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ABSTRACT

As part of a comprehensive plan to reduce the
risk of death and serious injury in rollover
crashes, the National Highway Traffic Safety
Administration (NHTSA) has a program to
characterize restraint system response in
rollovers. A rollover restraint tester (RRT) was
developed and utilized to produce a 180 degree
roll followed by a simulated roof-to-ground
impact. This device was modified to incorporate
a reaction surface to analyze how advanced
restraints would perform in a more realistic
environment. The device was renamed as a
rollover reaction surface tester (RRST). The
original device (RRT) was discussed in previous
ESV papers.*? Recognizing the
unpredictability of the real world rollover
phenomenon, this test device provides a
repeatable and consistent dynamic environment
for suitable lab evaluation. Technologies that
were evaluated for this study included integrated
seat systems, pyrotechnic and electric resettable
pretensioners, and four-point belt systems. High
speed video data were collected and analyzed to
examine occupant head excursion throughout the
tests and are presented for discussion. The RRST
has demonstrated to be repeatable; however,
there are some concerns about the real world
relevancy of the RRST dynamics in the absence
of a lateral component. The RRST does not have
a mechanical component for lateral motion that
is typical in some real world rollover events.

Results presented in paper 09-0483 demonstrated
that excursion characteristics can be affected
with the implementation of advanced restraints
in tests using the Hybrid 11150" and 95™
percentile male and 5™ percentile female
dummies [Sword, 2009]. This paper presents
expanded research with the 50" percentile male
and 5" percentile female dummies using the
RRST and compares the results back to the RRT

results. In addition to the RRST testing, a series
of full scale dynamic tests was also conducted
using a full vehicle in various dynamic rollover
scenarios. The advanced restraints were chosen
based on the test results of the RRST and
availability of the devices. The following tests
were conducted and will be discussed in this
paper: Federal Motor Vehicle Safety Standard
(FMVSS) No. 208 dolly test, curb trip, soil trip,
and corkscrew ramp. The goals of the testing
were to understand how the improved restraints
perform in various conditions and to assess the
occupant’s kinematics in the various conditions.

INTRODUCTION

In previous ESV papers,*? the rollover restraint
tester (RRT) was discussed in detail, as were the
advanced restraints. It was a device that
provided a repeatable dynamic environment
suitable for comparing various restraint
configurations. No single device can replicate
the dynamics of all rollovers because every
rollover crash is very different and unique. This
device allowed for consistent repeatability of a
specific dynamic environment.

Advanced restraints were tested with the 50" and
95™ percentile male and the 5™ percentile female
dummies. The observations from the previous
testing included:

1. Pretensioners and integrated seats
reduced lateral and vertical excursions
in both pre- and post-impacts.

2. The motorized retractor pretensioners
reduced pre-impact lateral excursions

3. The inflatable belts with the
pretensioners produced the largest
reductions in vertical and outboard
lateral excursions.

4. The 4-point belts reduced vertical and
inboard lateral excursions.
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5. The results varied with the dummy size,
but general trends held between the
restraints.

Based on the observations and repeatability of
the RRT, further research was conducted to look
at the performance of the improved restraints
when used in conjunction with inflatable
curtains.

ROLLOVER REACTION SURFACE
TESTER TESTS

Test Device

The original RRT was modified to include a roof
and door structure along with an inflatable
curtain and was renamed the rollover reaction
surface tester (RRST). The cab structure (the
roof and door structure) was taken from a 2006
Honda Ridgeline truck cab, and the inflatable
curtain was from a 2007 Chevrolet Silverado
1500. This structure was enhanced by various
support beams to ensure multiple testing could
be conducted. Although a headliner was not
used, a deflection pan was fabricated to ensure a
repeatable inflation into the cab structure. Figure
1 shows the curtain inflated in the cab structure.
The original characteristics and framework™? of
the device remained the same.

Figre 1: Deployed Airbag

Figure 2 is a schematic of the device, and Figure
3 shows the actual test device. The coordinate
system is set to the dummy for excursion
analysis. The device has four (4) main features
consisting of the following:

1) A support framework,

2) A counter-balanced test platform with
rotating axle,

3) A free weight drop tower assembly, and

4) A shock tower.

Instrumentation

The RRST was instrumented to help characterize
the dynamics of the testing. An angular rate
sensor (ARS-1500, DTS, Inc.) was used to
monitor the roll rate. Two (2) 50,000 Ib. load
cells were mounted to the roll table at the point
of impact to record the impact force. A string
potentiometer was utilized to measure the shock
absorber deflection. A 2,000 g rated
accelerometer, mounted to the platform directly
underneath the center line of the seat was used to
collect the acceleration at impact.

3)

4)

I

Figue 3: Rollover Reabtion Surface Tester
(RRST)

The Hybrid 11l dummies used for testing
contained head, neck, chest, and pelvis
instrumentation. Seat belt load cells were used
for both the lap and shoulder portions of the
belts. The event was filmed with high speed
digital (1000 frames per second) cameras that
were used to obtain excursion measurements
using TEMA film analysis software.

The inflatable curtain and pretensioners (if
applicable) were deployed when the device
platform reached 45 degrees of rotation (based
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on previous testing®). The RRST had a roll rate
velocity on average of 31045 degs/sec
(compared to the RRT device with an average of
32010 degs/sec). Test Matrix

The test matrix for the restraint evaluation is
included in Table 1. It includes the configuration
description, code, and the test series for the 50"
percentile male and 5" percentile female adult
dummies. Each configuration was repeated three
times with each dummy. Configuration C was
the baseline treatment for test comparison. It
was a standard 3-pt. non-integrated seat belt
without pretensioning. The seat belts chosen for
this series of testing were the available, better
performing devices based on the RRT testing.

Table 1:
Test Matrix for 50th & 5th Hybrid 111
Dummies
Configuration
Description Code? | 50" | 5"
Integrated Seat A X X
* 3-pt. Non-Integrated
(3PN) C | X X
(3PN) Retractor
w/Buckle Pretensioner G X X
(3PN) Motorized
Retractor w/Buckle | X X
Pretensioner
4-pt system M X X

w/Pretensioner

*Baseline Configuration for comparison
Evaluated Restraint Technology

A variety of seat belt configurations were
selected for testing. They ranged from current
consumer-available technologies to prototype
devices. The details of the restraints were
discussed in the previous ESV paper [Sword,
2009]. The restraints used for this research
testing are described below.

e Configuration C: 3-point non-
integrated seat belt without
pretensioners.

e Configuration G: 3-point non-
integrated seat belt with pretensioners in
both the retractor and buckle.

e Configuration I: 3-point non-
integrated seat belt with a motorized
retractor and a buckle pretensioner.

e Configuration A: 3-point integrated
seat belt without pretensioners.

e Configuration M: 4-point non-
integrated seat belt with pretensioners in
both the retractor and buckle.

The inflatable belts (Configuration K) were not
tested in this series due to unavailability.

RESULTS
Dummy Kinematics

As discussed before in the previously mentioned
ESV papers, dummy kinematics were influenced
by a combination of platform rotational and
gravitational forces. At the onset of the test, the
dummy was seated in an upright position.
Gravity was the primary initial force acting on
the dummy during the slow starting action of the
rotating platform. As the platform began to
rotate, the dummy’s course was changed, and
gravitational forces tended to move the dummy
inboard (negative Y-direction).

The angular velocity of the platform increased
with the centripetal or normal acceleration,
creating the appearance of an outward or
centrifugal force on the dummy. This outward
force pushed the dummy outboard and up
(toward the roof of the vehicle) (positive Y-
direction, positive Z) during the pre-impact roll
event. The dummy tended to start moving in the
positive Y-direction at about 90 degrees of
platform rotation. Gravitational forces continued
to play a role for Z-direction motion (out of the
seat toward the roof) past 90 degrees of rotation,
until impact.

After impact, the dummy immediately changed
from an outboard and up (i.e. off the seat) motion
to a dramatic inboard and amplified up motion.
The centripetal accelerations were eliminated
when the table stopped, leaving momentum and
gravity to act on the dummy.

Dummy Head Excursion

Video data of the dummy’s head were collected
for excursion analysis. X-direction (fore and aft)
data have been omitted. The kinematics of the
RRST do not have an X-direction motion
component, and the analysis for the RRST shows
less significance X-direction motion compared to
the Y and Z directions. The presented data will
focus only on Y and Z-direction motions.
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Figures 4 and 5 plot the average Y-direction and
Z-direction head excursion for the tested
configurations for both the 50th percentile male
and 5th percentile female dummies. The figures
contain both the non-reaction (RRT) and reaction
surface (RRST) tests. The non-reaction (RRT)
tests data was discussed in previous ESV
papers™?,

The blue bars represent the 5th percentile female
dummy, and the red bars represent the 50th
percentile male dummy. The solid colored bars
represent the non-reaction tests, and the hatched
bars represent the reaction surface for the lateral
excursions plot (Figure 4). The lighter shades of
the red and blue bars represent the non-reaction
surface, and the darker shades represent the
reaction surface testing on the vertical excursion
plots (Figure 5). The hatched versus non-
hatched bars represent the pre- and post- impact
results.

Y-Direction Excursion

Compared to the non-reaction surface testing, the
lateral outboard excursions were reduced for the
reaction surface testing for both sized occupants
for all of the configurations. This was primarily
because of the curtain deploying into the
occupant compartment along with the dummy
contacting the door which did not allow the
occupant to move outboard. The inboard
movement was reduced for Configuration C for
both occupants and increased for Configuration
M. (Note: The Configuration M seat in the
original testing had a more defined seat bolster
than that used originally in the non-reaction
surface testing, causing slightly different
occupant kinematics.) Overall, the lateral
inboard and outboard excursions for the reaction
surface testing were all less than 120 mm, while
some exceeded 200 mm in the non-reaction
surface testing.

For the reaction surface testing, Configuration I
produced the least inboard excursion for both
dummies, followed by Configuration A. For the

5th percentile female, Configurations C and G
produced very similar inboard excursions, while
it was somewhat higher for Configuration M.
For the 50th percentile male, Configurations C
and M resulted in similar inboard excursions,
while it was reduced in Configuration G.

Z-Direction Excursion

The Z-direction or vertical excursions for the
reaction surface testing are plotted in Figure 5.
The reaction surface reduced these excursions
for all configurations for both sized occupants,
compared to the tests without the reaction
surface. The air curtain allowed for minimal
movement outboard, which slowed the occupant
kinematics and kept the occupant in the seat as
the platform rotated. This allowed for the seat
belt to maintain better engagement with the
occupant, thus allowing less vertical movement.

For the reaction surface testing, Configuration I
produced the least vertical excursion for the 5th
percentile female and only slightly more than
Configuration G for the 50th percentile male.
Configuration | had a motorized retractor and a
buckle pretensioner and also allowed the lowest
lateral excursions. For the 5th percentile female,
Configurations G and M also produced lower
excursions than the baseline configuration (C),
while Configuration A results were similar to
baseline. For the 50th percentile male,
Configurations A and M allowed for similar
excursions as baseline. The pre-impact vertical
excursions were all under 60 mm, and total
vertical excursions were all less than 150 mm.

Summary of RRST Testing

Testing with the reaction surfaces (roof, door,
and air curtain) produced less lateral outboard
and vertical excursion than the non-reaction
surface testing, for both dummies and all of the
belt configurations. This was not necessarily the
case for inboard lateral motion. Configuration |
generally had the lowest, or nearly the lowest,
excursions for both dummies.
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Figure 5: Reaction vs Non-Reaction Vertical Excursions
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FULL-SCALE DYNAMIC ROLLOVER
TESTS

A series of full-scale dynamic rollover tests were
conducted with a modified 2007 Ford
Expedition. Various restraint configurations
were chosen based on their performance in the
RRT/RRST tests. The full-scale tests were
conducted in order to help identify the dynamics
and occupant kinematics in various rollover
scenarios; assess what dynamics and occupant
kinematics should be considered when
evaluating restraint performance; and compare
the performance of the restraints to that in the
RRT/RRST tests.

Setup/Test Matrix

A 2007 Ford Expedition was modified by
replacing the 2™ row bench seat of the vehicle
with a front seat. Replicating the front seat/belt
configuration in the 2™ row was done to allow a
more direct comparison between the front and
2" row test results. The factory installed
restraints were removed and replaced with the
different configurations listed in Table 2.

The following test scenarios were tested using
the Hybrid 111 50th percentile male dummies.

¢ FMVSS No. 208 Dolly

e Soil Trip

e Curb Trip

e  Corkscrew Ramp

Table 2 shows the test matrix and what restraints
were used for all occupants. The front-to-rear
comparisons were set-up on the trailing side of
the vehicle, which differed depending on the test
mode. For each test, the trailing edge dummies
were seated similarly using a FARO Arm
(FARO Technologies, Inc.). Figure 6 shows the
two dummies placed in the vehicle.

Except for the FMVSS No. 208 dolly tests, two
tests were conducted in each of the test modes.
For the first test of each mode, the trailing side
front and rear occupants and the leading side
front occupant were restrained using the baseline
configuration (C). For the second test of each
mode, the trailing side front and rear occupants
were restrained using Configuration I, and the
leading side front passenger was restrained using
Configuration G. These same configurations,
and others, were also tested in the four FMVSS
No. 208 dolly tests, but not necessarily in the

same order. See Table 2 for details. This paper
focuses on the results from the trailing side
occupants.

Figure 6: Trailing Front and Rear ccupants
Instrumentation

The Hybrid 1l dummies used for testing
contained head, neck, chest, and pelvis
instrumentation. The vehicle was instrumented
with accelerometers in the engine, rear deck, roof
rail, center of gravity, multiple seat locations,
and all A-D Pillar locations. Roll rate sensors
were located at the center of gravity and rear
deck locations. Seat belt load cells were used for
both the lap and shoulder portions of the belts.

The event was filmed with high speed digital
cameras that were used to obtain excursion
measurements. The inflatable curtain and
pretensioners (if applicable) were deployed
manually at a pre-determined time, depending on
the test mode. The motorized retractors
(Configuration 1) were activated prior to the
launch of the vehicle.

Test Modes

FMVSS No. 208 Dolly: The vehicle was
mounted on the dolly platform, which was
rotated 23 degrees from horizontal, with the left
side of the vehicle being the trailing side (Figure
7). The dolly was propelled at 30 mph and then
abruptly decelerated, allowing the vehicle to fly
off the dolly and freely roll about its longitudinal
axis into the desired area.

Figure 7: Dolly Cart with Vehicle
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Table 2 TEST MATRIX

Test Type Config C | Config I Config G | Config A Air Curtain/Fire Time
FMVSS 208 Dolly #1 1,2 NO/
FMVSS 208 Dolly #2 3 1,2 NO

FMVSS 208 Dolly #3 3 1,2 NO

FMVSS 208 Dolly #4 1,2 3 YES/100 ms
Corkscrew Ramp 1,2,3 YES/300ms
Corkscrew Ramp 1,2 3 YES/300 ms
Soil Trip 1,2,3 YES/100 ms
Soil Trip 1,2 3 YES/100 ms
Curb Trip 1,2,3 YES/100 ms
Curb Trip 1,2 3 YES/100 ms

KEY: 1 - Front Occupant, Trailing Side 2 — Rear Occupant, Trailing Side 3 — Front Occupant, Leading Side
**Firing times were based on discussions with Ford safety engineers.

Corkscrew Ramp Trip: The vehicle was
propelled at 30 mph and released prior to the
ramp, allowing it to freely roll up a corkscrew
ramp (height of 6’ and maximum twist angle of
about 50°). The right side of the vehicle was the
trailing side (Figure 8).

-
Figure 8: Corkscrew Ramp ‘

Soil Trip: The vehicle was pulled laterally at 30
mph and then released prior to the soil so that it
could rotate freely into the soil. The soil
consisted of #9 crushed limestone aggregate in a
300 square foot area (see Figure 9). The left side
of the vehicle was the trailing side.

el X!
Figure 9: Soil Pit and Aggregate.

