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ABSTRACT 

Despite the considerable rollover crashworthiness research carried out to date, there is still a need to establish exactly how spine 
and neck injuries occur to a seat-belted occupant during a rollover. This paper details an experimental and Finite Element (FE) 
analysis aimed at demonstrating how a stronger vehicle roof can reduce the potential for neck injuries to a seat belted occupant 
seated in the front on the rollover far-side. 

An analysis was carried out of the head-torso kinematics of a seat-belted Anthropomorphic Test Device (ATD) measured during 
two rollover crash tests conducted on a weak- and strong-roof sport utility vehicle (SUV), respectively. Both experimental 
laboratory rollover tests were performed under the same nominal conditions using the original Center for Injury Research (CFIR) 
Jordan Rollover System (JRS) located in Goleta, California. Further, a comparison of the ATD kinematics was then carried out 
using data obtained from detailed FE simulations of vehicle rollovers carried out using the FE model of the University of New 
South Wales (UNSW) JRS located in Sydney Australia, and an FE model of a SUV, first with the original production roof and 
then with a reinforced roof.  

The analysis of the experimental tests indicated that an excessive roof crush would likely cause the head to be captured within the 
crush zone long enough for the torso to apply a large inertial axial-compression load to the neck. In contrast, a stronger roof 
continuously guides the occupant’s head moving it along an arc in a smoother manner, thus reducing any significant change in 
velocity between the head and torso, and any consequent inertial axial-compression loading. However, preliminary computer 
simulations confirm this mechanism only in part, and further simulations of the refined computer model of the UNSW JRS and 
SUV models are being conducted and will be reported on when completed. 

INTRODUCTION 

Although vehicle rollovers are relatively rare events, they are particularly dangerous crash modes with one of the 
highest fatality rates per crash. Generally, rollovers are responsible for 20 to 35 percent of the total fatalities in 
vehicle crashes, with specific percentages varying from country to country. Specifically, in the USA, vehicle 
rollover crashes account for around 35 percent of the total motor-vehicle road crash fatalities [1]. Similarly, in 
Australia, coronial investigations indicated that 27 percent of the occupants killed in a vehicle crash are involved in 
vehicle rollovers. Studies of rollover-related deaths in Australia found that around half of the victims were not 
wearing a seat belt [2,3], with the majority being ejected from the vehicle. Nonetheless, the remaining half of 
rollover-related fatalities involved properly restrained occupants, clearly indicating the magnitude of the risk for 
serious injuries and fatalities during vehicle rollover crashes, even for restrained occupants.  

Understanding the mechanisms that cause severe injuries during vehicle rollovers is essential to develop future 
effective countermeasures, such as restraints and curtain airbags. In rollover crashes, spine and neck injuries account 
for around one-third of the total serious or fatal injuries [4,5]. There are a range of mechanisms proposed among 
researchers in regards to how an occupant’s neck and spine are being injured in rollover crashes. Initially, Moffat [6] 
and others [7-9] proposed that such injuries result from a diving-type mechanism and that, consequently, roof 
strength is not causal to the degree of injury. He claimed that it did not matter that the roof crushed around the head, 
neck and torso of the occupant once that part of roof where the head was located inside the vehicle came into contact 
with the ground [10]. According to the diving theory, occupant injuries occurring in rollover crashes are simply 
associated with the severity of the rollover. In contrast, work by Brumbelow [11,12] and others [13-17] using real-
world statistical crash data reveal some form of a relationship existing between serious and fatal injuries and roof 
crush and/or roof strength. Moreover, some of the authors have previously shown mathematically that when roof 
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crush occurs, neck loading is exacerbated [10,18,19]. More interesting is that Rechnitzer and Lane [18] indicated 
more than 20 years ago that entrapment of the occupant’s head by the side header rail could lead to spinal cord 
injuries even under low levels of roof intrusion. However, when there is considerable roof crush the neck loading is 
exacerbated and significantly higher in these circumstances than in the case of low intrusion as discussed below.  

However, the arguments presented by researchers advocating a causal relationship between roof crush and neck 
injuries are still being debated. In particular, the diving and the roof crush mechanisms have been found difficult to 
separate because neck loading resulting from either mechanism cannot be distinguished mathematically from each 
other [10]. Either mechanism appears to occur when observing the vehicle and occupant relative to the roadway 
inertial frame. Camera views taken inside the vehicle (i.e., relative to the vehicle reference system) highlight neck 
compression resulting from roof crush but, when viewed outside the vehicle (i.e., the roadway inertial reference 
system), the Anthropomorphic Test Device (ATD) appears to be diving into the roadway when the vehicle’s far-side 
roof crushes against it. However, the difference is subtle albeit noticeable as pointed out in [20] and in Figure 1. 
Nonetheless, injuries occur in conjunction with considerable roof crush.  

