration (NHTSA) had tested using its static test as part of its rulemaking to amend
Federal motor vehicle safety standard 216. The vehicles had FMVSS 216 roof crush
strength-to-weight ratios (SWR) ranging from 2.3 to 5.1. The results demonstrated a
rough correlation between the results of the two tests. However, the dynamic testing
gave important new insights into rollover roof performance and occupant injury potential
such as the role of vehicle geometry and the importance of roof strength in reducing
ejections. The dynamic tests also showed that currently available sedans provide a wide
diversity of rollover occupant protection performance. However, it was disappointing to
find in the dynamic tests that even the two best performers sustained windshield header
failures. The tests of vehicles with higher SWR also demonstrated some reduction in side
window breakage, which should reduce rollover ejections. This program also provided
initial confirmation of a new procedure for using a Hybrid III dummy to measure the
potential for restrained occupant injury in a rollover.

__________________

Tests of contemporary sedans on the Jordan Rollover System (JRS) have
demonstrated why dynamic testing should be adopted for both Federal standards and
consumer information programs. Such testing shows detailed failures that could inflict
serious injuries on restrained occupants from roofs that have exceptionally high strength
to weight ratios (SWR) in Federal motor vehicle safety standard (FMVSS) 216. The
dynamic tests also show that vehicles with similar SWR can have significantly different
responses in the more realistic dynamic test conditions.

Measurements of the dummy neck bending moment over time, at the lower end of
the neck where cervical injuries typically occur, showed that the greater the roof crush
the higher the potential for serious neck injury.

Federal Standards on Rollover Occupant Protection

The National Highway Traffic Safety Administration (NHTSA) has issued an
electronic stability control (ESC) standard, which will have a significant impact on the
number of rollovers, but it will only cut rollovers by up to half. However, NHTSA has
shown little enthusiasm for promulgating standards or a consumer information program
to reduce rollover occupant casualties. If NHTSA issues a final rule in October 2008 as
promised, it will have been seven years since the agency requested comments on the need
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for upgrading FMVSS 216 and nearly twenty years since it found the current roof crush
standard to have been ineffective.1 Yet in that time, the agency has not seriously
considered dynamic testing for rollover occupant protection testing. Based on its
proposals, the amended standard will probably require only a trivial upgrade to a level
roughly equivalent to what was originally proposed in 1970 before it was degraded at
GM and Ford’s urging in the final 1971 rule (see Appendix A).

Rollover occupant protection is the last major area to be addressed by NHTSA.
Frontal and side impact injuries are now covered both in Federal standards and in New
Car Assessment Ratings by dynamic tests using anthropometric dummies to measure
injury potential. Manufacturers have responded with extensive material and
technological changes to reduce the potential for injury in frontal and side impacts. At
present, however, beyond the basic protection offered by safety belts and interior
padding, the only rollover occupant protection standard for passenger cars and light
trucks is the inadequate, static roof crush resistance standard, FMVSS 216.

In 2001, NHTSA asked for comment on how that standard could be improved, and
in August 2005, after ignoring most of the comments, NHTSA proposed a minor
amendment to the standard. The proposal would have raised the roof crush resistance
strength-to-weight ratio (SWR) from 1.5 to 2.5 and made residual headroom a key factor
in determining compliance. The result, according to NHTSA, would have saved only one
out of 200 rollover fatalities. In 2008, the agency supplemented the rulemaking record
with the results of 26 two sided static tests, and proposed a sequential two-sided roof test
and hinted that the standard might be set above a SWR of 2.5.

The Santos/State Farm Test Program

Under a research grant from the Santos Family Foundation and using contemporary
vehicles provided by the State Farm Mutual Auto Insurance Company, we selected five
of the 4 door sedans that NHTSA recently tested for Jordan Rollover System (JRS)
dynamic testing of rollover occupant protection performance. The sedans were a 2007
Pontiac G6, a 2006 Chrysler 300, a 2006 Hyundai Sonata, a 2007 Toyota Camry, and a
2007 Volkswagen Jetta. These vehicles all continue to be sold as 2008 models. Most, if
not all, will be sold as 2009 models. We used extensive instrumentation and Hybrid III
dummies restrained by three-point safety belts in the tests. The current research program
also includes tests of five light trucks. The results of the first of these tests of a 2007
Honda Ridgeline are discussed in Appendix B).

It is well known that the initially trailing side is the most vulnerable seating position
for a belted occupant in a rollover. The critical aspects of rollover occupant protection
are a strong roof, safety belts that fully restrain occupants in a rollover, interior padding

1 Kahane, Charles J., “An Evaluation of Door Locks and Roof Crush Resistance of Passenger Cars –
Federal Vehicle Safety Standards 206 and 216, NHTSA Technical Report No. DOT HS 807 489,
Washington, D.C., 1989.



3

in the head impact areas, and occupant compartment integrity to reduce partial or
complete ejection. All of these vehicles had the padding in the upper interior as required
by FMVSS 201. None of the sedans had rollover triggered safety belt pretensioners,
rollover triggered side curtain air bags, or laminated glazing in the side windows.