Curb Trip: The vehicle was pulled laterally at 20
mph into a curb structure (Figure 10) and then
released. The wheels interacted with stops that
decelerated the vehicle, allowing the vehicle to
freely roll about its longitudinal axis. The left
side of the vehicle was the trailing side.

Figure 10: Curb Trip
RESULTS

A comparison of Configuration | and
Configuration C is included for each test mode.
The overall occupant kinematics is discussed
along with vehicle kinematics. Each section
contains a summary table identifying lateral and
vertical excursions, roll angle and restraint status
for the front and rear trailing occupants. The
lateral excursions recorded are peak inboard and
peak outboard measurements. The vertical
excursions recorded, are initial movement up
(usually around 180°) and secondary movement
up (usually at the end of the event). Plots of
peak excursion and neck compression values are
located in Appendix A. The tests were
conducted at TRC, Inc. and are located in the
NHTSA database.®

FMVSS No. 208 Dolly Test Results

In a typical dolly test, the vehicle comes off the
platform with some rotational velocity. Then the
leading side tires (right side for these tests)
interact with the ground, tripping the vehicle and
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causing it to rotate one or more quarter turns
(Figure 11).

Figure 11: FMVSS No. 208 DoIIyst

Four FMVSS No. 208 dolly tests were conducted
using several different restraint configurations
(see Table 2). In two of the four tests, the
vehicles completed eight quarter turns (tests 1
and 2), while the vehicle in test 3 completed only
one quarter turn, and the vehicle in test 4 did not
roll. As shown in Figure 12, the roll velocities
were not repeatable. Even for the two vehicles
that completed eight quarter turns (red and green
curves), the angular velocities were different,
particularly after the vehicles impacted the
pavement (at about 0.4 sec.).

Roll Rate Filtered at 30 Hz

Test 1 2 Test 3 Test4

§ . | ] dil . i — Y o
e SNIA {Vixfﬁ I

Figure 12: FMVSS No. 208 Dolly Roll
Velocities.

The roll velocities were slower than in the
RRT/RRST tests, but the initial vehicle roll (up
to 180 degrees) provided occupant kinematics
responses similar to those in the RRT/RRST
testing. The occupants showed little longitudinal
movement in the dolly tests.

Table 3 provides the summary of the data for all
four of the dolly tests conducted, although this
paper focuses on tests 1 and 2.

Table 3
FMVSS No. 208 Dolly Summary

Dolly
Test1 Test2 Test3 Test 4
NHTSA # 6957 6956 6955 6954
Belt Configuration C 1 A |
Speed (mph) 30 a0 30 a0
Roll 720° T20¢ 1200 No Roll
Time to 180° 1.47 sec 120°at 1.5s
slid off slid off slid off
42 sec S9sec 44 sec 1.79 sec
17" 15 43° MIA
slid off slid off
Stayed ON | Stayed ON -39 sec 32 sec
34° NIA
Video Analysis
Front Trailing Excursion
389 | 242 473 | 115
Lateral In/Out (mm}) Lost Camera
Front Trailing Excursion view
. 30 | 130 29 | 115
::rtu_:ral I:lI!J1IUI|EJZ tmlr_l] Did not Rel
ar Traiing EXCUISION 5,4 | 499 | 160 | 178 | 378 | 102
Lateral In/Out (mm)
Rear Trailing Excursion
Vertical Up1/Up2 (mm) 30 | 82 | 38 | 80 | 29 | 123

In test 1, the trailing side front occupant’s belt
slipped off the shoulder soon after the vehicle
was separated from the dolly (17°). The rear
occupant’s belt remained on during the entire
rollover event. The vehicle completed 2 full
rolls (720°).

In test 2, the trailing side front and rear occupant
kinematics were similar to test 1 occupant
kinematics. The test vehicle also completed 2
full rolls (720°). The trailing side front occupant
slid out of the shoulder belt early in the event
(15°). The rear occupant on the trailing side
remained in the shoulder belt and slid out
slightly in the second roll.

The excursions were measured from the head of
the dummies using video analysis. The high
speed camera data for the trailing side front
occupant was lost in test 2, so this analysis could
not be done for that dummy. For the rear seat
occupant, lateral inboard and outboard
movements were less in test 2 (Configuration I)
than in test 1 (Configuration C). See Appendix
A, Plot 2.

Appendix A, Plot 4, shows the neck compression
results of the comparable tests. The blue bars
represent Configuration C and the orange bars
represent Configuration I. The black lines in the
bars represent the peak neck compression when
the vehicle was at 180 degrees.

In tests 1 and 2, curtain airbags were not present.
Both trailing side front occupants exceeded the
injury assessment reference value (IARV) for
upper neck compression (4000N). In test 1, the
peak neck response of 4037 N occurred during
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the first roll (188°) slightly after the vehicle was
at 180°, whereas in test 2, the neck compression
was 505 N in the initial roll.. Neck compression
exceeded the IARVof 4000 N in the second roll

with a value of 6605 N.

The trailing side rear occupant in test 1 had a
neck compression of 890 N. In test 2, the
trailing side rear occupant neck compression
exceeded 80% of the IARV with a value of 3623
N, but it only reached 396 N during the first
180°.

The high neck responses in both the trailing side
front and the rear occupant locations can be
attributed to a combination of pillar and roof
crush and the dummies slipping out of the
shoulder belts. Other injury criteria including
Head Injury Criterion (HIC) and the Neck Injury
Criterion (N;;) were low for all occupants. See
Figure 13 and Appendix A, Plot 4, for additional
details.

Test1 Test 2

Video
not
Available

| ::-.'
P

—=:

Figure 13: Front Trailing Occupant Neck
Compression Response

There was extensive roof and A-pillar lateral and
vertical crush on the trailing side front rows in
both tests, as shown in Figure 14. Refer to the
report for actual crush measurements®. Video
motion analysis of test 1 indicated a vertical head
excursion for the front occupant of 130 mm. The
video of the front occupant in test 2 was lost
during the test therefore no excursion
measurements could be obtained.

Paiame S

' i ét"r. 0 _«*

| o, | S

Figure 14: Dolly Test Vehicles

The trailing side rear occupants were subjected
to lower vertical excursions, as shown in Table
3. Roof crush was less behind the B-pillar on
both sides of the vehicles.

Corkscrew Ramp Results

These tests were conducted such that the trailing
side was the right side of the vehicle. The
vehicles were released at the base of the ramp at
30 mph. As the vehicles rolled up the ramp, the
right front corner rose rapidly, and the vehicles
rolled counter clockwise (Figure 15).

Figure 15: Corkscrew Ramp

The kinematics of the vehicles in the two
corkscrew ramp tests were similar through the
first 90°. In test 1, the vehicle rolled 180° and
landed on its roof. In test 2, the vehicle rotated
about 114°, but came back to about 90°, ending
up on its left side.

The roll velocities of the two tests are shown in
Figure 16, and they are somewhat similar,
peaking at about 120 degs/sec. This was a
slower roll rate than in the other test modes.
Table 4 provides the corkscrew ramp summaries
for both tests. The curtains and other
pyrotechnics were fired manually 300 ms into
the event.

Rall Rate Filtered at 30 Hz

Test 1 Test 2

V)
¥
3
Y

3

Figure 16: Corkscrew Ramp Roll Velocities
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Table 4:
Corkscrew Ramp Summary
Corkscrew
Test 1 Test 2
NHTSA # 6361 6962
Belt Configuration C 1
Speed (mph) 2849 301
Roll 180 114
Time to 1807 250 sec 1.71 sec

slid off 1.45]
101 sec s=c  100F

Stayed ON | Stayed ON

Video Analysis

Front Trailing Excursion

430 150 157 138
Lateral In/Cut {mm)
Front Trailing Excursion 24 0 0 a
Vertical Up1/Up2 [mm)
Rear Trailing Excursion

141 116 154 | 208
Lateral In/Cut (mm)
Rear Trailing Excursion

47 47 0 0
Vertical Up1/Up2 [mm)

In test 1, the trailing side front occupant’s belt
slipped off the shoulder early in the event (72°).
The rear occupant’s belt remained on the entire
rollover event. In test 2, the front occupant’s
kinematics were similar to those in test 1, with
the occupant slipping out of the restraint after
completing ¥ roll (about 100°). The trailing side
rear occupant’s shoulder belt remained on
throughout the event.

This test mode resulted in forward longitudinal
movement as the vehicle rolled up the ramp, and
there was more belt spool out in Configuration C
(no pretensioning) than in Configuration I. This
was more dominant with the trailing side front
occupant than for the rear occupant. Figure 17
shows the trailing side front occupant and the
corresponding vehicle position at several times
during the event.

The longitudinal excursions were not measured
for the front occupants. This forward motion
was not observed in the other test modes or the
RRT/RRST testing.

The trailing side front occupant had less lateral
inboard and outboard excursion with
Configuration I than with Configuration C, while
the opposite occurred for the rear occupant.
Vertical excursions were less for both the trailing
side front and rear occupants with Configuration
| than with Configuration C. Note that these
results can at least partially be explained by the

difference in the amount of rollover between the
two tests.

Figure 17: Trailing SideFront Occupar_1t an
Vehicle Positions

Roof crush was focused on the leading side A-
pillar in test 1. Test 2 had minimal roof crush
damage.

Soil Trip Results

The vehicles were pulled laterally into a crushed
limestone aggregate soil pit, which represented
soft soil. As the vehicles were released, the tires
dug into the stone, decelerating the vehicles and
causing them to roll laterally (Figure 18).

Figure 18: Soil Trip

In the first test, the vehicle rolled 720° (two
complete rolls), and in the second test, it rolled
630° (1 ¥ rolls). The vehicle’s maximum roll
rate velocity was about 300 deg/sec for test 1 and
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about 340 deg/sec for test 2 (Figure 19). These
roll rates were the most comparable to the RRT
(about 320 deg/sec).

_ Roll Rate Filtered at 30 Hz

Test1

305 1 11 12
T _Siee 3]

Figure 19: Soil Trip Roll Velocities

A summary of the soil trip tests is provided in
Table 5. In both tests, the front occupant
kinematics were similar during the initial 180°,
but as the vehicles continued to roll, the occupant
in test 1, Configuration C, began slipping out of
the shoulder belt resulting in higher excursions.
Then as the vehicles began into the second roll,
occupant kinematic differences appeared. The
front occupant slipped out of the restraint for
both configurations. The rear occupant’s
shoulder belt stayed on during test 2,
Configuration I, resulting in lower vertical
excursions.

In test 1, the trailing side front occupant’s belt
slipped off the shoulder late in the first roll of the
event (vehicle at 294°). The dummy’s peak
upper neck compression was recorded as 2853
N, which is 71% of the IARV. In association
with high neck compression, the roof and A-
pillar were crushing into the vehicle (Figure 20).
In the comparative test with Configuration I, the
neck response was 791 N. The dummy remained
in itsshoulder belt during the first roll and did not
contact the roof. See Appendix A, Plot 4 for
additional information.

In test 1, the rear occupant’s belt came off the
shoulder early in the event (5°), thus allowing for
more vertical and lateral movement. In test 2,
the shoulder belt remained on the rear occupant
throughout camera coverage (494°).

Table 5:
Soil Trip Summary

Soil Trip
Test1 Test 2
NHTSA # 6960 6959
Belt Configuration C ]
Speed (mph) 30.3 305
Roll 720° 630°
Time to 180° 94 sec

slid off slid off

1.76 sec 1.93 sec
294+ 433
slid off
SleEs Stayed ON
= Y

Video Analysis

Front Trailing Excursion
Lateral InfOut (mm) 116 | 143 93 100
Front Trailing Excursion

71 107 45 72
Vertical Up1/Up2 (mm)
Rear Trailing Excursion
Lateral InfOut (mm) 86 | 204 | 124 | 113
Rear Trailing Excursion
Vertical Up1/Up2 (mm)

T2 109 26 26

Z 1000 I
8
g
&
&

000 — Pk = 5 BN

2500 [

2000 2250 2150 00

2500
TIME [ms]

Figure 20: Trailing Side Front Occupant-
Peak Neck Compression

Compared to Configuration C, the test with
Configuration I showed reduced vertical and
lateral outboard excursions for the trailing side
front and rear occupants. The lateral inboard
excursions were also slightly reduced for the
trailing side front occupant with Configuration 1.
This is shown in Appendix A, Plots 1-3.

The two vehicles obtained similar damage to the
roof and the A through D-pillars. In test 1, the
front occupant slipped out of the belt and
contacted the roof, and this was not seen in test 2
or with the rear occupant. Figure 21 shows the
roof crush damage from the two tests.
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Figure 21: Soil Trip Vehicle

Curb Trip Results

The vehicles were pulled laterally into a
deformable curb, which used flat plates mounted
onto honeycomb to interact with the wheels and
decelerate the vehicles, forcing a trip over event
(Figures 10 and 22).

Figure 22: Curb Trip ;I:es -

This test mode had a very abrupt impact, which
causes the trailing side occupants to move
forcefully inboard, allowing them to slip out of
the shoulder belts. This happened with both belt
configurations, although the vertical excursions
were less for both the front and rear occupants
with Configuration I than with Configuration C
(Table 6).

Table 6:
Curb Trip Summary
Curb Trip

Test 1 Test2
NHTSA # 6958 6963
Belt Configuration C 1
Speed (mph) 20.7 20.6
Roll 180° 270°
Time to 180° 1.37 sac 1.03 sec

Video Analysis

Front Trailing Excursion

L ateral hmlﬂ (mm) 615 | 0 | 4271 | &3
Front Trailing Excursion
Vertical Up1/Up2 (mm)
Rear Trailing Excursion
Lateral In/Out {mm)

Rear Trailing Excursion
Vertical Up1/Up2 (mm)

84 103 23 53

In test 1, the vehicle completed 1/2 roll (180
degrees). The trailing side front and rear
occupants slid out of their shoulder belts early in
the event (15° and 44°, respectively). In test 2,
similar kinematics were observed, with the front
occupant slipping out at about 19° and the rear
occupant at about 15°.

Configuration | reduced the inboard lateral and
vertical excursions for both trailing side
occupants, compared to Configuration C. This is
shown in Appendix A, Plots 1-3. The outboard
lateral excursions were very low in all cases.

The trailing side front occupant had the greatest
vertical excursion measurement in any of the
full-scale rollover tests during the first 180
degrees of roll (126 mm).

The roll velocities in the two tests were very
similar, about 269-276 deg/sec (Figure 23). The
vehicle in test 1 rolled about 180°, and the
vehicle in test 2 rolled about 270°.

:l Roll Rate Filtered at 30 Hz

Test 1
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Figure 23: Curb Trip Roll Velocities

In test 1, the maximum roof crush was on the
trailing side A-pillar. In test 2, the leading A-
pillar area struck the back side of the curb
approximately 170° into the event (Figure 24)
causing more damage.

Figure 24: Post Test Curb Trip Vehicles
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FULL-SCALE DYNAMIC ROLLOVER
TEST SUMMARY

Improved Restraints

Front and rear occupant kinematics were similar
to one another during the first 180 degrees of the
event for the majority of the test modes. As each
of the events continued beyond 180 degrees of
rotation, the occupant interaction became more
erratic and different kinematics were observed.

The belt slid off the trailing side front occupants’
shoulders before the vehicles came to rest in all
test modes. The belt slid off of the trailing side
rear occupants’ shoulders in both curb trip tests
and in the soil trip test with Configuration C.

Occupant Excursions

In general, excursions with Configuration |
(motorized retractors and buckle pretensioners)
were reduced when compared to Configuration C
(non-pretensioning). This was a consistent trend
that was also seen in RRT/RRST tests.

Injury Criteria

Injury measures were generally low. No clear
injury trend was observed for Configuration C
vs. |. Upper neck compression exceeded 70
percent of IARV in three tests (excluding dolly
test #4). Two of the high neck compressions
occurred in Configuration C test modes, and one
occurred in a Configuration I test mode. This
could be attributed to a combination of
roof/pillar crush and restraint performance.

Test Mode Repeatability

The four full-scale FMVSS No. 208 dolly
rollover tests were not repeatable. The roll rates
varied, as did the roll angles.