Despite extensive rollover crashworthiness research having been carried out so far, there is still a need to establish 
exactly how spine and neck injuries occur to a seat-belted occupant during a rollover. This paper aims at 
demonstrating how a stronger vehicle roof can reduce the potential for neck injuries to a properly restrained 
occupant seated in the front seat on the rollover far-side (i.e., the side opposite to the leading side of the rollover). 
The authors propose as a potential injury mechanism that, when considerable roof crush occurs, the head movement 
relative to the vehicle’s center of mass (CoG) is associated with an amplification of the neck loading (Figure 2). This 
is due to an increase in inertial compressive load being applied by the torso to the neck as it keeps moving towards 
the head [20]. In contrast, when a strong roof limits the extent of the roof crush, the ATD’s head position relative to 
the vehicle’s CoG does not change to the same extent as in the case of the weak roof vehicle. The head is effectively 
guided away by the strong roof and allowed to continue smoothly in its motion path relative to roadway. Whilst 
some torso augmentation occurs to the neck, the neck load induced is smaller than that when the roof is weak 
(Figure 3).  

An analysis was carried out of the head-torso kinematics of a seat-belted ATD measured during two rollover crash 
tests conducted on a weak- and strong-roof vehicle, respectively. Both rollover tests were performed under the same 
nominal conditions using the CFIR JRS [21]. Further, a comparison of the ATD kinematics was then carried out 
using data obtained from detailed FE simulations of vehicle rollovers carried out using the FE model of the UNSW 
JRS (located in Sydney Australia) and an FE model of a SUV, first with the original production roof and then with a 
reinforced roof.   

The analysis of the experimental tests indicated that excessive roof crush in the right circumstances can cause the 
head to be captured within the crush zone long enough for the torso to apply a large inertial axial load onto the neck. 
However, the author’s preliminary computer simulations have yet to fully demonstrate this mechanism using FE 
modelling. Nevertheless, some interesting results were generated and are discussed. Further analysis with both 
experimental tests and refined computer models of the UNSW JRS and SUV models are being conducted and will 
be reported on when completed. 

EXPERIMENTAL ANALYSIS 

An analysis was carried out of the ATD kinematics and dynamics during two rollover crash tests conducted using 
the CFIR JRS [22,23]. Each test was performed on a different SUV: a Jeep Grand Cheeroke with a roof Strength to 
Weight Ratio (SWR) of 2.2; and a Volvo XC90 with an SWR of 4.6. The SWR is the peak load measured within 
127 mm (5 in) of platen displacement divided by the kerb weight of the vehicle during a one-sided quasi-static roof 
crush test. The crush test is carried out using a rigid flat platen 762 mm (30 in) wide and 1829 mm (72 in) long 
applied to the vehicle front A-pillar at a pitch angle of 5º and roll angle of 25º.  

Measurement of the ATD’s Head Motion 

For both the cases of a strong- and weak-roof vehicle, frames from the high-speed videos were used to measure the 
movement of the ATD’s head and the vehicle’s Center of Gravity (CoG) relative to the roadway inertial reference 
system. The angle swept-arc relative to the vehicle’s CoG and the front header rail were considered, as shown in the 
lines drawn in Figure 1. For both tests, the angular displacements, i.e., the change of the angular position between 
two consecutive lines drawn on the considered frames, were computed and presented as shown in Figure 2. 
Similarly, the distance between the ATD’s head and CoG of the vehicle were also measured and compared and 
shown in Figure 2. 

Kinematics of ATD’s Head with Strong and Weak Roof 

Interestingly, in the test with the strong-roof vehicle, the ATD’s head continued to move through an arc, albeit the 
velocity of the ATD’s head slows down more rapidly for the stronger roof vehicle compared to the weak roof 
vehicle. In the weak roof vehicle, the distance between vehicle’s CoG relative to the ATD’s head increases to a 
lesser extent than in the case of a strong roof vehicle (Figure 2). Moreover, in the case of the weak-roof vehicle, the  
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Figure 1.  Movement of ATD’s head relative to the vehicle’s CG and the roadway – high- and low-strength roof. 
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ATD’s head was entrapped in the roof, which subsequently buckled, pushing the head back up relative to the 
vehicle’s CoG and the roadway, as indicated in Figure 2. The ATD torso continued to move towards the relatively 
entrapped (reverse thrusting) head, thus resulting in a greater axial compressive load being applied on the ATD’s 
neck in the case of the weak roof compared to the strong roof vehicle. 

