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had an axial neck load of 12,000 N. In both instances 
the dummies were in very similar positions, the roof-
to-ground impacts were of similar severity. The neck 
loads however were vastly different because of the 
difference in roof intrusion velocity which was 6.3 
m/sec (14 mph as determined from the initial slope of 
the roof crush versus time graph) for test 3 but only 
2.2 m/sec for test 2; and roof crush which was 23 cm 
(9 inches) for test 3 but less than 3 cm for test 6 (see 
Figure 16, 17, and 18). 
 

 
 
Figure 13.  (Figure 12 in the Malibu II paper.)  
Roof Crush and Neck Loads versus Time from a 
GM Comparison between 3L5 (production) and 
2L1 (roll caged). 
 
     Photo analysis of these impacts reveals that the 
production vehicle neck load measured by the 
dummy occurred approximately 26 ms after the roof 
hit the ground and the dummy head was on the inside 
of the roof panel.  The first four inches of high speed 
roof crush intrusion, which is seen in the films, 
occurs before the peak force on the neck.  The 
maximum (or residual) deformation had no effect on 
the severity of the head-to-roof impact.  Figure 16 
illustrates that the high dummy neck loads occurred 
after the initial four inches of high speed intrusion but 
before the maximum roof crush. 
 
     The last roll of test 7 (7L4) and test 2 (2L1) 
showed very similar roof-to-ground impacts, with the 
production car having substantial roof crush.  In the 
roll caged vehicle, which had no roof deformation, 
the driver dummy had an axial neck load of 5,000 N 
(which would not produce serious injury).  In the 
production roof vehicle, which had 225 mm (9 
inches) of roof crush, the driver dummy had an axial 

neck load of 13,200 N.  In both instances the 
dummies were in very similar positions, the roof-to-
ground impacts were of similar severity.  The neck 
loads however were vastly different because of the 
difference in roof intrusion velocity which was 6.3 
m/sec (from the buckle moving from right to left) for 
test 7, and 1.4 m/sec for test 2; and roof crush which 
was 23 cm for test 7, and 3 cm for test 2. 
 

 
 
Figure 14.  The first page of the 2L1 set of the 10 
sets of photo analysis. 
 

 
Figure 15.  The summary chart of the 10 photo 
analysis showing that there is a significant delay 
between the beginning of crush (A-pillar 
touchdown) and peak neck load. 
 
     Photo analysis of these impacts reveals that the 
production vehicle neck load measured by the 
dummy occurred approximately 200 ms after the near 
side roof hit the ground and a roof panel buckling 
wave (what GM called a contact patch in Malibu I, 
but did not mention in Malibu II) struck the dummy’s 
head which was pressed against the inside of the roof 
panel.  The first four inches of high speed roof crush 
intrusion, which is seen in the films, occurs before 
the peak force on the neck; although the maximum 
(or residual) deformation had no effect on the 
severity of the head-to-roof impact. Figures 19, 20 
and 21 illustrate that the high dummy neck loads 
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occurred after the initial four inches of high speed 
intrusion but before the maximum roof crush. 
 
     In the case of impact 7L4, the GM engineers 
opined: 
 

“Figure 13. [Impact 7L4, shown as figure 22 here] 
… First the load on the dummy neck is the result of 
the dummy head stopping against the roof when 

the roof is against the ground. When the dummy 
head stops, the dummy torso continues to move 
toward the head, causing high axial forces in the 
neck. The neck measurements indicate that the 
peak of the force pulse occurred approximately 10 
ms after the adjacent roof panel struck the ground, 
which was before any significant roof crush 
occurred.” (SAE 902314, p. 106) 

 

 
 
Figure 16.  A sequence of frames from Malibu II Impact 3L3. 

 
Impact 3L3 6L1 

Roll Angle 217° 225° 
B-Pillar 

Displacement 
16.7 in 0 in 

Peak Neck Load 12,000 N 2,800 N 
Vehicle Rotation 

Rate 
407°/sec 500°/sec 

B-Pillar Velocity 10.7 mph 0 mph 
 
Figure 17.  Comparison of Malibu II Impacts 3L3 
(Production) and 6L1 (Roll caged). 
 