The roll rates were similar in the corkscrew ramp
tests, although the roll angle was not repeated.
The ramp test mode added longitudinal
movement that produced differences in the
restraint performance.

The soil trip test was the most repeatable. The
roll rates were similar, and the vehicles rolled 1%
and 2 complete turns.

The curb trip tests had similar roll rates, and both
vehicles rolled at least 180 degrees of rotation,
although one vehicle rotated 270 degrees.

OBSERVATIONS

Different test methods resulted in various roll
speeds and various vehicle kinematics. The
motorized retractors and buckle pretensioners
generally reduced occupant excursions, as
compared to the standard 3-point belts with no
pretensioning for both RRST and full-scale
dynamic rollovers. The shoulder belts slipped
off the shoulders of both front and rear occupants
in the full-scale tests, but more frequently for the
front occupants. Since the higher excursions
tended to result when this slippage occurred,
restraint designs that reduce or eliminate this
slippage may provide for improved performance.
Additional research would be needed to confirm
this.
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Appendix A

PLOT 1: Trailing Side Front Occupant Lateral Excursion

700 -

Trailing Side Front Occupant Lateral Excursion
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PLOT 2: Trailing Side Rear Occupant Lateral Excursion
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PLOT 3: Trailing Side Front and Rear Occupant Vertical Excursion
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CRASH-TEST RESULTS TO ANALYSE THE IMPACT OF NON-PROFESSIONAL REPAIR ON THE

PERFORMANCE OF SIDE STRUCTUR OF A CAR
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ABSTRACT

Non-professional repairs can have a negative
influence on the deformation behaviour of a vehicle
involved in a crash. The introduction by OEM’s of
new materials and production techniques in cars
makes it increasingly important that the repair of
such cars is carried out with appropriate techniques
and quality. These are the aims described in a
project named “Fair Repair”, to which this paper is
linked. This research project deals with the
influence of non-professional repairs, on the
behaviour of a car’s structure in an additional crash.
KTI, with the support of the OEM (VW) tested the
side structure of a VW Passat, MY 2005.

With a side impact at 50 km/h (Euro NCAP
standard) it was shown that a non-professional
repair of a vehicle previously damaged in the same
side impact scenario results in negative influences
on the crashworthiness and protection afforded by
the structure. The repair of the damage caused by
the first crash was carried out using incorrect repair
methods and equipment, e.g. welding machines. It
is evident that the safety of such a vehicle after the
non-professional repair is not to the same high level
as that of the original build, or to the standard of a
professionally repaired vehicle.

INTRODUCTION

Increasingly, over the last 10 years we have seen
new generations of materials introduced by the
OEM’s. Aluminium, Magnesium, Plastics and Fibre
Reinforced Composites in combination with newly
developed high strength and ultra-high strength
steels have been introduced to save weight and
secure a stronger body shell at the same time. A
modern Body-in-White is normally made up of a
number of modern steels (Figure 1).

The new materials mean that body shops must
continuously ensure that they are conversant with
the requirements for new tools, procedures and
information about the repair processes. New
welding machines need to be used, training is
required and OEM information has to be accessed
to make sure that the correct repair methods will be
applied. Without this knowledge it is likely that an
inadequate repair will be the result, potentially
placing the car and its occupants at much higher
risk in a later crash.

upper A-pillar IR
AN\

,,,,,,,,

o
[ ] sill outside
| |seat bracket ’m‘

[front — | | cros;-member|

Figure 1. Distribution of steel in a VW Passat B6
(Source - VW)

~1000 MPa
300420 MPa \ <140 MPa

-
N
260-300 MPa 180-240 MPa

source: VW S5P339

Figure 2. steel grades in a VW Passat B6 (Source
-VW)

In parallel to the introduction of new materials,
single component parts of earlier vehicles have been
replaced by highly integrated, multi-material
components on more recently designed cars. The
production of a modern Body-in-White is
characterised by complex manufacturing processes
and bonding techniques.

Taken together, the technical progress made by the
OEM’s has resulted in corresponding new
challenges for the repair shops. Repair shops must
ensure they have well trained staff and are equipped
with appropriate tools to cope with the techniques
needed for professional repairs on today’s cars
when they are damaged in an accident. If such
techniques and knowledge are not available, a non-
professional repair may lead to a significant
reduction in the safety and quality of these cars.
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Unprofessional repairs may result from of all or any
of the following:

e Incorrect method and/or sequence of repair

e Poor assembly of correct/incorrect spare parts,
components and sub-systems

e  Fitment of low-quality spare parts, components
and sub-systems

e Incorrect assembly and connection of
electrical/electronic systems and sub-systems

e Absence of correct, special or custom tools

e Repair of damaged parts when actual
replacement is necessary

PRELIMINARY CONSIDERATION

The following scenario, including two high-speed
crash tests was carried out, and then analysed:

1. The car was damaged by a side impact similar to
an intrusion by the front of another car into the
passenger side of the test vehicle, according to
the side-impact tests of Euro NCAP.

2. A repair was carried out as if done in a car body
shop or garage with no information about the
correct way to repair this particular car and
without the correct tools or welding machines.
The repair conforms to a typical standard carried
out about 10 years (two car generations) ago.
This would be considered as a non-professional
repair by today’s standards.

3. After the repair, this vehicle was involved in a
follow-up crash simulation in the same
configuration i.e. a side impact on the repaired
passenger side, at the same speed.

In this project KTI wanted to examine and describe
the effects of non-professional repairs on modern,
state-of-the-art cars in order to highlight/picture
reasons why using OEM information is necessary.
The focus of the tests is on the side of a car because
a small intrusion distance in the deformed area
results in a higher risk for the occupants than in
frontal or rear-end impacts at similar speed.

The baseline was a crash test according to Euro
NCAP - Side Impact- according to EU issue
96/27/EG and ECE-R95 that guaranteed
reproducible results. The exemplary vehicle, a VW
Passat model B6 variant was chosen for the tests as
its structure represented state of the art car bodies
with several high-strength and ultra high-strength
steels with one of the highest torsional stiffness
values of about 30,000 Nm/° in its segment of mid-
size cars.

As depicted in Figures 2 and 3 (the first crash test
setup), the car was positioned relative to the
carriage with its deformable barrier. The test was
carried out at a speed of 50 km/h (+/- 1 km/h).

A Dummy, ES-1, 50% male, 72 kg (+/- 1.2 kg) was
positioned on the front passenger side seat and
weight dummies of 76 kg on the back seat. The
restraint systems were active.

After the crash, the damaged car was repaired with
recognized methods of car repair, but without
specific information for this model i.e. non-
professional repair. Subsequently the Passat
underwent a second crash test in the same
configuration. Finally, differences in deformation
behaviour between the two crashes were analysed to
determine the implications for passenger safety.
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Figure 3. Positioning the mobile barrier
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CRASHTEST 1

After the side impact the car was severely damaged
on the passenger side, as intended. The sill and the
floor/undercarriage behind it were particularly
distorted. Additionally, the doors and the B-pillar
were considerably damaged (Figure 5). There was
no damage to the screen pillar or windscreen glass.
The pyrotechnic protection/restraint systems (Front
and rear passenger side airbags, front passenger belt
pre-tensioner and passenger side curtain airbag)
were correctly deployed. Overall the car body
structure deformed and behaved as expected. As
well as the visual analysis, electronic measurement
of the car body was carried out. This showed the
maximum intrusion to be 161 mm.

Figure 5. Damage to passenger side

NON-PROFESSIONAL REPAIR

The damaged car was repaired with an older spot
welding machine with fixed pressure and 6.4 kA
maximum current.

It is recommended that an Inverter type welding
machine is used with 10 kA maximum current and a
variable pressure (maximum 10 bar) to join the high
strength steel safely. The deformed inner sill, made
from ultra high strength steel, was re-shaped and
partially replaced on a bench then re-fitted using a
MAG welding process. Figures 6 to 9 show the non
professional repair being carried out.

The “Professional” repair would include complete
renewal of the B-Pillar and other deformed
structures with components made from high
strength steel. A partial repair of such steels is not
acceptable, as the structure and therefore the
strength of the material will be severely degraded
while welding and reforming.

Figure 7. Adapting the lower end of the B-pillar
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Figure 9. The completed repair

CRASH TEST 2

After completing the repair the car was crashed
again under the same conditions as the first test in
order to make a fair assessment on equal terms. It
was immediately evident that there was a
substantial difference, with far more comprehensive
deformation of the car body after the second impact.
The B-pillar had noticeably higher intrusion into the
passenger compartment in comparison with the first
crash, especially at the lower part at the connection
with the sill (Figures 10 and 11). Note: Later
measurement of the car body confirmed there was
60 mm more intrusion after the second test,
compared to the first crash.

Other differences were noticeable at the cant
rail/roof and the transmission tunnel which both
displayed severe deformation not seen in the first
crash. It seems that the load paths were quite
different in the second crash. It was also notable
that the top right corner of the windscreen was
damaged in the second crash, further indication of
changed load paths. These comparisons made it
evident that a change of load paths and therefore of
the energy dissipation was due to the un-
professional repair. The pyrotechnic
protection/restraint systems (Front and rear

passenger side airbags and the front passenger belt
pre-tensioner) were correctly deployed but the
passenger side curtain airbag failed to operate.

Figure 11. Higher intrusion to passenger
compartment
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RESULTS

To make clear the differences between the two tests,
we compared photographs, sequences of high-speed
crash-movies and electronic measurement of the car
body.

With the help of the time analysis in the high-speed
crash-movies we can for instance compare the time
of highest intrusion (Figures 12 and 13). The
analysis clearly shows higher intrusion at the same
moment in time in the second crash test.

2= D DEKRAJR

b Gty Tesd G [
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Figure 13. Crash 2

The higher deformation of the B-pillar has an
important influence on the intrusion of the doors,
which moved further into the seat area of the
passenger compartment, increasing the bio-
mechanical stress on the occupant, the co-driver in
this case (Figures 14 and 15).

Figure 14. Side structure after first crash

Figure 16. B-pillar and sill after first crash
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Figure 17. B-pillar and sill after second crash

After removing the doors and the sill trim panel the
deeper intrusion can be clearly seen on the side
frame (Figures 16 and 17). The movement of the
sill has reduced the normal distance between the B-
pillar/door and the co-driver’s seat dramatically
(Figures 18 and 19). Additionally, although the
front passenger’s side airbag deployed, it was
restricted by the close proximity of the seat to the
pillar. Consequently a controlled deployment of the
bag was not possible because the space between B-
pillar and seat was too small, too early in the
deformation process.

Figure 18. Passenger seat after first crash

Figure 19. Compressed seat after second crash

After removing all the seats and necessary trim the
deformation of the transmission tunnel after the
second test was clear to see. The cross-member
which supported the front seat had pushed into the
transmission tunnel, distorting it severely. In
comparison, there were no measurable changes at
the transmission tunnel during the first attempt.
(Figures 20 and 21).

Figure 20. Front seat anchor cross member/
transmission tunnel after first crash
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Figure 21. Front seat anchor cross
member/transmission tunnel after second crash

The deformation differences between Crash 1 and
Crash 2 can also be represented by measurements
taken after both crashes (Figure 22 and Table 1). At
each measuring point the range of movement and
deformation depth was measured. The table shows
differences in movement up/down (Height),
forwards/rearwards (Length) and Intrusion (Width).
As an example, at point 1 which is nearly 100 mm
above the sill on the B-pillar, the electronic
measurement shows an important difference in
Intrusion of 60 mm. The difference in deformation
has enormous effects on the bordering body-parts
which in turn have broader repair consequences,
above all affecting passenger safety.

Table 1.
Differences in body movement
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Figure 22. Measurement points

OEM information was not used during the repair
after the first crash. Figures 23 and 24 show the
disruption at the joining points after the second
crash. These are positions where the inappropriate
spot welding machine was used. The disconnection
between inner sill and floor panel shows that the
spot welds have not withstood the impact and were
destroyed. The spot welds need to have a minimum
diameter of 4.9 mm at a sheet thickness of 1.5 mm.
The optimum would have been 6.7 mm diameter. It
is clear that the spot welds were inadequate.

Figure 23. Disconnection of the sill after second
crash

Figure 24. Disconnection of the inner sill after
second crash

The connection of the B-pillar with the inner sill
was joined with MAG welding. The structure of the
high-strength steel parts was changed by the
welding process and re-shaping. The welded seam
was totally broken after the second crash, being
unable to withstand the stress and the distortion
(Figures 25 and 26).

Figure 25. Disconnection between lower B-pillar
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Figure 26.Disconnection between lower B-and
inner sill after first crash

SUMMARY

From the results obtained by this project it is clear
that only a repair carried out according to the
OEM’s information could be described as Expert
and Professional. The information would describe

the recommended methods and joining procedures,

including possible partial repairs in order to

guarantee that a repair would have no adverse effect
on the protection afforded to passengers in the event

of a later collision.
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ABSTRACT

There are over 230 current model year vehicles in the
U.S. market that offer seat mounted side airbag
systems. Compared to the considerable amount of
crush space present in frontal crashes, the relatively
limited amount of crush space available in side
crashes creates a challenge for side airbag
deployment performance. In the case of seat
mounted side airbag technology, when the side
impact sensor senses an impact that warrants
deployment, it sends a deploy signal to the airbag
module located in the outboard seat bolster. The
airbag must then deploy from the seat and continue to
move into position between the occupant and the
interior door surface before the gap closes due to the
intruding object. The deployment timing and
positioning of the airbag is critical in providing
enhanced occupant protection.

In this study, 88 front seat mounted side airbag
systems from 1999-2010 model year vehicles were
analyzed. The side airbag systems included airbags
that deploy through seat bolster seams and systems
that deploy through discrete seat deployment doors.
Of the 88 production seat side airbag systems tested,
38 were equipped with side airbags that provide only
thoracic coverage, 27 provided a combination of head
and thoracic coverage, and 23 provided thoracic and
pelvic coverage. Seventy-eight of the systems were
unique; ten of the systems were repeat deployments.

The front seats equipped with side airbag systems
were mounted on a generic fixture with the outboard
seat bolster packaging the airbag placed
approximately 100 mm from a Plexiglas reaction
surface. The Plexiglas was backed with a grid of 2
inch squares to utilize in film analysis of the
deployment. High speed cameras were placed to
capture front, profile, and rear views of the airbag
deployment.

The deployment time intervals associated with initial
break out (airbag first becomes visible), two inch

extension forward, six inch extension forward and
full extension position were recorded. The average
deployment time calculated for break out, two inch
extension, 6 inch extension, and full extension
deployment intervals for the total set of seats was
calculated as 3.3 ms, 5.0 ms, 7.3 ms, and 14.9 ms,
respectively. The standard deviation characterizing
the variation within each deployment interval was
calculated as 1.17,1.17, 1.83, and 5.73 ms,
respectively. Further comparisons of average time
and variation in timing between types of side airbags
(thorax, head/thorax, and pelvis/thorax), deployment
mechanisms (through seam vs. discrete door), repeat
deployments, and across model years were also
made. Discussion regarding the factors that influence
the variation in deployment timing among the airbag
types, deployment mechanisms, and model year
groupings is included.

INTRODUCTION

Side airbags entered the market in 1995 appearing on
limited Mercedes Benz and Volvo models. Today
there are over 230 current model year (2011) vehicles
that offer seat mounted side airbags systems. This is
approximately 85% of the new passenger vehicle
models available in the U.S. market place. With
recent change to Federal Motor Vehicle Safety
Standard, FMVSS 214, side airbags will eventually
become standard equipment on most passenger
vehicles by 2014[1].

Passenger vehicles provide side impact protection
through vehicle structural design and energy
absorbing materials. Seat mounted side impact
airbags are an energy absorbing component of a
system providing occupant injury control. The side
airbag not only interfaces with the seat where it is
packaged but also with the side interior door and
pillar trim.

The distance between the point of contact on the side

of a vehicle and the occupant seated in the front seat
in a typical side impact is limited to a few inches.
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This small distance places great demands on side
airbag performance for sensing deployment decision,
breakout, and inflation to full capacity.