   

Figure 2.   Left: Angular displacement of the ATD from CFIR JRS rollover crash tests of a strong roof SUV and weak roof SUV, 
Right: Relative change of distance from ATD head position to vehicle CoG. 

ATD’s Neck Load with Strong and Weak Roof 

The plot of the compressive load measured by the ATD’s upper-neck load cell during the two tests, an SUV with a 
strong-roof and an SUV with a weak-roof vehicle, are shown in Figure 3. A much higher peak compressive load of 
around 10 kN was measured in the test in the case of the weak-roof vehicle, compared to a peak load of about 3 kN 
in the case of a strong-roof vehicle. 

 

Figure 3.  ATD’s upper neck load from CFIR JRS rollover crash tests of a strong roof SUV and weak roof SUV [22,23]. 

COMPUTER SIMULATIONS 

Computer simulations of a vehicle rollover crash were also conducted in order to confirm the observations presented 
above regarding the two experimental rollover crash tests of the strong roof SUV and weak roof SUV. Simulations 
were performed using the non-linear FE solver LS-DYNA [24].  

FE Model 

A detailed FE model was constructed of the UNSW JRS, which was previously developed by some of the authors 
[25,26]. The UNSW JRS operates under the same functional principles of the original CFIR JRS [27]. Results 
obtained from simulations with the UNSW JRS model were expected to be consistent with the experimental results 
of the two tests conducted with the CFIR JRS that were used to identify the injury mechanism. A FE model was not 
available for either of the two different vehicles that were used in the experimental tests (i.e., a Volvo XC90 and a 
Jeep Cherokee). Nevertheless, assuming that the injury mechanism is independent of any specific vehicle model and 
it depends on the magnitude of roof crush, it was assumed the FE model of a 2003 Ford Explorer should be capable 
of simulating such a neck axial loading mechanism. The Ford Explorer is a SUV, which is in the same vehicle 
category as the two vehicles used in the experimental tests conducted using the CFIR JRS. The FE model of the 
Ford Explorer was obtained from the National Analysis Crash Center (NCAC) [28] on-line calibrated models freely 
available and further modified to more closely simulate the actual vehicle deformation. The modifications consisted 
of changes to both the material and element properties of the windshield and some of the roof components. The FE 
model of the UNSW JRS coupled with the modified FE model of the Ford Explorer was previously validated against 
an experimental rollover crash test conducted using the UNSW JRS [26]. A FE model of the Hybrid III ATD, which 
was obtained from Livermore Software Technology Corporation (LSTC) [29], was seated in the driver position 
(right-hand drive configuration) and restrained using a generic three-point seatbelt model. The seatbelt model used a 
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combination of both shell elements and discrete elements and included slipring and retractor modelling features 
available in LS-DYNA. 

To limit the time necessary to simulate the rollover test, as well as to minimise the potential for numerical 
instabilities associated with excessively long simulation periods, the FE analysis was carried out in two phases, i.e. 
Phase I – ATD, seatbelt and vehicle positioning simulation, and Phase II – reduced model impact simulation. In 
Phase I the whole vehicle in the UNSW JRS is gradually accelerated to the desired roll rate, then it is released at the 
appropriate roll angle and allowed to free drop under gravity similar to how it occurs in the actual experimental 
crash test. This ensures that the ATD position, seatbelt configuration and vehicle response during a rollover just 
prior to the roof impacting the roadbed is simulated accurately. Thus the ATD position, seatbelt configuration and 
vehicle conditions just prior to the roof impacting roadbed are noted and stored. For Phase II the model was reduced 
as shown in Figure 4 and Figure 5, and the initial conditions retrieved from Phase I were assigned to the reduced 
Phase II FE model, i.e. set to the same conditions as those that were measured at the time the vehicle’s roof started 
impacting the roadbed.  