     We have redrawn their Figure 13 from the Malibu 
II paper as Figure 23 here to reflect detailed 
measurements of right and left B-pillar acceleration, 
the interior intrusion and intrusion velocity. With the 

original film there is sufficient resolution to track the 
motion of the roof directly above the dummy’s head. 
 
     The load on the dummy neck is the result of the 
dummy head being contacted by the deformation of 
the roof panel from the near side ground contact and 
intrusion.  That contact also forms a traveling buckle 
in the roof panel starting on the near side and 
traveling across the vehicle roof to merge with the 
trailing side contact and intrusion. The traveling 
buckle has an amplitude of about 4 inches and is off 
the ground and intrudes on the dummy head at 12 
mph, causing the peak neck load over about 12 ms. 
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Figure 18.  Roof Crush and Neck Loads v. Time for Impacts 3L3 (prod.) and 6L1 (roll caged). 

 

 
 
Figure 19.  Nine frames from impact 7L4 with timing referenced. 
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Impact 7L4 2L1 
Roll Angles 176° 184° 
B-Pillar 
Displacement 

9.8 in 0 in 

Peak Neck 
Load 

13,200 N 5,600 N 

Vehicle 
Rotation Rate 

172°/sec 184°/sec 

Vehicle 
Horizontal 
Velocity 

6.7 mph 6.5 mph 

 
Figure 20.  Comparison of Malibu II Impacts 7L4 
(Production) and 2L1 (Roll caged). 
 
     The GM engineers did not consider the pitched 
roof A-pillar being in contact with the ground and, as 
a consequence of the lateral compression of the roof 
panel, forming a traveling buckle that intrudes 
rapidly into the compartment.  The continuation of 
the trailing side roof intrusion then drives the dummy 
toward the seat, after the neck injury.  The traveling 
buckle is very much like the panel motion in Malibu I 

4L4, that the GM authors called a “contact patch” as 
we explained earlier.  Figure 24 depicts the sequence 
of sample frames shown in Figure 22, starting at the 
near side contact, then the three frames during which 
the buckle compresses the neck at an intrusion speed 
of 12.2 mph and the merging of the buckle with the 
far side roof crush driving the dummy towards the 
seat.   
 
Drop Test Results – Vehicle Kinematics 
 
     As an additional part of the Malibu test series, the 
engineers dropped vehicles onto their roofs with 
standing pelvis (pedestrian) dummies restrained in 
them.  They concluded, “The roll caged vehicles had 
no perceptible crush on impact.” (SAE 902314, p. 
109)  They added, “Overall, in these drop tests, roof 
crush did not appear to adversely affect the neck 
loads to the unbelted or belted dummies which were 
seated in the area of impact. 
 
 

 

 
 
Figure 21.  Roof Crush and Neck Loads v. Time for Impacts 7L4 (prod.) and 2L1 (roll caged).  The roof 
displacement in 7L4 is measured over the driver dummy’s head. 
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Figure 22.  Figure 13 of the Malibu II paper. 
 
     Figure 25 from the roll caged drop test 
demonstrates that at touchdown, indicated by the 
flash, the roll caged vehicle drops two inches (as 
shown by the arrow) while deforming the crown of 
the roof at the dummy head contact point prior to the 
roll caged structure engaging the ground.  As a result 
the production and roll caged vehicles performed 
identically (with the same dummy). 
 

 
 
Figure 23.  7L4 redrawn to reflect the correct 
timing perspective and the timing of the B-pillar 
accelerometer traces. 
 

Malibu II Impact 7L4 Roof Displacement and Compressive 
Neck Load vs. Time
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Figure 24.   The motion of the roof above the driver dummy’s head relative to a reference line. 
 
     Although not stated in the paper, the dummies 
used in these tests were standing, not seated pelvis 
dummies (with the probable exception of the belted 
driver in the production vehicle drop test).  A 
subsequent test conducted by one of the authors with 
the same vehicle, with a production belted human and 
a seated pelvis dummy in a rigid roll caged vehicle 
showed a major difference in neck loading, Figures 
26 and 27. 
 
 
 

The Mechanism of Neck Injury 
 
     The Malibu II data show clearly that: 
• During a rollover, the vehicle drop height is 

insufficient to cause a neck injury.  The impact 
speed of the head with the vehicle roof when the 
roof does not collapse is less than a normal human 
walking speed. 