Seat mounted side airbags are packaged relatively
close to the occupant. They are concealed within the
outer bolster of the seat back. The modules are built
into the seat and deploy through a seam in the seat
trim or through a separate cover often referred to as
an exposed deployment door (Figure 1). To achieve
desired performance from the side airbag, the
deployment timing to break out of the seat and
continue to move into position between the occupant
and intruding surface requires optimization. The side
airbag module generally consists of an inflator, air
bag or “cushion,” and cover. The module inflates
when it receives a signal from the sensor,
commanding deployment in certain types of side
impact accidents. There are three basic types of side
airbags, those that provide thoracic coverage,
combination head/thoracic coverage, and
combination pelvic/thoracic coverage.

(a) Built in seat —
deploys through seat
seam deployment door

(b) Separate module —
deploys through a

Figure 1. Seam deployment vs. deployment door.

Prior to the FMVSS 214 requirement that was
released in September 2007 (with phase in beginning
in 2010) side airbag systems were not necessary to
satisfy regulatory requirements for side impact
occupant protection. Manufacturers developed their
vehicles to their internal requirements guided by
government regulated side impact full vehicle crash
tests.

In 2000, a voluntary agreement was released to guide
the performance of side airbags systems when
evaluated to occupant out of position testing. Vehicle
systems developed after the 2000 calendar year were
designed to comply with the Technical Working
Group’s Recommended Procedures for Evaluating
Occupant Injury Risk from Deploying Side Airbags
(referred to as the TWG procedures) [2].

In 2003, the Insurance Institute for Highway Safety
(ITHS) released a new consumers rating tool, the ITHS
Moveable Deformable Barrier Side Impact test
(referred to as [IHS MDB) [3]. The IIHS procedure
applied new requirements on side impact
performance which influenced side airbag design and
performance. Due to changes in the public domain,
working group and regulatory requirements over
time, side airbag designs have also evolved and
changed. As side airbags systems evolved to meet
the new requirements, the rate at which they deploy
from the seat, the size, shape and volume of the
airbags, and the internal pressure characteristics of
each airbag changed over time.

VEHICLE SYSTEMS ANALYZED

A vehicle set consisting of vehicles equipped with
seat mounted side airbags was indentified. The set
was composed of the following vehicle brands:
Acura, Audi, Buick, Cadillac, Chevrolet, Chrysler,
Dodge, Ford, Honda, Hyundai, Infiniti, Jaguar, Kia,
Lexus, Lincoln, Mazda, Mercedes-Benz, Mercury,
Mini, Mitsubishi, Nissan, Pontiac, Saab, Saturn,
Scion, Subaru, Suzuki, Toyota, Volvo, and
Volkswagen. Vehicle models in model years 1999-
010 for which seat mounted side airbags were
available as either standard or optional equipment
were identified. Determinations of availability of
seat mounted side airbags were made by consulting
the ITHS online “Vehicles Equipped with Side
Airbags” database as well as other automotive
websites and resources (4, 5, 6).

TEST PROTOCOL

Static ambient side airbag deployment testing was
used for the purposes of evaluating the side airbags
deployment.

Autoliv America’s Auburn Hills Technical Center, an
accredited test facility in airbag deployment with
extensive experience in seat mounted side airbag
deployments, was chosen as the test facility.

For each test, the production seat system was
mounted to a test platform through the seat track
attachment points. Vehicle specific seat attitude as
positioned in its unique vehicle environment was
unavailable therefore a simulated position was used.
Mounting blocks were constructed to allow for level
attachment of the seat to the test platform. The seat
track angle was adjusted to 0° + 3° from horizontal.
When the inclinometer was placed on the seat
cushion in the middle of the seat it read
approximately 15°+£5° for the majority of the
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samples. The seat was placed in the full rear seat
track position. Seats that adjusted up/down were
placed in the full down position. The seat back angle
was measured on the back outboard side of the
seatback and was adjusted to 20° + 2° which
correlated to a 5° + 2° measurement at the headrest
posts on most samples.

Each seat was orientated such that the outboard

bolster containing the side airbags was positioned
next to a Plexiglas reaction surface. The distance
between the side bolster and the Plexiglas surface
was approximately 100 mm at the airbag location.

(a) Front view

Figure 2. Test set up.
DEPLOYMENT ANALYSIS

There were four stages of deployment at which
deployment timing comparisons were made: initial
break out, two inches extension forward of the seat
bolster, six inches of extension forward of the seat
bolster, and full extension.

Initial break out was the first instant the seam splits
or deployment door opens and bag material can be
seen. The second measurement point was defined as
the instant at which the bag reaches two inches
forward extension. The third measurement point was
defined as the instant at which the bag reached six
inches forward extension. The final measurement
point was defined as full extension of the bag. Full
extension requires some amount of judgment and was
determined by viewing the deployment frame by
frame until it appeared maximum shape was
maintained, i.e. if advancing to the next frame the
bag appeared to be deflating or reducing in size the
previous frame captured the full shape.

(b) Profile view

The Plexiglas was backed with a grid of 2 inch
squares to utilize in film analysis of the deployment.

For deployment a DC current of 3.5 A +/- 0.5 A was
applied to the side airbag module through squib wires
for 3 ms. The module electrical resistance (terminal-
to-terminal) was verified pre-test. The fire command
current was measured and recorded for each test.

Three camera views were used to capture the
deployment (Figure 2). The film speed was 2000 fps,
which allowed capture of 0.5 ms intervals during
deployment. Photographs were taken before and
after deployment.

(¢) Rear view

Using a frame by frame software viewer, deployment
of the airbag was analyzed. The front view was used
to determine the initial time at which the bag was
visible through the seat seam or deployment door.
The profile view was used to track the extension of
the bag two and six inches forward of the seat bolster
referencing the distance off the checkered grid and
the time was noted. Full extension timing was
determined using all three views. It was defined at
the time the bag appeared to be completely extended
forward, up, and down and advancing one more
frame the bag appeared to be reducing in size.

When analyzing repeat deployment timing for a
single design, the deployment views from each test
were viewed side by side to compare the deployment
shapes at the various intervals. The extension times
recorded reflected the instant at which the two
samples appeared to have had the same shape for
each extension interval.

Since side airbag system deployment varies for each

vehicle sample, it is difficult to set a standard
location on each seat to measure the extension. As a
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guideline, the point at which the seat bolster first
expanded forward was used (Figure 3).

(i) Time=2 ms -
(a) Initial break out

(i) Time = 4 ms
b) Two inch extension

S~ -

i &
(i) Time = 5 ms
(¢) Six inch extension

—

(i) Time = 7.5 ms (ii) Time = 7.5 ms

(d) Full extension

Figure 3. Example of deployment analysis.
DEPLOYMENT TIMING RESULTS
Total Samples

There were 88 vehicle seat side airbag systems
evaluated: 38 thorax bags, 27 head/thorax bags, and
23 pelvis/thorax bags. Out of the 38 thorax bag
systems, one system was only evaluated for break out
time due to error in setup. The average break out
time for the total set was 3.3 ms. The average
extension times were 5.0 ms, 7.3 ms, and 14.9 ms for
two inch, 6 inch, and full extension, respectively.

The corresponding standard deviations were 1.2, 1.2,
1.8, and 5.7 ms respectively. Part of the variation in
average deployment timing across the total set can be
contributed to the three types of side airbags. Thorax
bags are smaller in size and volume than head/thorax
and pelvis/thorax bags. Head/thorax bags generally
are larger than both thorax and pelvis/thorax airbags.
The volume of the airbag increases as the airbags
unfold during extension and positioning. Breakout
and two inch extension exhibit the least amount of
variation presumably because the size and volume of
the bag at those increments has less influence during
initial deployment.

Comparing breakout times for side airbag type, the
average breakout times were 2.83 ms, 3.48 ms, and
3.93 ms for thorax, head/thorax and pelvis/thorax,
respectively. Referring to Figure 4, the mean
breakout times were plotted along with their 95%
confidence intervals (CI). The analysis does not
reveal a significant difference between head/thorax
and pelvis/thorax average breakout times, but thorax
bags appear to breakout and become visible quicker
on average than pelvis/thorax and head/thorax bags.
However, this is not true in general for individual
comparisons; there are some cases for which thorax
breakout times exceeded the majority of pelvis/thorax
and head/thorax times. The samples of thorax bags
included significantly more deployment door systems
than head/thorax and pelvis/thorax bags.

Individual Value Plot of Break Out
95% CI for the Mean

4.55771

msec

O = N W A U O N ® ©

3.81733 %
$3.48148 293478 3.15379
3.14563 3.31185 §2.82895
2.50411
HT PII' T
SAB Type

Figure 4. Breakout times for head/thorax (HT),
pelvis/thorax (PT), and thorax (T) air bags.
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Deployment Mechanism

This section analyzes the deployment timing of the
side airbags broken down into deployment
mechanism types: deployment doors (C), and seam
deploy (S). The average breakout times were
calculated to be 2.25 ms and 3.67 ms for deployment
doors and seam deploy, respectively. The 95%
confidence interval suggests average breakout times
are significantly different (Figure 5).

Individual Value Plot of Break Out
95% CI for the Mean
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3.93431

$3.67424
2.59716 3.41418
§ 2.25
1.90284
¢ s

Seat Deployment Type

Figure 5. Breakout times by deployment type:
door (C) and seam deploy (S).

As the bags extend forward, the average two inch
extension times were calculated to be 4.83 ms for
deployment door types and 5.08 ms for seam deploy.
The 95% confidence intervals for the two deployment
types overlap each other completely, so there is no
indication that average two inch extension times for
the two types were significantly different (Figure 6).
Although the breakout times (defined as when the
bag is visible) were different on average, at the time
of two inch extension deployment characteristics for
seam deployed side airbags and door deployed side
airbags are extremely similar on average with the
95% confidence interval for seam deploy falling
within the confidence level for deployment doors.
This suggests that the motion of the bag forward is
not, in general, influenced by the deployment
mechanism type: deployment door vs. seam deploy.
The average extension times at 6 inches and full
extension were 6.64 and 12.26 ms, respectively, for
deployment door modules and 7.51 and 15.74 ms for
seam deploy modules. As bags begin to extend
forward, their size and volume begin to influence the
rate at which they deploy. A side airbag system that

may have very similar bag size and volume can vary
in fold pattern resulting in extension time differences.
The fold may be unique to balance in position timing
performance with other requirements such as
occupant out of position performance (Technical
Working Group’s Recommended Procedure for
Developing Side Airbags) [2]. Slower extension
does not mean an airbag system is inadequate. The
performance of the complete system needs to be
considered as other features of the system may
compensate for extension timing. The study
discussed in this paper did not analyze complete
vehicle systems which would include but not be
limited to vehicle specific door trim panels, intrusion
rates and occupant position.

Individual Value Plot of 2 in ext
95% CI for the Mean
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& 5.4864 5.34791
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Seat Deployment Type

Figure 6. Two inch extension times by
deployment type: door (C) and seam (S).

Thorax Systems

There were a total of 38 thorax bag samples: 22
seam deploy and 16 deployment door designs. All 38
were used in analyzing breakout time. Only 37 of the
38 were used in extension time analysis due to error
in sample set up which reduced the door deploy
samples to 15.

The average breakout time for thorax bags was 2.22
ms for deployment door modules and 3.27 msec for
seam deploy modules. Calculating and plotting the
confidence intervals indicates that the breakout times
are different (Figure 7).
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Thorax: Individual Value Plot of Breakout
95% CI for the Mean
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Figure 7. Thorax module breakout times by
deployment type: door (C) and seam (S).

The average deployment time for two and six inch
extension and full extension were 4.97, 6.87 and
10.83 ms, respectively, for deployment door module
systems and 3.27, 4.80, and 11.5 ms for seam deploy
module systems. The 95% confidence intervals were
largely overlapping for the three extension times, so
there was no indication that average extension times
were significantly different (Table 1).

Table 1.
Thorax extension time comparison
Extension | 2 inch 6 inch Full
(ms) C S C S C S
Upper
95% CI 5.89 532 | 797 7.76 12.35 12.81

Average 4.97 4.80 | 6.87 7.07 | 10.83 11.50

Lower

95% CI 4.04 427 | 5.76 6.38 | 9.31 10.19

Ten of the thorax deployment door module systems
were from seats taken from different models within
sister brands.

Head/Thorax Systems

Twenty-seven head/thorax systems, including 22
seam deploy modules and five deployment door
modules, were included in the analysis. All five
samples of deployment door modules were from
different models within sister brands. The average
breakout for deployment door modules was 2.40 ms
and 3.73 ms for seam deploy modules. Calculation
of the 95% confidence intervals suggested a
significant difference in average breakout times
(Figure 8).

Head Thorax: Individual Value Plot of Breakout
95% CI for the Mean
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Figure 8. Head/thorax module breakout times by
deployment type: door (C) and seam (S).

The two inch extension averages were very similar
for deployment door systems and seam deploy
systems at 4.60 ms and 4.91 ms, respectively. The
upper and lower 95% CI were also calculated (Figure
9). The data does not indicate a significant difference
in extension timing.

Head Thorax: Individual Value Plot of 2 inch Extension
95% CI for the Mean
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Figure 9. Head/thorax module two inch extension
times by deployment type: door (C) and seam (S).

The six inch extension time averages were 6.30 ms
and 7.09 ms for deployment door systems and seam
deploy systems, respectively. Some overlap in 95%
confidence intervals indicated that average extension
times may not be significantly different, but timing
appears more variable for seam deploy systems
(Figure 10).
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Head Thorax: Individual Value Plot of 6 inch Extension
95% CI for the Mean
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Figure 10. Head/thorax module 6 inch extension

times by deployment type: door (C) and seam (S).

The average times for full extension in deployment
door systems and seam deploy systems were 17.5 ms
and 20.32 ms, respectively. The seam deploy
system’s 95% CI fell within the deployment door
system’s 95% CI (Figure 11).

Head Thorax: Individual Value Plot of 6 inch Extension
95% CI for the Mean
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Figure 11. Head/thorax module full extension

times by deployment type: door (C) and seam (S).

Although these results indicate that deployment
mechanism may not influence extension times, the
timing comparison is influenced by the limited
sample size for deployment door systems. The
deployment door systems are all from different
models within sister brands with very similar bag
sizes and shapes. The seam deploy systems are from
a variety of U.S. and foreign manufacturers.

Pelvis/Thorax Systems
There were 23 pelvis/thorax system samples.

Twenty-two were seam deploy modules and one was
a deployment door module. Due to the lack of

deployment door modules, the analysis between the
deployment mechanisms could not be conducted.

Bag Type Affects on Seam Deploy Modules

All three bag types had 22 samples each for
deployment through the seat seam. Although the data
did not indicate a significant difference between
head/thorax and pelvis/thorax seam deploy breakout,
thorax bags did appear to break out quicker. Average
extension times at two and six inches for head/thorax
and thorax systems did not appear to be significantly
different, but the pelvis/thorax systems appeared to
take longer to breakout and position on average. At
full extension there is a significant difference
between thorax, head/thorax and pelvis/thorax
airbags (Figure 12). Size and volume of the airbags
influence the full extension timing.

The pelvis/thorax airbags exhibited longer breakout,
two inch, and six inch extension times on average.
Pelvis/thorax bags are located lower in the seat back
extending from above the arm rest to below the
armrest to cover the occupant’s torso and pelvis. The
majority of thorax and head/thorax airbags are
packaged at or above the armrest providing coverage
to the occupant’s torso in the case of thorax bags and
torso and head in the case of head/thorax bags. Since
the package of the pelvis/thorax bag is lower there is
opportunity for interaction with child occupant out of
position placement “child lying on seat” and “child
lying on arm rest” as defined in the Technical
Working Group “Recommended Procedures for
Evaluating Occupant Injury Risk from Deploying
Side Airbags [2].” The majority of thorax and
head/thorax side airbags deploy above the child
placement. The deployment onset of the airbag may
be reduced to minimize the force applied to the child
dummy. The onset of airbag deployment must be
balanced to meet in position timing and to avoid
causing inflation induced injuries.