Modelling Issues and Validation 

Determining the proper ATD initial conditions during Phase I as well as implementing these conditions at the 
beginning of Phase II proved to be more challenging than what was initially thought. In the Phase I simulation, the 
sash part of the three-point FE seatbelt had not slipped off the FE ATD’s right shoulder in contrast to what occurred 
in the actual experimental CFIR JRS test where the sash had slipped off the ATD’s shoulder. Also, the Phase I 
simulation did not completely replicate the change in direction of the ATD’s movement that was observed in the 
experimental test just before the vehicle impacted the roadbed. An analysis of the test high-speed videos showed that 
the initial ATD movement towards the vehicle’s center console gradually slowed down and the ATD eventually 
started to swing back towards the far-side door. In contrast, in the Phase I simulation, the FE ATD kept moving in 
the direction of the center console until the FE vehicle’s roof impacted the roadbed. Both these differences in the FE 
seatbelt and FE ATD’s movement appear to have affected establishing the initial position of the FE ATD and FE 
seat belt model for the Phase II simulation. This resulted in some differences in the simulated FE ATD response 
during the impact compared with the experimental test results. Further, a limitation in LS-DYNA prevented 
imposing independently an initial velocity field to the ATD and the vehicle model at the start of the Phase II impact 
simulation, making the simulation task challenging.  

A partial validation of the FE model of the UNSW JRS and the FE vehicle coupled with the FE ATD was 
accomplished. However further work is required. The FE model (UNSW JRS, vehicle, ATD and seat belt) 
validation was based on the ATD kinematics that was measured during an experimental test of the UNSW JRS 
combined with the Explorer [25,26,27]. A comparison of the simulated FE ATD kinematics and the kinematics 
observed during the experimental test is shown in the sequential frames in Figure 4. The simulated ATD kinematics 
were different from what was observed during the actual rollover crash test, which was likely due to the above 
mentioned issues related to the ATD and seatbelt initial configurations at impact.  

There was a further complicating modelling issue. In the experimental test, at the start of the vehicle’s roof impact 
with the roadbed, the ATD was offset from the seat cushion due to the vehicle roll position. During the first 150 ms 
after the initial vehicle impact, the ATD’s posterior offset from the seat cushion remained constant. Unfortunately, 
in the simulation, the FE ATD kept moving away from the FE seat cushion, towards the FE vehicle roof. This 
incompatibility between the test and FE simulation resulted in two subsequent major differences when comparing 
the results of the FE simulation to the experimental test in terms of (i) location where the head impacted the roof and 
(ii) magnitude of bending of the ATD’s neck. Further, in the experimental test, the ATD’s head impacted the side of 
the roof in proximity to the far-side rail. In contrast, in the simulation the initial impact of the FE ATD’s head 
against the roof occurred at a location directly above the center of the driver’s seat, i.e. further inboard of the side 
header rail. Also, more extensive bending of the FE ATD’s neck occurred in the simulation, likely due to the FE 
ATD’s posterior continually moving away from the seat cushion towards the roof. 

Analysis of Simulations with Weak and Strong Roof 

The FE model was then used to simulate a rollover under the same initial conditions as in the baseline experimental 
test, but using a modified version of the Explorer model with a stronger roof. To increase the roof strength, the yield 
stress and the wall thickness of the A- and B-pillars and the roof header were increased by 50 percent and one 
millimeter, respectively. A comparison of the roof crush and ATD kinematics between the simulations with the 
original and a strengthened roof is shown in Figure 5. Apart from the extent of the roof crush, the main difference 
was that the FE ATD’s head stayed in contact with the far-side roof rail in the case of a stronger roof, while it was 
pushed towards the near side by the crushing roof in the case of with the lower roof strength. This contrasted to the 
experimental test with the weak-roof vehicle, where the ATD’s head was mainly held (entrapped [18]) in close 
proximity of the far-side header rail during the roof crush. Moreover, the ATD neck load for the weak roof SUV 
[22] was around 10 kN whereas the simulated FE ATD load for the strong roof vehicle shown in Figure 6 was 
around 7.5 kN. This compares to the ATD’s neck load of around 3 kN for the strong roof vehicle [23] tested using 
the CFIR JRS. 
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Figure 4.  Experimental and simulated ATD kinematics and comparison of initial ATD head impact on vehicle roof [25,26,27]. 

The simulated angular speed of the FE ATD’s head for both cases (original and strengthened vehicle roof) is shown 
in Figure 6. Although crush of the weak roof contributed to slowing the FE vehicle’s roll motion as a result of 
dissipating more roll energy than in the case with a stronger roof, it caused the FE ATD’s head to be pushed inboard 
(left bottom frame in Figure 5). This in turn resulted in a smaller upper-neck compressive peak load being imparted 
in the case with a weak roof compared to the case with a strengthened roof. In fact, in the case with a weak roof the 
FE ATD head was forced to tilt laterally with a consequent bending of the neck, which mitigated the compressive 
load applied onto the neck. 