The issue of whether a stronger roof will reduce injuries in rollovers has been settled
in studies by NHTSA2 and the Insurance Institute for Highway Safety (IIHS).3 The latter
showed that for mid-sized SUVs, an increase of roof strength (SWR) from 2 to 3 would
reduce the injury rate by 25 percent (the current minimum requirement is a SWR of 1.5
and the proposed amendment would set the required minimum SWR at 2.5). This injury
reduction is an order of magnitude higher than the prediction by NHTSA.

A few manufacturers including Volvo, Toyota and Volkswagen have voluntarily
exceeded the minimum Federal requirements in some of their vehicles by substantial
margins. Nevertheless, we have thus far seen only one production vehicle that provides
good rollover occupant protection: the Volvo XC90. In designing this vehicle, Volvo
prepared a briefing discussing its dynamic tests to achieve the desired performance. A
critical finding of the Volvo engineers is that the roof should not sustain permanent
buckling or other structural failures.

Many manufacturers have substantially strengthened the B pillars and posts (where
the rear of the front doors latch) and added a strong cross member between the B pillars
to improve dynamic side impact performance under FMVSS 214 and the New Car
Assessment Program (NCAP). This has also improved roof crush resistance in FMVSS
216, but not roof strength over the A pillars (the supports on either side of the
windshield) as this is not independently tested in the current FMVSS 216 protocol (see
Appendix A). In actual rollovers, most roofs are subjected to the primary impact force in
the A pillar area because vehicles typically pitch forward as they roll. In the present test
program, the first roll was conducted at a 5º pitch angle and the second at a 10º pitch to
provide a range of roof impact test conditions that is typical of actual rollovers.

Jordan Rollover System Tests

Test Procedure. The JRS suspends vehicles on mounts at the front and rear in a
manner that permits them to roll freely. The mounts are released as the vehicle is rotated
and a road segment is passed underneath so that the initial roof contact is the passenger
side (the initially leading or near side). Two JRS tests were conducted of each vehicle: at
a pitch angle of 5º for the first roll and 10º for the second. The road speed was 15 mph
and the vehicles were dropped four inches to the first roof impact at a roll angle of 145º.

2 Strashny, Alexander, The Role of Vertical Roof Intrusion and Post-Crash Headroom in Predicting Roof
Contact Injuries to the Head, Neck, or Face during FMVSS 216 Rollovers, National Highway Traffic
Safety Adminstration, Washington, D.C.: 2008.

3 Brumbelow, Matthew L., Eric R. Teoh, David S. Zuby, and Anne T. McCartt, Roof strength and injury
risk in rollover crashes, Insurance Institute for Highway Safety, Washington, D.C.: March 2008.
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The roll rate was 160º/second at the time of first roof impact.4 These test conditions were
derived from studies of actual rollovers and other dynamic rollover tests to emulate the
conditions of actual rollovers.

Four string potentiometers were placed between the longitudinal roll axis of the
vehicle and the roof structure at the top of the driver’s side A-pillar and B-pillar, at the
header inboard of the A-pillar and at the top of the passenger’s side A-pillar. These
instruments measure the amount and speed of roof intrusion to determine whether it
would injure a human whose head is in the path of the intruding roof.

An instrumented, safety belted 50th percentile male Hybrid III test dummy was
placed in the driver’s seat (the initially trailing side in this test). For the first roll, the
dummy was seated in general as specified in FMVSS 208 for frontal crash tests except
that the right shoulder was tightened to prevent contact with the forward roof string
potentiometers. The dummy was instrumented with string potentiometers under the seat.
The dummy also had upper and lower six axis (three force and three moment) neck load
cells. For the second roll, the dummy’s torso was pitched forward to increase the angle
of the neck axis to 10 degrees forward, and the seat was moved rearward to place it in a
more realistic position for a rollover condition. Seat belt load cells were used to measure
belt tension.

Six vertical and two lateral load cells were placed in the moving roadway to record
the impact characteristics of the test. A string potentiometer was placed on the front
fixture support tower and another on the rear tower to record vehicle vertical motion
characteristics during the test. A roll encoder was placed on the cable pulley which pulls
the moving roadway to record the roadway velocity throughout the test. Another roll
encoder was placed on the shaft of the vehicle roll axis or in the vehicle itself to
determine the vehicle roll angle and angular velocity during the test.

Rollover Occupant Injury

Table 1 provides the basic results of these tests as they relate to the potential for
injury for the five vehicles tested. The roof performance measures that were used to
evaluate the performance these include peak dynamic roof crush, residual roof crush, and
peak crush intrusion speed.

NHTSA has concluded that if the residual roof crush (the distortion of the roof after
the test is completed) leaves negative headroom for a 50th percentile male, the probability
of occupant head, face or neck injury increases dramatically. As can be seen from Table
1, the peak dynamic intrusion (the maximum crush during the test) is typically 50 to 100
percent greater than the residual intrusion. The ratio of the peak road load in the first roll
to the peak in the second roll decreases with increasing SWR indicating that the vehicles

4 The test parameters are nominal target values. Actual parameters were within a few percent of these
values.
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with stronger roofs respond more similarly in multiple rolls than vehicles with weak
roofs.5 Belt loads were nominal (no more than a few hundred pounds) in all tests.