Longer breakout and two and six inch extension
times for pelvis/thorax bags are also likely influenced
by the package length of this type of airbag. The
majority of thorax and head/thorax bags are packaged
such that there is a larger force (mass of the bag pack
coupled with the inflator onset) concentrated on a
smaller seat seam area. The pelvis/thorax bag
package tends to extend along a greater seat seam
length to assist in positioning above and below the
armrest. This characteristic reduces the force
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concentration (less bag pack) on the seat seam
compared to head/thorax and thorax airbags.
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Figure 12. Seam deploy extension timing.

Repeat Deployments

There were 10 pairs of samples for which repeat
deployment data was available (i.e. the same airbag
was deployed twice). There were four sets of
pelvis/thorax airbag samples and 3 sets of
head/thorax and thorax airbag samples.

The average differences in breakout, two, six, and
full extension were 0.40, 0.60, 1.15 and 1.76 ms,
respectively. All pairs had some difference in timing
throughout their deployment, with the greatest
differences being exhibited at six inch and full
extension. Thorax airbags had the least amount of
variation in difference and pelvis/thorax had the most
amount of variation in differences (Figure 13).

Deployment Time Trends over Model Years

Deployment timing across model years appeared to
be consistent (Figure 14). Some variation from year
to year was present, but this variability was likely at
least in part due to the limited number of samples of
each type of side airbag for each model year. The
plots highlight the trend of pelvis/thorax bags having
greater breakout and two and six inch extension
times. Full extension differences were most likely
due to bag size differences.
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Figure 13. Repeat deployment variation.
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Figure 14. Deployment timing across model years.
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CONCLUSIONS

Breakout time of pelvis/thorax and head/thorax side
airbags was similar whereas thorax bags were slightly
faster. Further analysis suggested deployment door
modules appeared quicker than seam deploy but
deployment door systems and seam deploy systems
extended forward to positions at similar rates within
bag types.

Regardless of the deployment mechanism,
deployment door or seam deploy, the extension times
to position were similar for thorax systems. Within
each bag type, thorax systems had the least
variability. This can be attributed to the bag size and
volume being smaller relative to head/thorax and
pelvis/thorax bags and bag shapes having greater
similarity across brands.

Head/thorax systems appeared to have more
variability at the six inch and full extension times.
This can be attributed to larger bag size, volume and
shape variability.

Pelvis/thorax bags trended longer for average
breakout and two and six inch extension timing
compared to thorax and head/thorax systems. The
longer breakout time is attributed to the
characteristics inherent in the design to meet vehicle
level requirements.

The repeat deployments indicated there is inherent
variability within the same module type. The greatest
differences were apparent at six inch and full
extension.

Average deployment times of airbag types across
model years appeared to be relatively consistent.
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ABSTRACT

The objective of this paper is to describe the
developments that provide the basis for predicting
new car occupant protection in real-world rollovers.

An analytical technique has been developed for
predicting a vehicle’s dynamic occupant protection
performance at any severity from a Jordan Rollover
System (JRS) 50-vehicle rollover test database; static
test roof strength, stiffness and elasticity data;
inertial-influenced impact pitch orientation; size, roll
moment and geometry dimensions; and occupant
protection features. Only sampling, updating and
verification of the JRS database will be necessary to
reflect innovative construction and protection
techniques until dynamic testing is implemented.

A noteworthy finding of this study was that reducing
a vehicle’s major radius (i.e., its shape at the
windshield) was more effective in reducing rollover
deaths and injuries than increasing roof strength-to-
weight ratio (SWR) above 3.0.

INTRODUCTION

Data from over 40 vehicles has been collected by the
Center for Injury Research (CfIR) in two-sided static
tests at 10° of pitch and 25° and 40° of roll. The
Insurance Institute for Highway Safety (ITHS)
statically tests vehicle roof strength at 5° of pitch and
25°of roll [1]. The CfIR has assembled a JRS test
database of vehicle and dummy measurements from
more than 300 rolls of over 50 different vehicles with
a variety of test protocols. The National Highway
Traffic Safety Administration (NHTSA) at University
of Virginia (UVa) and George Washington
University (GWU) has initiated finite element
research programs to identify the sensitivity of
rollover crash parameters and derive a real-world
injury potential test protocol [2,3]. Unfortunately,
modeling has its limitations and their disparities were

identified between the early published modeling and
the JRS database analysis.

Injury risk results have been quantified at four levels
of residual roof crush from the National Accident
Sampling System (NASS) and the Crash Injury
Research and Engineering Network (CIREN)
databases [4,5]. General correlation of injury risk and
dummy injury measure criteria in JRS tests has been
confirmed. The resolution of disparities has been
accomplished by considering the momentum
exchange between roof intrusion and neck injury as
an enhanced injury criteria that is virtually
independent of small variations in occupant location.
This enhanced injury criteria facilitates evaluation of
occupant protection features other than roof crush
(e.g., increased headroom, pretensioned belts,
padding and rollover-activated window curtain airbag
deployment).

Comparative consumer information about injury risk
and dummy injury measure performance of vehicles
can be verified to any severity protocol with readily
available data. Manufacturers can use the same
technique to adjust and optimize rollover injury
performance during the design process to a wide
range of test severity protocols and occupants.

In Australasia, Europe and America rollovers account
for about 3% of the crashes, and roughly 20%, 5%
and 30% respectively, of fatalities [6]. Indications are
that vehicle design plays a large part in these
statistics. Manufacturer’s response to the competitive
pressures resulting from consumer safety information
is 10 to 20 years faster than the regulatory process
and phase-in. This prediction technique is based on
available data from comparative tests. Its predicted
ratings can be verified by test sampling.

The rate of change of vehicle structural

characteristics in response to front and side impact
crashworthiness initiatives requires current vehicle
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data, the lack or inaccuracy of which can be
somewhat misleading. Nevertheless, the range of the
four injury potential rating levels is spread over a
range of 14 inches of residual vertical intrusion; the
accuracy of verification measurements is about 10%.

A pilot program of prediction and verification by JRS
testing is proposed to be accomplished in 2011. All
2012 model year vehicles statically tested by IIHS
will be dynamically rated at the four injury levels and
verified by sample dynamic testing.

This CfIR analysis is part of an ongoing effort to
evaluate vehicle rollover test parameters beyond the
previously-investigated sensitivity of roof strength-
to-weight ratio (SWR) and impact pitch angle to
residual and dynamic roof crush and injury potential.

The purpose of this paper is threefold:

(1) to predict the dynamic injury potential
performance of dynamically-untested
vehicles from static tests and vehicle
geometry;

(2) to contribute to the effort to develop a real-
world rollover test protocol; and

(3) to alert government, industry and safety
advocates of the lessons learned and their
application to other modes, systems and
occupants.

PARAMETER REVIEW AND ANALYSIS
Development of a Real-World Test Protocol

Rollover crash statistics are summarized in Figure 1.
They indicate that 94% of people in rollovers are not
seriously injured and that the remaining 6% are
divided; about 2% each between fatalities, severe and
serious injuries in 2-roll events.

The U.S. Rollover Injury Problem

* Annual Number of Rollovers 258,000
* Number of Occupants Involved 467,000

* Number of Fatalities 10.000 (2.1%)
Severe to Critical injuries** 12.000 (2.6%)
* Serious Injuries®* 18.000 (3.9%)

(90% of serious to fatal injuries occur within two rolls.®)

* Not Seriously Injured 427,000 (91.4%)

*INHTSA 2003 estimates. **estimated distribution from Ciren and GWU

Figure 1. Typical rollover statistics.

More than 400 rollover crash investigations identify
that 80% of catastrophic injuries (AIS = 4+) occur on
the far side A study of 283 serious injury NASS
rollovers exhibited damage to the hood or the top of
the fenders, indicating that the roll occurred with
greater than 10° of pitch [7].

In the Malibu dolly rollover tests of strong-roofed
vehicles at 32 mph, the roof impact speed was 21
mph with a 4-inch drop height and an average roll
rate of about 6 rad/sec with 2 rolls. Figure 2 shows
data from Malibu Series 1 Test 6.

The C. G. Velocity Responses of Test 6 — A Roll caged Vehicle
ol Py T ]
1 [ (i .
A Ls GM Malibu I
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(All data from GM
Discovery)
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Figure 2. GM Malibu I test no. 6.

Two test fixtures were developed and used to
evaluate vehicle rollover performance:
e A two-sided 10° of pitch platen test, and
e A repeatable dynamic rollover machine.

The M216 two-sided fixture applies forces to the roof
on one side and then the other at force angles of 10°
pitch and 25° and 40° roll, respectively. The M216
results indicate that most vehicles are about half as
strong compared to the FMVSS 216 test results at 5°
of pitch, as shown in Figures 3 and 4.

Figure 3. M216 two-sided static test machine.
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Comparison of FMVSS 216 and m216 Test Results

SWR Nommalized to Peak FMVSS 216

SWR. Peak SWR: 5" SWR: Peak  SWR: 5" First  SWR: Peak SWR: 5"
FMVSS 216 FMVES 216 Firsi Side m216  Side m218 Second Side  Second Side

m216 m216

.
Figure 4. Two-sided NHSB/M216 data.

The JRS rollover fixture, shown in Figure 5, is a
laboratory device capable of rolling full-size vehicles
to 6,000 lbs at 300°/ sec, dropping them 4 to 9 inches
onto a 20 mph moving roadbed and measuring the
roadbed forces and roof intrusion [8].

Figure S. The JRS fixture key components: 1)
vehicle, 2) cradle/spit mount, 3) moving roadbed,
4) support towers, 5) coupled pneumatic roadbed
propulsion and roll drive.

With this data, these tools and tests on more than 50
vehicles, our analysis of the segments of a rollover
from the loss of control, yaw to trip, trip and ballistic
trajectory identified the segment 5 of Figure 6 as the
most probable source of severe injury.

Potential for
Serious-to-Fatal

Injury

Segments of the
Roll Sequence

1. Vehicle loss of control | Non-injurious

Occupants move
2. Yaw-to-trip orientation | laterally out-of-
position

Exacerbates lateral

3. Tri .\
P out-of-position

Potential for far-side

4. Roll rate .. .
injury and ejection

Potential for severe
head/neck/spine

injury

5. Vehicle roof impacts
with the road

6. Wheel/underbody Potential for lower

contacts spine injuries

7. Suspension rebound

Non_iniuri
and second roll lofting onihyurious

8. Near-side roof impact,

L Potentially injurious
roll slowing ejection ¥ Iyutiou:

9. Far-side impact Potentially injurious

10. Wheel contact to rest Non-injurious

Figure 6. 10 segments of the roll sequence.

The result was the proposed “Real World Protocol”
in Figure 7.

The Proposed Real-World Rollover Protocol
Road speed 33 kph = 7 kph (20 mph 5 mph),
Roll rate @ near-side impact 270 °/sec £ 20%
Pitch 10° + 5°
Roll angle at impact 135° + 10° and/or 185°
Drop height 10 cm to 22 cm (4 to 9 inches)
Yaw angle 15° + 15°
Dummy tethered @ 1 g and 60° toward the near
side.

Figure 7. Updated proposed test protocol.
Development of Injury Measures and Criteria

Two studies 25 years apart indicate that spinal
distortions and fractures, primarily in the lower neck
are typical rollover injury patterns. The 1983 Allen
study of severe human neck injuries attributed 60%
to flexion, 30% to extension and 10% to axial
compression [9]. The 2009 Ridella study of CIREN
cases indicates that a predominance of serious
injuries involved the spine as shown in Figure 8 [10].
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Figure 8. CIREN distribution of rollover injuries.

The measures that proved to be the most significant
indicators of injury during a rollover event were the
lower neck bending moments, measured at the C7-T1
level and the duration of neck bending. You can
imagine a boxer receiving a blow to the face,
although this could result in a large lower neck
bending moment the boxer’s head would move away
and the peak moment would reduce rapidly. No
lower neck injury would occur because the load was
not sustained and did not cause the neck to bend.
Lower neck bending injuries require that a large
enough moment be sustained for the duration that
flexs the neck beyond its physiologic range of motion

[11].

Figure 9 shows the mechanism of a common neck
bending Injury, a bilateral facet dislocation. It is
initiated by significant flexion of the neck which
dislocates the spine. It concludes with the neck
contracting, pulling the spine forward and down
locking the facets [11].

Figure 9. Hyperflexion neck injury mechanism
from Pintar, et al.

This and other neck bending injuries can be predicted
by looking at the area under the lower neck bending
moment curve. This area is akin to the Head Injury
Criteria used to determine the injury potential from a
head impact. It takes into account not only the peak
load but also the duration of that load.

Roof crush and the loss of headroom are directly
related to the bending moment measured in the neck.
In a study of over 10,000 rollover accidents it was
found that the probability of spine injury increased
with increased residual roof crush [12]. Table 1 is the
criteria for seriously injurious peak forces in flexion
and bending [13].

Table 1.
Peak lower neck IARV’s for a 10% probability of
an AIS23 injury
Neck Type Neck Loading | Axial Fz | Moment My | Moment Mx
Direction N) (Nm) (Nm)
Production Flexion 6,000 380
Hybrid ITT
Production Lateral Bending | 6,000 268
Hybrid ITI
“Soft” Neck Flexion ~2,000 ~90
“Soft” Neck Lateral Bending | ~1,640 ~59
Human/Cadaver | Flexion ~1,500 ~58

JRS injury criteria and measurements In JRS
tests roof movement was measured at four locations
in the vehicle. The peak dynamic roof crush and
residual roof crush were determined for each roll. A
sampling of the JRS rollover database is provided in
Appendix 1.

Figure 10 shows the 2009 Mandell studied the
NASS/CIREN database and established a four level
probability of injury risk as a function of vertical
residual crush to 14 inches.

NASS/Ciren Probability & Adjusted Odds of Rollover Fatalilties and AIS 3+ Injuries
“Mortality and Injury Patterns Associated with Roof Crush in Rellover Crashes”, Samuel P. Mandell

11.8x Greater Probability than Nominal of Fatality & Serious Injuries

Residual Roof Crush (in.)

Figure 10. NASS/CIREN probability and
adjusted odds.

Results of pendulum tests indicate that peak axial
neck force is not a good indicator of injury to the
spine. This is due to the very stiff axial and
vertically-oriented neck of the Hybrid III dummy.

Flexion injury occurs from a moment applied by a 4
to 9-inch impact stroke to the top/back of the head
over 40 to 140 ms [14]. Dummy peak forces and
moments grossly underestimate and misrepresent the
extent and duration of the required flexion injury
intrusion in a rollover. That is also why the vertical
residual crush correlates so well with the Integrated
Bending Moment (IBM) [15].
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The IBM criteria is [15] related to the amplitude and
duration of the forces and moments. It integrates the
resultant moment (lower My and lower Mx) over the
time interval where it is greater than 30 Nm to a
maximum of 140 ms for the original Hybrid III neck
and proportionately less for the soft neck.

It is clear from the JRS test videos of the dummy
head/neck motion that the roof of the production
vehicles interact with the head of the soft neck
dummy in a much more severe manner. The
reinforced roofs provided much more protection by
maintaining the occupant survival space. This is
illustrated by superimposing the lower neck bending
moment of an identical pair of production and
reinforced Ford Explorers. The IBM is the respective
areas under the bending time histories curves in
Figure 11.

1998 Ford Explorer Matched Pair Roll 1 Duration of
Neck Bending

500

Production

=+ =Reinforced

-
oS
L

.»j‘/

Resultant Lower Neck Bending
Moment (Nin)
~
=3
=
-

1}

L9 1.95 2 2.05 2.1

‘lime (sec)
Figure 11. 1998 Ford Explorer matched pair
testing roll 1.

In the JRS tests, the production vehicles sustained
twice as much residual roof crush than the reinforced
vehicles. This equates to an average of 5 inches more
roof crush during the event.

The “soft” low musculature modified Hybrid III
dummy neck shown in Figure 12 was literally broken
at the lower neck load cell mount as a result of 11
inches of roof crush in this SWR 6.8 vehicle.