A possible explanation for the apparently opposite trends in terms of neck loading when comparing the CFIR JRS 
experimental test results and the FE simulations is related to the different magnitudes of roof crush that occurred in 
the weak-roof vehicle used in the experimental test compared with the FE vehicle model in the simulations. Also the 
interior shapes and sizes of the Jeep Grand Cherokee and Ford Explorer interior is different to the Volvo XC90 
causing the head to interact and move differently within the vehicle when in contact with the roof, i.e. the head tilts 
rather than becoming entrapped. 

In the experimental test, the weak-roof vehicle (i.e., Jeep Grand Cherokee) underwent larger roof crush than what 
was observed in the FE simulation using the original Ford Explorer FE model. A bimodal non-linear relationship 
between neck axial loading and the amount of roof crush seems to be consistent with a recent analysis of real-world 
NASS CDS rollover crashes conducted by Bambach et al. [5] as shown in Figure 7. In that study, a higher frequency 
of AIS 3+ occupant neck and spine injuries was found for either relatively small or very large magnitudes of vertical 
roof crush. However, the number of AIS 3+ injuries was reduced for magnitudes of roof crush between these two 
extremes. 

A similar relationship would be expected between the neck axial compressive load and increasing amount of roof 
crush (or weaker roof), assuming that neck axial compression was causal to the cervical and upper thoracic spine 
injuries. Indeed, this trend was observed when comparing the simulated FE ATD neck load obtained using the Ford 
Explorer FE model when the roof was further weakened as shown in Figure 7. The FE ATD’s Neck load for the 
‘weaker roof’ (green curve) increased in magnitude compared to the ‘weak roof’ (red dashed cure). In other words,  
a very weak roof will likely result in increased neck loading. As a further observation, bending of the neck during 
roof crush may also be affected by other factors, such as localised buckling of the roof structure and/or roof interior 
padding. These factors, may contribute to either entrapping the head in position [18] or force it to move laterally. 
Whilst more detailed simulation work needs to be carried out, it appears that the orientation of the head relative to 
the torso and head entrapment are critical factors in terms of axial compressive loads imparted to the occupant’s 
head during a rollover crash.    
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Figure 5.  Simulated roof crush and FE ATD kinematics using Explorer model: strong (right) and weak (left) roof configurations. 

Weak Roof 
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Figure 6.  Simulated angular speed of the FE ATD head and upper-neck load: strong- and weak-roof configurations. 

 

  

Figure 7.  Distribution of occupant neck and spine injuries in rollover crashes based on vertical roof intrusion [5] (left) and 
simulated FE ATD neck load with a decreased levels of roof strength (right). 

CONCLUSIONS 

This paper describes how neck injuries can occur to a seat-belted occupant, seated in the front of the vehicle on the 
far-side opposite to the leading side of rollover, and are exacerbated in the case of a weak roof vehicle compared to a 
strong-roof vehicle. An analysis of experimental rollover crash test results, on two SUVs carried out using a JRS, 
indicate that in the case of a weak roof, the head can be entrapped within the crush zone. As a result, the distance 
between vehicle’s CoG relative to the ATD’s head increases to a lesser extent than in the case of a strong roof 
vehicle.  

However, the analysis conducted using FE simulations resulted in different compressive neck loading with the FE 
ATDs. In the case of a weak roof, the simulated FE ATD’s head was pushed towards the FE vehicle’s near side 
exerted by the crushing far-side of the weaker roof. This had the effect of reducing the compressive peak load in the 
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FE ATD’s neck. In contrast, in the strong roof FE Vehicle the FE ATD’s head remained aligned with the torso and 
hence was subjected to a higher torso augmentation load (7.5 kN), albeit the load was less than that observed in the 
CFIR JRS tested weak roof vehicle (10 kN). This in turn indicates that inducing an offset to the head, e.g. side 
header rail air bag, that tilts the head inboard may alleviate the neck load in rollover crashes. This needs further 
investigation. 

Whilst this analysis focused on the magnitude of the axial compressive force on the neck, which is indeed an 
important contributor to neck injury, future analysis should also consider neck flexion moments and shear forces. 
Although the Hybrid III is widely used for many crash applications, including rollover crash tests, the neck of the 
ATD has been observed to have limited biofidelity [30]. In particular, the neck response of the Hybrid III has been 
shown to be stiffer than the actual human neck [31]. Further investigations should be conducted using simulations 
with a detailed and validated human body FE model, such as the Total Human Model for Safety (THUMS) or 
Global Human Body Model Consortium (GHBMC). Ultimately, experimental tests with post-mortem human 
specimens should be considered as well. 
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