Based on both experimental tests and real world crash statistics, NHTSA has
established that if the neck injury criterion, Nij exceeds 1 there is 15 percent probability
that the occupant will suffer an AIS 3 or greater neck injury.

Pass. Car Year, Make
& Model (strength-
to-weight ratio – test
weight)

Roll Peak Road
Load
(pounds)

Peak
Dynamic
Crush
(inches)

Peak
Crush
Speed
(mph)

Residual
Roof
Crush
(inches)

Peak
Neck
Load
(N)

Neck
Injury
Criteria
(upper)

Integrated
bending
moment
(IBM)

1 19,062 7.1 7.5 4.9 2,399 0.66 17.42007 Pontiac G6
(2.3 – 3,179) 2 33,406 6.0 13.1 7.0 1,916 0.54 14.4

1 24,100 8.4 7.5 5.6 5,598 1.80 20.12006 Chrysler 300
(2.5 – 3,941) 2 43,050 10.4 10.6 7.4 1,979 0.40 15

1 17,711 4.7 5.0 2.6 4,835 0.63 13.5*2006 Hyundai Sonata
(3.2 – 3,501) 2 31,380 6.9 7.2 N.A. 3,457 1.15 10.1*

1 19,242 3.4 5.0 1.6 4,211 0.78 9.9*2007 Toyota Camry
(4.3 – 3,176) 2 25,038 8.3 7.5 5.5 2,669 0.76 5.1*

1 17,362 2.7 5.7 1.0 5,158 0.96 7.22007 VW Jetta
(5.1 – 3,316) 2 20,798 8.0 7.1 3.4 5,394 1.08 7.9

* Estimated
Table 1. Data from tests of contemporary passenger cars of varying FMVSS 216 roof crush

resistance (strength-to-weight ratio – SWR)

Details of Vehicle Performance

Pontiac G6. Figure 1 shows the Pontiac G6 after the first and second rolls. Note
the extensive windshield header and roof panel buckling and intrusion of the roof panel
over the driver position.

The Pontiac’s curb weight is 3,422 pounds and its test weight was 3,179 pounds. It
has an FMVSS 216 SWR of 2.3, the lowest among the tested vehicles. It registered a
maximum road impact load with the first side of the roof of 10,605 pounds and of 19,062
pounds on the second side on the first roll test. The higher road impact load in the second
test occurs because of the impact between the lower body of the vehicle and the road.
The total residual roof intrusion at the A pillar was 4.9 inches after the first roll and 7.0
inches (an additional 2.1 inches) after the second.

The roof of the G6 suffered major structural failure in the first roll, and the second
roll increased the damage only marginally. The windshield header buckled in numerous
places indicating that it is completely inadequate to ensure structural integrity in a
rollover. The driver’s side window broke in the first roll, but the remaining side windows
survived both rolls.

5 In vehicles with weak roofs, the peak force on the road on the second side impact occurs when the roof
has crushed and the lower body of the vehicle comes in contact with the road segment.
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Figure 1. Pontiac G6 after first (left) and second roll JRS tests.

This vehicle would not comply with the weak, proposed upgrade of FMVSS 216.
The roof intrusion rate on the first roll would have inflicted serious injury to a driver
whose head is located in the path of maximum intrusion. The intrusion rate in the second
roll was sufficient to inflict injury to a driver in virtually any position near the roof rail.
This vehicle would have to be considered defective for its excessive roof intrusion and
intrusion rates.

The maximum neck loads and neck injury criterion in these two tests were moderate
because the safety belts permitted sufficient excursion of the dummy that friction
between the head and interior headliner kept the dummy away from the roof rail area.
This is partly a function of the very stiff neck of the dummy that prevented it from
bending to permit the occupant to move into the path of the roof’s greatest intrusion and
partly a function of the poor belt restraint. The measurements of roof intrusion provided
confirmation of the high injury potential of roof intrusion in this vehicle.

Chrysler 300. Figure 2 shows the Chrysler 300 after the first and second rolls. It
registered a maximum road impact load with the first side of the roof of 11,604 pounds
and of 24,001 pounds on the second side on the first roll test. The latter was due to the
impact of the lower side of the vehicle with the road segment. The FMVSS 216 SWR
was 2.5. Note the extensive windshield header buckling and intrusion of the roof panel
over the driver position.

The Chrysler’s curb weight is 3,726 pounds and its test weight was 3,941 pounds.
The total residual roof intrusion at the A pillar was 5.6 inches after the first roll and 7.4
inches after the second. The intrusion at the roof buckle was even greater. According to
NHTSA, this would significantly increase the probability of a head, face or neck injury in
a rollover.

The Chrysler 300 barely met the roof crush resistance value proposed by NHTSA in
2005, and did so in its two-sided test. However, the roof showed serious performance
deficiencies in our dynamic testing. We would rate the rollover occupant protection
capability of this vehicle as poor based on the amount and speed of roof intrusion, and on
the high peak neck load and neck injury criterion in the first roll test.