Figure 12. Soft neck of hybrid III dummy.

Controlled Rollover Impact System (CRIS)
tests Published 15 ms video clips and neck injury
measure data of production and reinforced 1998
Crown Victorias tested on the CRIS show identical
results in roll-caged and production vehicles [16]. In
the video dummy movement up to the point of initial
roof contact is nearly identical. However, the videos
and data to 140 ms tell a very different story. Figure
13 show the interior views. The production vehicle
with the grossly bent neck is shown on the left. The
deformation of the roof in the production vehicle
applied a force to the head of the dummy and caused
the neck to bend significantly. No neck bending was
observed in the reinforced vehicle (right). Estimated
roof crush is 2 inches for reinforced and more than 10
inches for the production vehicle.

Figure 13. Production vehicle’s neck severely
bent after 40 ms (left) and the roll-caged vehicle’s
non-injurious neck bending (right).

The peak lower neck bending moments measured in
the production vehicles was 30 to 56% greater than in
the reinforced vehicle. The duration of neck bending
in the production vehicle was 150% greater for the
reinforced vehicles. Dummies in the production
vehicles were trapped 2 out of the 5 times in injurious
positions that could limit breathing and inhibit safe
evacuation [16].

Critical parameters for structural intrusion
The mining of the JRS database for correlations of
vehicle structural parameters with residual roof crush
has so far identified a few of high importance and
weighting in predicting injury risk. These are in
order of priority SWR, major radius, pitch, elasticity
and near- and far-side road load effects.

Critical parameters for dummy injury
measures Residual and dynamic crush and crush

speed are probably the most important parameters
affecting neck bending and head injuries respectively.
[ref} While the drop height can be important, all data
indicates that automobiles and SUVs in rolling over
stay close to the ground and with belted occupants
have little effect compared to intrusion. The
headroom in vehicles varies by about 4 inches (from
3 to 7 inches). Therefore in terms of strong-roofed
vehicles with crush in the order of 6 inches or less
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headroom can be significant. That same effect
applies to lap and shoulder belt performance whose
range is 3 to 5 inches. Pre-tensioned belts can reduce
the excursion by 2 inches. Rollover-activated
window curtain airbags can be important in the likely
case of out-of-position far-side occupants, who may
be out of their shoulder belt from yaw-to-trip forces
and rebound rapidly to strike the roof rail and
window as the roof crushes [17].

Normalization procedures It appears clear that
the choice of a particular compliance and/or NCAP
test protocol is unlikely to be a technical decision.
So, it is important to be able to translate results from
one protocol to characterize another. It is also
important to characterize and estimate the
performance of similar vehicles in a real-world crash.
To that end, normalization procedures have been
developed to adjust or predict the injury risk potential
and injury measures for alternate road speeds with
proportional roll rates, different pitches and
independent road speeds and roll rates.

Structural Analysis of the JRS Database

The JRS database now has about 50 vehicles and
about 300 rolls. The data was collected over the 6
operational years of the machine, where procedures,
instrumentation, dummy characteristics, injury
measures and criteria were changed as we learned
and vehicle structures improved. In the following
charts, roll 1 is at 5° pitch, roll 2 is at 10° pitch, and
analyses are based only on vehicles with the same
protocol whose measurements could identify
correlations and their slope as it affected residual
crush. In many cases this limited the number of
vehicles to as few as 10. This is thought to be
sufficient for a reliable insight into the factors which
affect rollover injury potential, but the reader is
cautioned to consider the outcomes preliminary until
other scientists duplicate the results.

SWR vs. cumulative residual roof crush Figure
14 shows the generic injury measures with about the
same slope as a function of SWR to 4 and injury risk
to about 4 or 5%. The chart incorrectly projected the
JRS test data to an SWR of 5, but subsequent tests of
vehicles with SWR above 4 and to 6.8 correlate with
a polynomial relationship primarily because one
vehicle with an SWR of 6.8 had 10 inches of crush.
In a companion paper 2011-0405 this set of data is

used to demonstrate the range of these parameters
that can be used to reasonably predict vehicle
performance.

=

1THS Injury Rate
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8%
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Roof Crush Speed (mph)

%

JRS Roof Crush Speed (mph)

-
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JRS Two Roll Tests Cumulative Roof Crush (inches)

w1

20 25 3.0 35 4.0 45 5.0

Roof Strength to Vehicle Weight Ratio (SWR)

Figure 14. Roll 2: cumulative residual crash and
major radius.

Other characteristics, particularly vehicle geometry
and elasticity, have been identified to account for this
non-linearity [18]. The current cumulative residual
crush chart versus SWR is shown in Figure 15. This
is still consistent with ITHS’ original statistical slopes
of SUVs and small passenger cars to an SWR of 4
[19].

12.00

10.00

y = 1.2656x° - 11.239x + 28.13
R?=0.7376

*

0.00 1.00 200 300 400 5.00 6.00 7.00
SWR

Figure 15. SWR vs. current cumulative residual
roof crush.

Major radius and cumulative residual crush
The major radius of a vehicle is the distance between
the CG axis and the roof rail at the A-pillar. Figure
16 identifies the vehicles involved, their major radii
and the cumulative residual crush at the A-pillar in
roll 1 and roll 2.
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Roll 2: Cumulative Residual Crush and Major Radius

W Cum. Residuz! Cru
W Wzjor Radius

Roll 2 Residual Average =5.62
Major Radius Average =44.0

Residual Crush (in.)
Major Radius (in.)

2005 2006 2007 2007 2007 2008 2009 2007 2007VW 2007 2010 1595
Volve Hyundsi Chewy Honds Hands ScionxB Nissn Toyots letta Toyota Toyotz Ford
XC90  Sonstz Tshos  CRV Ridesline Verss  Camry Camry  Prius Explorer
Silver) Hybrid

Figure 16. Major radius and cumulative residual
crush.

Figure 17 is a scatter plot of the Major radii for those
vehicles and indicates a high correlation with the
cumulative residual crush of roll 1 and 2. The
relationship is particularly striking for the slope
which indicates that each 1.2 inches of major radius
affects the residual crush by 1 inch. This is an
enormous effect easily doubling the magnitude of
residual roof crush between SUVs and automobiles.
Considering ITHS studies to reduce risk by 24% for
each increment of SWR, reducing the major radius of
SUVs from a typical 46 inches to that of automobiles,
the XC-90 and CR-V of 42 inches reduces intrusion
by 3.3 inches [19].

Roll 2: Cumulative Residual Crush and Major Radius
for 11 Production Vehicles
14

Roll2 Residual Average = 5.62

1211 MajorRadius Average = 44.0
- . . .
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Major Radius (in.)

Figure 17. A scatter plot of the cumulative
residual crush of roll 1 and roll 2 vs. major radius.

Elasticity and cumulative residual crush
Another significant effect appears to be the result of
high strength steels used in the most updated
vehicles. This effect became noticeable in 2007
when improved compliance with FMVSS 214 also
increased the vehicle’s roof SWR.

To interpret the data, vehicles with an elastic
structure like the 70% Volvo XC-90 have a lesser
effect on residual crush than vehicles like the 30%
Scion xB which buckled and collapsed. Figure 18
shows that an elastic structure has a significant

correlation and slope with residual crush. The
weighting compared to SWR and major radius is as
yet unknown.

Roll 1: Residual Crush and Elasticity
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Figure 18. Roll 1 residual crush and elasticity.
Injury Measure Analysis of the JRS Database

Integrated Bending Moment (IBM) and
residual crush
From an injury measure point of view the IBM
correlates well with residual crush, with injury risk at
3.5 inches, with the 10% probability of AIS = 3+
IARYV injury measure and seems insensitive to small
variations of dummy head position. Three and a half
(3.5) inches of residual crush corresponds to an IBM
of 13.5 as shown in Figure 19.

Roll 1: Residual Crush and IBM
[Far A-Pillar]

v 0213x1 0.600
R 0792

Residual Crush (in)

e b N w A 0 e u w @
-
*

1BM

Figure 19. Roll 1: Residual crush and IBM [far A-
pillar].

Headroom vs. residual crush
When considering dummy injury measures headroom
is significant as shown in Figure 20.
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Roll 1: Residual Headroom and IBM
[Far A-Pillar]

v -0.263x14539
R 0659

Residual Headroom (in)

30 35

1BM

Figure 20. Headroom vs. residual crush

Belt loads, excursion and pretensioning Belt
loads and corresponding excursions have been

measured on many tests but not yet correlated with
IBM for this paper. Excursion varied from 3 to 5
inches with occupant size and weight. Pretensioning
reduces excursion by about 2 inches.

Road speed and proportional roll rate There is
a high correlation between average residual crush and
road speed with proportional roll rate as shown in
Figure 21. The roll rate proportionality comes from
the JRS I configuration where the road speed and roll
rate are geared together. One test was performed
with an alternate ratio resulting in a 15 mph and 303
deg/sec roll rate.

Avg. Residual Crush vs. Road Bed Speed at 10°pitch for
23 Production Vehicles

(5 Vehicles)® ___— & (1 Vehicle)
(1 Vehicle)

y=0.631x-5.7536

{13 Vehices)

% (3 Vehicles)

Avg. Residual Crush
(in.)

Road Bed Speed (mph)
with Proportional Roll Rate

Figure 21. Average residual crush vs. road bed
speed.

Road speed vs. roll rate There is insufficient
data to resolve the contribution of road speed and roll
rate separately. The data that is available is shown in
Table 2. A few identical separate vehicles have been
tested under slightly different circumstances. The
first of a pair of GMC Jimmys, at 5° of pitch, when
tested at 10° of pitch shows a 32% increase in
dynamic intrusion.

Table 2.
Road speed vs. roll rate

Protocol Far A
Roll Rate| Peak
Road | atimpact | Dynamic | Residual | Speed
Test # SWR | Pitch | Speed | (degss) (in) (in) (mph)

Tmmy T T6 T 8% T. 12
TMT Timmy T TS 0 T3 7% 5] T

[Percent Increase__| 2] i T3]

Protocol Far A
RollRate Peak’
Road | atimpact | Dynamic | Residual | Speed
Test # SWR Pitch Speed (deg/s) (in) (in) (mph)

T 172 6.4 ES .

yundai Sonata T 2
yundai Sonata T ) 10 7T 7 09 T [EM)

[ Percent norease | 70] 3| T40]

Protocol Far A

RollRate | Peak

Road | atimpact | Dynamic | Residual | Speed

Test # SWR | Pitch | Speed | (degss) (in) (in) (mph)
3 T T T

ord Explorer T TS 77
'ord Explorer 1 1.9 5 15 200 7 59 6.3
ord Explorer

[Reinforced] 1 5 15 177 19 038 42

The first of a pair of Hyundai Sonatas shows a 70%
increase in dynamic intrusion for both an increase
to 10 deg pitch and a 21 mph road speed with
proportional roll rate.

Lastly are listed three Ford Explorers (with and
without sun roofs accounting for the difference in
intrusion), one vehicle was reinforced and had 25%
of the roof intrusion of the production vehicles. This
confirmed that increased roof strength reduces
intrusion.

The point is that if 10° pitch accounts for 30% (the
Jimmy’s) and pitch and speed with proportional roll
rate (the Hyundai’s) accounts for 70%, then the speed
and proportional roll rate accounts for 40% for a
speed and proportional roll rate increase of 40%
(from 15 to 21 mph) as shown in Figure 21.

Still unresolved is whether that 40% increase is from
increased road speed or roll rate. There is only one
test at 15 mph, 5 deg pitch, 125 deg impact angle and
303° roll rate, a 1999 Camry, which could resolve
that issue. The other tests were at 145 deg and 190
deg /sec. Previous 125 deg impact angle tests
resulted in nearly equal near and far side road loads
and intrusion. For the 1999 Camry the road loads
and intrusion were very much greater on the far side.
The 1999 Sonata and Camry are both estimated to
have SWRs of about 2.8, yet the Camry residual
crush of 7 inches shown in Figure 22 suggests that
low impact angle and high roll rate result in a similar
7.3 inches of intrusion as the 21 mph and 280 deg/sec
test. Finite element tests of a strengthened (SWR =
3.9) Explorer in a private communication indicated
about the same dynamic intrusion in combinations of
40% increased speed and roll rate.
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Residual Crush at 15mph, 5°pitch, 188 deg/s Roll Rate*

= Residual Crush

8
— £ Javerage
=0.5423x - 0.2654

* 1999 Toyota Camry was
tested at 303° ner second roll

Residual Crush (in.)

Figure 22. Residual crush at 15mph, 5° pitch, 188
deg/s roll rate.

Pitch and CG location Pitch has been shown by
JRS tests to be a highly sensitive parameter to roof
crush. The difference in roof crush between 5 deg of
pitch and 10 deg of pitch in JRS tests has typically
been shown to be quite substantial. Most JRS tests
are done in a 2 roll sequence in which the first roll is
performed at 5 deg of pitch and the second roll is
performed at 10 deg of pitch. The question is what
vehicle parameter or characteristics would make a
vehicle roll with a large degree of pitch. One
explanation is that generally fully-loaded vehicles
roll with little or no pitch. Taking this into
consideration it would make sense that the location of
the center of gravity (CG) of a vehicle relative to its
A-pillars and pivot point is an important
characteristic in determining the likelihood that a
vehicle would roll with a pitch of 10° or greater. In
theory, a vehicle whose CG is farther back from its
A-pillars and behind its pivot point will likely roll flat
on its roof. Thus the normal force of the road would
be spread out over a larger surface area and result in
less roof crush. A vehicle whose CG is closer to the
A-pillars and forward of the pivot point will have a
greater likelihood of rolling with a substantial pitch
and thus result in greater roof crush. Both of these
situations are illustrated below in Figure 23.

Figure 23. Illustration of the two rollover
situations.

Vehicle 2

The distance between the CG and the A-pillar were
calculated for several unloaded vehicles and
tabulated in columns 1 to 4 in Table 3. (Note thata
negative horizontal distance value implies that the

CG is behind the A-pillar and vice versa for a
positive value.)

Table 3.
CG distances relative to A-pillar
- Horizontal
Horizontal Distance | Vertical Distance Di:t::::]be@t?w:)en Distance
Vehicle between CG and between CG and CG and Top of A- between CG
Top of A-pillar (in.) Top of A-pillar (in.) pillar (in.) and Virtual A-
pillar (in))
2008 Scion xB -12.7 382 403 5.7
2009 Chevrolet Malibu 2.7 346 34.7 33
2009 Nissan Versa 58 368 373 07
2007 Honda CR-V 6.3 39.7 40.2 0.7
2007 Toyota Camry
Hybrid -1.4 352 352 47
2007 Chevy Tahoe -178 46.3 49.6 52
2007 Volkswagen Jetta 44 346 349 17
2006 Honda Ridgeline -16.2 43.7 46.6 -8.1
2006 Chrysler 300 -144 352 38.0 -78
2005 Volve XC90 -10.1 421 433 -25

Given a situation in which the roof crush on the A-
pillar of a vehicle is 6 inches and the roof crush on
the B-pillar is 4 inches, the CG relative to the
horizontal position of the virtual (undeformed) A-
pillar was calculated and tabulated in column 5 of
Table 3. Ten degrees of pitch was assumed given the
6 inches and 4 inches of roof crush on the A-pillar
and B-pillar. In analyzing the data in column 5 from
Table 3, the CG moves horizontally closer relative to
the virtual A-pillar and in some cases moves forward
of the pivot point causing the vehicle to want to pitch
even further forward. Using the data for the
horizontal distance between the CG relative to the A-
Pillar at 10° of pitch and the residual crush for each
respective vehicle in Roll 2 of the JRS test, a scatter
plot was created and shown below in Figure 24.

Roll 2 Residual Crush and Horizontal Distance between CG and A-Pillar

*

y=0.288x + 1.214

R2=0.659

Residual Crush
-

0 1 2 3 4 s 6 7 8 B

Horizontal Distance between CG and A-Pillar

Figure 24. Roll 2 residual crush and horizontal
distance between CG and A-pillar.