• The mechanism of neck injury in rollovers is roof 
crush where the low falling speed of the occupant 
is substantially exacerbated by the rapid intrusion 
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of the collapsing roof to produce excessive neck 
loads. 

• The results of Figure 10 show that even using their 
methodology, as the potentially injurious neck 
injury level is raised to 6,000 N, the number of 
potentially injurious impacts would be substantially 
lower in roll caged vehicles.  In fact, if the cut off 
were raised to 7,000 N, a value that is shown by 
Hybrid III biomechanics research to be a threshold 
for dummy neck injury, there would have been no 
potentially injurious impacts in the roll caged 
vehicles. 

 

 

 
 
Figure 25.  Sequence of photos from roll caged 
Malibu drop test.   
 
     Despite this evidence, the engineers who 
conducted these tests insisted that: 

 
“Neck loads resulted from “diving” type impacts 
where the head stops and the torso momentum 
compresses the neck, with the magnitude 
proportional to the impact velocity” (SAE 902314, 
p. 111) 
 

     In both of the GM Malibu papers, the authors 
present a theory that the occupants have high neck 

loads because they are diving into the ground as the 
vehicle rolls.  In their view, the injury occurs when 
the roof comes into contact with the ground and the 
occupant’s head, which is in close proximity to the 
roof, also strikes the ground through the roof.  As a 
consequence, the vertical motion of the occupant’s 
head is stopped.  The claim is that at that point the 
occupant’s body is still moving downward and 
imposes an injurious force on the neck because the 
neck is compressed between the head and the body.  
This is similar to what happens to a person who dives 
into a shallow pool. 
 

 
 
Figure 26.  One of the authors (Friedman) and a 
Dummy in a 5.4 mph Malibu Drop Test in which 
roof crush was precluded. 
 

 
 
Figure 27.  A comparison of data from Seated vs. 
Standing Dummies and a human subject. 
 
     GM’s theory may at first glance seem reasonable, 
but at the time a strong roof strikes the ground, the 
motion of the occupant’s head (and body) is mostly 
horizontal.  Thus, the speed with which the 
occupant’s head strikes the ground (through the roof) 
is about the same as the falling velocity of the CG (3 
mph) and is insufficient to cause a diving type injury.  
 
     The Malibu Figures of 16 and 19, above, taken 
from the package shelf behind the rear seat offer no 
perspective of the fore and aft position of the dummy 
head.  In reality the dummy neck is stiff compared to 
a human and gives the impression that the head does 
not bend.  In rolling, with a Malibu cinching latch 
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plate belt a human person typically does not ‘dive’ 
into the roof (provided the rate of roll is sufficient) 
but is certainly not tightly in the seat at all times. 
 

 

 
 
Figure 28.  A human volunteer wearing a seat belt 
in the “Wonder Wheel”[6] that is rolling through 
360 degrees.  The occupant of this rotating fixture 
does not experience diving into the roof because 
his motion is essentially circular so that when the 
occupant’s head is nearest to the ground, it is 
traveling parallel to the ground. 
 
     We have illustrated this point with the “Wonder 
Wheel,” a device that simulates the motion of a 
rolling vehicle cab but with no roof crush or intrusion 
velocity.  A human volunteer test subject is shown in 
Figure 28.  His head moves to about the middle of the 
roof rail (even without vehicle pitch) and rises and 

falls about 4 inches (in relation to the vehicle interior) 
during the rollover sequence.   
 
CONCLUSION 
 
     The Malibu tests were well-designed and 
conducted, and provided a wealth of excellent data 
and film that has provided considerable insight into 
the mechanisms of occupant injury in rollovers.  
Furthermore, these tests show the value of a strong 
roof as a countermeasure to prevent severe head and 
neck injuries in rollovers.   
 
     It is unfortunate that the engineers who conducted 
these tests misinterpreted the results and that General 
Motors refused for two decades to release the raw 
data so that other scientists could review the validity 
of their interpretation.  The consequences were that 
proper peer review of this work was impossible, and 
that the misinterpreted results were used to delay the 
provision of adequate rollover protection in new 
vehicles.   
 
     It is critical that other scientists conduct further 
review of this data to ensure that all scientists and 
engineers in the auto safety community understand 
and derive a consensus on the importance of strong 
roofs for rollover occupant protection. 
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