The data in Figure 24 implies that the greater the
distance between the CG and the A-pillar at 10° of
pitch, the more residual roof crush the vehicle
experienced. The R? value of the linear regression
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line is 0.659 meaning there is some correlation
between the two. A further analysis shows Figure 24
only takes into consideration the magnitude of the
distance between the CG and the A-pillar at 10° of
pitch. The three vehicles that experience the most
residual crush, the 2008 Scion xB, 2007 Chevy
Tahoe, and the 2006 Honda Ridgeline, actually have
their CG’s behind the A-pillar at 10° of pitch. Their
initial unloaded CG’s are horizontally the farthest
back of all the vehicle and even at 10° of pitch it is
not enough to move their CG’s forward of the A-
pillar and pivot point. In reality these three vehicles
are unlikely to roll with pitch because even at a
forced pitch of 10° by the JRS, the CG, although it
moves forward by a fair amount, is still behind the
pivot point. From prior analyses we know that the
2008 Scion xB experiences a large residual crush due
to its square profile and the 2007 Chevy Tahoe
experiences large residual crush due to its weak roof
structure with a SWR of 2.1 and because it has one of
the largest major radiuses as shown previously in
Figure 16 [20].

CONCLUSIONS

CfIR previously showed that residual crush decreases
with SWR, ejection potential decreases with SWR
greater than 3.0 and crush increases with 10° pitch.
This analysis indicates that:

= Momentum derived hybrid Il dummy injury
measures (IBM) correlate with residual crush,
injury risk and IARV injury measure criteria.

= Increased major radius results in increased injury
potential independent of SWR,

=  Elastic structures reduce injury potential.

= Increasing road speed and proportional roll rate
increases injury potential

=  Shifting CG Rearward (Rear seat passengers or
load) reduces injury potential by reducing pitch
propensity.

C/IR has proposed a real world rollover test protocol
and demonstrated how to adjust (normalize) the 50
dynamic test already conducted to predict dynamic
performance within any protocol. The University of
Virginia sponsored by NHTSA has been given
responsibility to developed a real world protocol.
[21] By virtue of the relationships developed here,
vehicle performance may be roughly predicted for
most variations in the protocol.

Lessons Learned

Frontal impact protection The reduction in
musculature and orientation of the Hybrid III neck as

developed for rollover testing appears to explain
anomalies in frontal and side impact protection. For
instance the ITHS reported an increase in fatalities
with advanced airbags compared to the immediately
previous designs [22]. An identical set-up for frontal
impacts at typical airbag deployment ignition speeds
of 15 mph is shown with the Hybrid III dummy with
its original and reduced musculature neck in Figures
25 and 26, respectively. The flexibility of the
reduced musculature puts the dummy’s head in close
proximity to the deploying airbag with serious injury
consequences if the airbag fires and from striking the
wheel hub if it doesn’t.

Figure 25. Hybrid IIT dummy with original
musculature neck.

Figure 26. Hybrid III dummy with reduced
musculature neck.

Side impact protection Window curtain airbags
are now in use as head impact protection for side
impacts and as such deploy at 100 to 120 mph.
Rollover activated window curtain airbags for
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ejection protection deploy at 25 to 50mph. If the side
impact airbag is activated during a rollover because
of the vehicle side being in proximity to the ground
while the occupant is “up and out” against the roof
rail the result may be head and brain trauma, diffuse
axonal injury, and coma. A solution would be to
have two or variable inflators and change the rollover
sensing algorithm to override and inhibit the side
impact deployment gas generator.
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APPENDIX 1.

Headroom Max. Lap Shﬂ::((;er Max. Lap Shﬂlajft;er Impact Angle, | Impact Angle,| Far Side Far Side
Measurement | Belt Load | Belt Load | Belt Load | Belt Load | Roll Rate Roll | Roll Rate Roll| Road Load | Road Load
Vehicle (inches) Roll 1 (Ibs) [ Roll 1 (Ibs) | Roll 2 (Ibs) | Roll 2 (Ibs) 1 2 Roll 1 (Ibs) | Roll 2 (Ibs)

2005 Volvo XC90 6.25 215 101 119 124 143°, 179°/sec | 139°, 180%sec| 18,229 22.145
2007 VW Jetta 4.25 164 105 106 115 142°, 156/sec | 143°, 172°%sec| 17,362 20,798
2007 Toyota Camry 5 115 100 224 94 141°, 138°/sec | 140°, 170%sec| 19,242 25,038
2007 Honda CR-V 4.25 123 102 126 119 143°, 196°/sec | 141°, 209°/sec 16,115 14,264
2009 Nissan Versa 5 237 175 225 222 144°, 187°/sec | 145°, 194%sec| 19,451 19,151
2006 Hyundai Sonata 4.5 127 93 200 190 143°, 133°/sec | 145°, 166°%sec| 17,711 31,380
2007 Toyota Camry (Hybrid) 5 177 136 154 123 143°, 180°%sec | 136°, 185°%sec| 20,024 28,919
2008 Scion xB 6.5 432 207 206 94 141°, 201°/sec | 146°, 196%sec| 27,861 20,422
1998 Ford Explorer 3.75 104 69 62 7 146°, 183°/sec | 143°, 186°%sec| 15,964 25,624
2006 Pontiac G6 25 171 128 324 147 139° 172°%sec [ 140°, 175%sec| 19,062 33,406
2006 Honda Ridgeline 4.75 123 79 166 81 145°, 208°/sec | 145°, 203°/sec 20,385 33,023
2006 Chrysler 300 4.5 137 101 539 127 146°, 161°/sec | 147°, 156%sec| 24,001 43,085
2007 Chevrolet Tahoe 5.25 192 140 244 64 142°, 213°/sec | 143°, 210%sec| 24,727 39,575
2007 Pontiac G6 4.75 87 92 N/A N/A 142°, 172°/sec N/A 19,185 N/A
2007 Jeep Grand Cherokee 3.5 125 91 30 10 147°, 197°/sec | 149°, 190%sec| 23,908 32,293
2004 Volvo XC90 (White) N/A N/A N/A N/A N/A 133°, 214°/sec | 148°, 215%sec| 13,590 15,461
2004 Subaru Forester (Red) N/A N/A N/A N/A N/A 147°, 223°/sec | 150°, 139%sec| 14,723 15,756
2004 Land Rover Discovery |l N/A 122 102 74 38 136°, 212°%sec | 145°, 207°/sec 13,608 10,240
2003 Subaru Forester (Tan) N/A N/A N/A 125 114 147°, 212°/sec | 151°, 173%sec| 15,283 13,151
2003 Subaru Forester (Green) N/A N/A N/A 113 122 N/A 143°, 174%sec| 14,764 13,912
2002 Toyota Corolla N/A N/A N/A N/A N/A 132°, 178°/sec | 145°, 176°%sec 8,448 8,626
2001 Chevrolet Suburban N/A 197 31 N/A N/A 140°, 214°/sec N/A 18,579 N/A
2000 GMC Jimmy 5 73 67 N/A N/A 146°, 174°/sec N/A 17,455 N/A
2000 Ford Explorer N/A N/A N/A N/A N/A 134°, 200°/sec | 144°, 188°%sec 9,263 14,251
1999 Oldsmobile Bravada 4.5 N/A N/A 139 59 149°, 19%sec | 147°, 184°/sec 19,613 29,274
1999 Jeep Grand Cherokee 3 63 31 N/A N/A 147°, 257°/sec N/A 24,268 N/A
1999 Isuzu Vehicross N/A N/A N/A N/A N/A 139°, 185°/sec | 148°, 183%sec 9,409 15,701
1999 Hyundai Sonata (Black-
20.8mph) 4.5 68 29 N/A N/A 145°, 275°%sec N/A 20,232 N/A
1999 Hyundai Sonata N/A N/A N/A N/A N/A 139°, 172°/sec | 148°, 157°/sec 9,466 10,779
1998 MB ML320 4 N/A 97 N/A N/A 144°, 231°/sec N/A 17,143 N/A
1997 Chevrolet Cavalier 2.75 95 149 N/A N/A 142°, 231°/sec N/A 20,577 N/A
1997 Acura CL 2.2 4 136.6 76.3 N/A N/A 144°, 205°/sec N/A 15,351 N/A
1996 Isuzu Rodeo 8.75 74.3 78.7 N/A N/A 148°, 239°/sec N/A 18,946 N/A
1993 Jeep Grand Cherokee 4.75 160 N/A N/A N/A 148°, 244°/sec N/A 25,068 N/A
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ABSTRACT

Motor vehicle manufacturers have developed and
deployed rollover roof rail mounted air bags to
mitigate occupant injury and the potential for
occupant ejection in rollover collisions. Some
manufacturers have published information on the
type of rollover collisions that are used to establish
criteria and define the circumstances for rollover air
bag deployment commands.

This paper examines the National Automotive
Sampling System Crashworthiness Data System
(NASS CDS) to characterize the type and severity of
roll over collisions that occur on United States
roadways and reports upon the distribution of
rollover occurrence by type, and rollover injury
occurrence by type of rollover event. Involvement
rates are reported for light duty vehicles.

Occurrence rates for roll over collision and roll over
collision related injury are compared to the rollover
collision types that have been identified by motor
vehicle manufacturers to assess the proportion of roll
over collisions and injuries that might be subject to
mitigation with the installation of roof rail mounted
rollover air bags.

This comparison shows, if all light duty vehicles in
the new vehicle fleet applied similar deployment
criteria, approximately 84% of rollover collisions and
injuries could be subject to the injury mitigation
effects of existing roof rail mounted roll over air
bags.

MOTOR VEHICLE ROLLOVER COLLISION
AND INJURY MITIGATION TECHNOLOGIES

Rollover crashes are a relatively small proportion of
all collisions in the U.S. but a disproportionate share
of fatal and serious injuries occur in rollover crashes.
Therefore, rollover related injury has been a high
priority for the National Highway Traffic Safety
Administration (NHTSA). It has developed a
comprehensive approach to rollover injury mitigation
that involves three elements: 1) reduction of the

occurrence of rollover crashes, 2) mitigation of
ejections, and 3) occupant protection. The NHTSA
has taken rule making action in all three dimensions.

For reduction of the occurrence of rollover crashes
the NHTSA has promulgated Federal Motor Vehicle
Safety Standard (FMVSS) 126 requiring improved
vehicle dynamics with the installation of Electronic
Stability Control (ESC) technology. The NHTSA
intends to generate reductions in occupant ejections
through: increased occupant use of safety belts,
improved door hardware performance (FMVSS 206),
and application of new ejection mitigation
performance requirements (primarily) due to
application of rollover activated roof rail air bags
(FMVSS 226). The NHTSA addressed occupant
protection with increased roof strength in FMVSS
216.

In all three areas, motor vehicle manufacturers have
initiated technology insertion and/or policy actions to
address these same three dimensions.

Motor vehicle manufacturers initiated application of
ESC technologies in the late 1990s. Figure 1 is a bar
graph of the proportion (of total models) of the new
vehicle fleet (passenger cars and light trucks, herein
after the “light vehicle fleet”) over the period 1998
through 2009 that were offered for sale in the U.S.
with ESC available. By 2004, the NHTSA and the
Insurance Institute for Highway Safety (ITHS) had
examined collision data and determined that ESC
effected meaningful reductions in all collisions and in
single vehicle off road rollover collisions. The
NHTSA initiated rule making on FMVSS 126 in
September 2006, roughly at the beginning of the
2007 model year. In that year over 65% of new
model vehicles had ESC available as standard or
optional equipment. The NHTSA issued its final rule
in April 2007, a very rapid conclusion for a very
complex rule. The rule applied to vehicles
manufactured after September 1, 2008 and
incorporated a three year phase-in period, provided
carry forward credits for vehicles that satisfy the
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performance criteria, and became fully effective to

light duty vehicles manufactured after August 31,
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Figure 1. Optional and standard installation rates for electronic stability control as a proportion of new light

duty vehicle models.

the performance criteria, and became fully effective
to light duty vehicles manufactured after August 31,
2010. The NHTSA estimated that ESC as applied to
satisfy FMVSS 126 will avoid 1,171 to 1,465 fatal
rollover related injuries annually when fully
integrated into the motor vehicle fleet [1].

Ford Motor Company installed enhanced seat belt use
reminders during the mid-1990s. Survey work
conducted by the ITHS reported about a five percent
increase in belt use in Ford vehicles with enhanced
seat belt reminders as compared to Ford vehicles not
so equipped. Following publication of the Ford/ITHS
study, NHTSA Administrator Dr. Ricardo Martinez
encouraged all manufacturers to consider
incorporation of similar enhanced seat belt use
reminder systems in their vehicle designs. Virtually
all major manufacturers responded affirmatively; the
insertion profile for enhanced seat belt use reminder
systems is shown below in Figure 2. The source of
this data is the NHTSA New Car Assessment
Program (NCAP) database. Note that the
discontinuity in model year 2005 is because that is

the first year the technology was recorded
consistently. The insertion percentage increase from
the mid-1990s was much smoother than Figure 2
shows.

Motor vehicle manufacturers collaborated on the
public policy front to change occupant behavior
regarding seat belt usage. Vehicle manufacturers
created the Air Bag and Seat Belt Safety Campaign
(ABSBSC) and partnered with some insurers,
particularly Nationwide Insurance, to fund a ten year
program to increase seat belt use in the U.S. The
program was operated by the National Safety
Council. The ABSBSC: 1) expanded the “Click It or
Ticket” program built by the ITHS and police
agencies in North Carolina across the U.S., 2) worked
to improve mandatory seat belt use laws, and 3)
focused public attention on seat belt use during
periods of intense enforcement efforts on a regular
basis. After the ABSBSC was concluded in 2007, the
NHTSA has continued to organize the periodic
enforcement events. During the life of the ABSBSC,
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seat belt use in the U.S. increased 21 percentage
points from 61% to 82%.
Rollover injury science was advanced by work
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Figure 2. Installation rate for enhanced seat belt reminder systems. Data was not consistently recorded prior

to 2005.

[3]; Ford Motor Company [4], [5], and [6]; Nissan
[7]; and General Motors [8], [9], and [10].
Manufacturers studied and reported upon the injury
mechanisms related to compressive loading of the
spine when in an inverted position due to
gravitational forces that act on the thorax through the
neck and are resisted by the head at rest on the
ground or on vehicle structures.

Applying this injury control science, manufacturers
developed and implemented rollover activated roof
rail air bags. Ford Motor Company first introduced

this technology in the middle of the 2002 model year.

Figure 3 shows the technology insertion progression
for rollover roof rail air bags. The technology is
anticipated to reduce occupant ejection in rollover
and also may provide a counter measure for some
types of non-ejection rollover related occupant
injuries related to head strikes to ground or to vehicle
structures covered by the inflated air bag at occupant
contact.

The NHTSA has finalized its performance
requirements in FMVSS 226 (ejection mitigation)
[11]. The standard imposes an energy absorption
requirement and excursion limits in response to an
impulse insult from a guided linear impactor. The
rule was finalized in January of 2011, first required
implementation is September 1, 2014 but early
compliance credits can be earned starting after
February 2011, and carry forward credits can be
earned with early applications so as to smooth and
match phase in proportions to manufacturers’
individual portfolio change plans. The phase in
period ends August 31, 2017 save for altered vehicles
and those manufactured in more than a single stage.
The NHTSA forecasts that application of the
technologies necessary to satisfy these performance
requirements will reduce rollover related occupant
fatal injuries by 373 annually when fully applied.
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ROOF STRENGTH RULE MAKING

The technical literature is rich in studies examining
the relationship between vehicle characteristics and

occupant injury outcomes in rollover crashes. This
paper will not attempt to survey or report upon the
nature and conclusions various authors have
published regarding that matter. However, two
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Figure 3. Installation rate for rollover deployed roof rail air bags.

studies performed by the NHTSA are critical to an
understanding of the NHTSA’s rule making action on
the vehicle parameter of roof strength [references12
and 13]. Both studies used NASS CDS data for
rollover crashes to collect belted occupant injury
outcomes and roof profile data over the occupants of
interest to look for relationships between head, face
and neck injury from roof contact and roof
deformation. The roof included the roof panel and all
surrounding structures, pillars, headers, etc. Austin et
al. [12] found a dichotomous relationship between
post crash headspace (positive or negative value) and
injury severity. Strashny [13] found a statistically
significant relationship between the maximum
severity injury to the head, face or neck, and the
amount of roof deformation measured as roof
deflection or residual headspace. Neither Strashny
nor Austin claimed that the statistical correspondence
they found established a causative relationship
between roof deformation and occupant injury. In
addition to the statistical relationships, both NHTSA

researchers found over 99% of rollover crash
involved occupants that experience head, face, or
neck contact with the roof are not seriously injured
and register a maximum head, face, or neck AIS
injury level of 0, 1, or 2. This would indicate vehicle
structures and restraint systems have been well
balanced to provide good occupant protection in
rollover crashes for belted occupants.

The NHTSA applied the findings of statistical
significance in promulgating its roof strength
standard, FMVSS 216 [14], published as a final rule
in May 2009. The new standard refined many
elements of the existing FMVSS 216 test procedure;
it added new acceptance criteria for roof contact with
a seated occupant, increased the load requirement
acceptance criteria as a proportion of vehicle mass,
maintained the basic test orientation and load
application device from the then existing rule, and
applied a new requirement for sequential testing of
both sides of an individual vehicle for compliance.
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The NHTSA forecast a small reduction in rollover
related fatal injuries to occupants of 135 annually
after full application.

ROLLOVER INJURY SCIENCE

As is the case for roof crush and injury, the literature
is rich with regards to the science of rollover injury
causation. A comprehensive discussion of that body
of literature is beyond the scope and length of this
paper but two more recent studies bear review to add
clarity and context to the current state of knowledge.

In 2008, Exponent reported results for a series of
dolly rollover tests it had performed using a 2003
Subaru Forester as the research tool. Exponent
explained that the Subaru Forester was selected as the
test subject as it was a vehicle with a high roof
strength to vehicle weight ratio (the strength to
weight ratio or SWR); the SWR for the Subaru
Forester is about 4.8. Three test vehicles were
instrumented to record pillar displacements and one
of the tests was also fitted with instrumented
Anthropomorphic Test Devices (ATD or crash test
dummies) in the front outboard seating positions that
recorded injury measures throughout the test [15].

Two tests were conducted without ATDs; as the tests
continuously recorded roof deformation, for the first
time in rollover injury research, engineers could
examine the time history of roof deformation in a
severe rollover crash, and compare the post crash
roof condition to the deformations that obtained

during the rollover event itself. Exponent observed
there was little correspondence between post crash

roof deformation and the time history displacement
of roof components during the rollover.

One rollover test was conducted with instrumented
pillars and instrumented ATDs in the front outboard
seating positions. The most interesting observations
from this test is the time history correspondence
between neck compression for the ATD at first
ground strike and the structural response measured as
pillar displacement (roof deformation) following the
first ground strike while the vehicle was inverted and
continuing in the rollover sequence. The ATD
maximum neck compression occurred early in the
ground strike as roof deformation was just initiating.
Maximum roof deformation did not occur until later
in the ground strike event and by that time, the ATD
neck load had gone from compression into tension
indicating that the ATD torso was no longer loading
the neck due to spinal alignment. These successive
events are depicted in Figures 4 (maximum neck
compression) and 5 (maximum roof pillar
deformation) and shown below. These are Figures 7
and 8 in [15].
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Vertical Upper Neck Force v Time
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Figure 4. Captured frame from the synchronized data with composite video of the passenger-side B-pillar
displacement at the time of passenger ATD peak compressive upper neck load during the first passenger side
(near-side) roof rail impact (above).
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2003 Subaru Forester 43.4mph DRT on Dirt
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Figure S. Captured frame from the synchronized data with composite video of passenger ATD axial upper
neck load at the time of peak passenger-side B-pillar displacement during the first passenger-side (near-side)

roof rail impact.

Of equal interest is a research paper GM issued
concerning observations it made during development
of its rollover roof rail air bags for occupant injury
control in rollover [16]. GM conducted some of its
rollover sensor signature development tests with
instrumented ATDs and in O’Brian-Mitchell [16]
GM reported the test configurations and ATD test
outcomes in which [ARV values were exceeded.

One hundred seventy-six of the GM sensor signature
rollover tests were conducted with Hybrid IIT 50
percentile male ATDs in the front outboard seating
positions. Some tests were conducted with belted
ATDs and some with unbelted ATDs. The test
configurations GM used were: 1) trip-over (curb
trip-over, soil trip-over, gravel trip-over, friction trip-
over, curb trip-over sled, and soil trip-over sled); 2)
fall-over (ditch fall-over with dirt slope and ditch
fall-over with high friction slope); 3) flip-over
(corkscrew ramp flip-over); 4) SAE J2114 dolly
rollover; and 5) other (half corkscrew ramp and
bounce-over). In many tests, the side window
openings were covered with a fabric membrane to
record ATD loadings at the window openings; those
loads were then later used to develop the

performance criteria (energy capacity, force limits,
and excursion limits) for rollover roof rail air bags
[17]. ATD kinematics during the rollover were
recorded using onboard high speed cameras.

GM examined the ATD injury measure test records
for all of the tests. It evaluated events in which the
IARVs were exceeded and reported ATD injury
measures exceeding IARV limits due to ATD head
strikes with: vehicle structures (leading side pillars,
roof rails, and trailing side overhead structures), the
other ATD, ground, door beltline, and with the
window membrane. GM did not report any ATDs
were ejected. Belted and unbelted ATDs recorded
injury measures exceeding JARVs.

Most significantly, some of the ATD head strikes
that generated Head Injury Criteria (HIC) or neck
compression injury measures that exceeded the IARV
limits occurred when the vehicle was not inverted. In
those events, it is obvious that roof strength and roof
deformation were decoupled from the head strikes
that generated the injury potential, reference Table 1
(Table 7 in [17]). It is noteworthy that in the GM test
series there was a greater frequency for ARV
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exceeded contact events while the test vehicles were
not inverted, than when the test vehicles were
inverted. Application of rollover roof rail air bags
may offer some potential for mitigation of some of
these potential injury events (head strikes to structure
covered by the bags and head strikes to ground) as
well as provide potential to mitigate rollover ejection,
the intent of the NHTSA’s FMVSS 226 rulemaking.

Table 1.
Restraint condition, ATD seating location, and
vehicle orientation at events in which an IARV
was exceeded

Restraint usage - Contacts by vehicle
orientation
On On
On | leading trailing
wheels | side |Onroof] side
Unbelted
Leading Side 1 10 2 1
Belted
Leading Side 0 11 3 0
Unbelted
Trailing Side 3 15 2 0
Belted
Trailing Side 1 3 19
Sum: 5 39 26 1

ROOF STRENGTH AND ROLLOVER INJURY
SCIENCE

There is a physical relationship that explains the
statistical associative relationship noted by NHTSA
researchers Austin and Strashny. Roof deformation
consequent to a rollover event is a function of three
primary variables: the energy demand that is placed
upon the vehicle structure in the rollover (E), the
orientation of the vehicle structure at application of
the ground strike impulse (O), and the strength
properties of the vehicle structure in the orientation at
ground strike (S). Consider the primary variables
that determine occupant injury potential when a
vehicle is inverted and striking the ground in
rollover; these variables are: the energy demand that
is placed upon the occupant in the ground strike event
(e), the orientation of the occupant as related to head,
neck, and spine alignment (0), and the strength
properties of the occupant head/neck/spine in the
orientation at ground strike (s). Both rollover event
outcomes are dependent upon the same set of
variables although the specific values that obtain each
instant during the rollover event are obviously unique
to the vehicle and any occupant. As the variables are
similar, it is not surprising that one would find an
associative correspondence between occupant injury
likelihood and post crash roof deformation. High

energy events are similarly challenging for both
vehicle structures and rollover involved occupants.

ROLLOVER TYPOLOGY

Exponent used NASS CDS to characterize rollover
crashes by type to compare the resultant profile to the
rollover types engineered in the GM rollover sensor.
The NHTSA has already reported that its review of
rollover sensor performance in real world collisions
has been appropriate and therefore it declined to
specify rollover air bag actuation criteria in FMVSS
226 [11].

Data was extracted from the NASS CDS database
for the years 2000-2009 to investigate the
circumstances surrounding vehicle rollover and the
injuries resulting from this type of vehicle crash
mode. Exponent considered rollover crashes
recorded in 2000 to 2009 NASS years for all light
duty vehicles (passenger cars, sport utility vehicles,
pickup trucks, and vans) for vehicle model years
1998 to 2010 for which occupant injury level was
known. The nature of rollover crashes was
characterized by: the number of quarter turns, roll
initiation source, roll location relative to the roadway,
and extent of roof intrusion. Rollover exposed
occupants were examined by distribution of MAIS
and safety belt usage. The analysis considered all
rollover types defined in NASS CDS.

The proportion of rollover crashes where the
occupant injury level is known is shown in Figure 6
below. The analysis also reports on the distribution
of belted occupant injury severity by rollover type in
Figure 7 below. Data was extracted from the NASS
CDS database using the SAS database query
software. NASS CDS weighting factors were
applied. This allows the cases sampled by NASS
CDS to be projected to the national estimates .
These weighting factors are applicable to general
characteristics of each case.

We can match NASS CDS rollover types with the
rollover tests that served as the basis for GM’s sensor
engineering. We can first observe that an on road
“Turn Over” event is a relatively rare rollover
occurrence, 1.6% of the population studied. GM’s
sensor test matrix does not comprehend several of the
NASS CDS categories: “End-Over-End”, “Unknown
Rollover Initiation Type”, “Other Rollover Initiation
Type,” and “Collision With Another Vehicle.” Thus
the sensor was not engineered to explicitly recognize
about 16% of rollover crashes. Perhaps the sensors
can register some of these as rollover independent of
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Distribution of belted occupants with known injury level by rollover type in NASS CDS.
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the initiating cause so in some of these types, perhaps

Cumulative Distribution of Rollover Involved Vehicles with Rollover of Known Severity by %

Turn
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the initiating cause and the sensor would recognize
and command deployment of the air bags.

It would appear that the balance of the NASS CDS
rollover types correspond to some element of the
sensor engineered performance set and the rollover
roof rail technology may potentially apply to about
84% of the class of rollover crashes studied.

We also plotted the rollover severity distribution
measured by number of quarter turns, Figure 8, and
the distribution of occupant injury level by quarter
turns in Figure 9. Figure 9 illustrates the point that
the likelihood of severe injury increases with rollover
crash severity generally although the trend is not
monotonic.

DISCUSSION

The NHTSA developed a comprehensive plan for
rollover injury control with three elements: collision
avoidance, occupant protection, and occupant
containment from ejection. It has completed rule
making in all three domains. On an individual basis,
motor vehicle manufacturers have undertaken to
engineer vehicles to performance criteria in all three
domains as well; manufacturers’ actions preceded
rule making.
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ABSTRACT

In modern passenger vehicles the A-Pillar is an
important structural safety component. In full frain
frontal offset-, pole and rollover collisions the- A
Pillar is carrying to a large load in order to mirze

the deformation of the occupant compartment.
Generally the larger the cross-section the mord loa
the A-pillar can transfer. However, the A-pillars i
general more or less reduce the forward visioneang|
for the driver. Therefore the width and strengthhaf
A-Pillar are important vehicle safety parametefise T
strength and size requirements on the A-Pillarimre
contradiction. In an A-pillar design in which theoss
section is folded and expands when needed the
conflicting requirements can be combined in one
component. As a normal state the cross-sectioheof t
component is folded, obscuring less of the driver’s
visibility compared to a state of the art A-pilldn. a
crash the A-pillar expands which results in a
significant increase in the cross section. The
expanded cross section increases the strengtheof th
A-pillar. An expanding A-pillar can be accomplished
by pressurizing a folded structure. A cost- and
weight-efficient way to generate over pressureyis b
pyrotechnics (gasgenerators)

An expandable A-pillar design was developed in
which the conflicting requirements high strengtld an

small cross section were combined in one component.

The goal was to develop an A-pillar that obscuss le
of the driver's vision in the normal operation, is
lighter and has the same crash performance asea sta
of the art A-pillar. The development was carried ou
by combining mathematical simulations and
mechanical crash tests. For the development of the
expandable A-Pillar a mathematical sub structure
model was developed and validated. The model was
validated by comparing predictions from the model t
results from a mechanical crash test. The expaadabl

A-Pillar was mounted in the sub structure and the
deformation performance was evaluated relative to
the performance of a state of the art A-Pillar. The
deformation force is less than or equal to the
deformation force of a vehicle with a state of #re
A-pillar. The obscuration angle is reduced by more
than 25% (for left hand side A-Pillar from 12.3 .98
degrees) and the mass is reduced by 8% (excluding
mounting brackets and gasgenerator) relative to a
state of the art A-pillar. The expandable A-pillar
combines the conflicting goals, high strength, $mal
cross section and low mass.

INTRODUCTION

Rollover crashes critically injure and kill thousisn

of people every year through head and neck injuries
[1]. Structurally weak roofs can be a primary caoke
serious head, face and neck injuries to occupahts w
are not ejected in vehicle rollover. Due to the taat

belt is used by most passenger vehicle occupants
today the number of ejected occupants is low and
therefore the occupants are vulnerable to injury
within the vehicle. In a rollover crash the roofnca
crush in a number of different ways depending @n th
design of the roof and the vehicle trajectory (FFégu
1). The most severe breakdown is a complete pillar
collapse.

Header Collapse

Matchboxing

Complete Pillar Collapse

Figure 1. Various Types of Roof Crush

A weak roof can collapse and buckle in this type of
crash, imposing forces on and occupant’'s head that
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are greater than those that would result from the
vehicle drop itself. It was found that neck injgrie
occur and are exacerbated in a weak roof vehicle as
opposed to a strong roof vehicle when subjecteal to
rollover crash [2]. The association between vehicle
roof strength and occupant injury risk in rollover
crashes appears robust across different vehiclgpogro
and across roof strength-to-weight ratios measated
5 inches (12.7 cm) (SWR5). The roof strength-to-
ratios varies typically from just more than 1.5just
less than 4.0 [3]. If roofs were to increase iersgth

by one SWR5, a 20-25% percent reduction in risk of
serious injury in rollovers would be expected.

In the modified standard for roof strength, FMVSS
216, it states that a roof must withstand pressure
equals to 3.5 times the vehicle weight and the roof
may not contact the head or neck of a seated 50%-il
Hybrid 1ll dummy [4]. NHTSA estimates that the
new rule prevent 44 deaths a year [5]. The rule
applies to all vehicles with a Gross Vehicle Weight
2722 kg (6 000Ibs).

Not only rollover crashes exposes the A-pillar to
excessive loading conditions [6]. Frontal collison
and in particular frontal offset collisions expabe
A-pillar to high loading conditions [7]

Consider a transverse vertical plane in line witb t
dash. The resulting cross-section might include the
A-pillars, side doors, door sills and floor. AbdQ%

of the vehicle’s weight will usually be rearward of
this plane. The compression forces arising in these
components due to a 40g deceleration are therefore
equivalent to about 20 times the weight of the eiehi
This places a severe demand on the structure.

I

Figure 2. Offset Collisions Exposes the A-pillar to
High Loading Conditions [7] and [8]

To obtain a strong roof on of the most important
vehicle structural components is the A-pillar (Figu
3). There are conflicting requirements on the Aapil
of a passenger vehicle. For occupant protection the
A-pillar needs to be stiff and strong to withstathd
load in a rollover or a fontal impact at high impac
velocity. However, the A-pillar obscures the vision
for the driver. In an investigation carried outAwrto
Motor und Sport it was found that the vehicle with
smallest obscuration angle had an angel of 12 degre
and the worst obscuration angle was 16 degrees [9].

Therefore, for the vehicle driver to have good
visibility the A-pillar needs to be slim (have aalin
cross section). In addition for the vehicle to hbwe

fuel consumption the A-pillar needs to have low snas
The ideal A-pillar is one that is slim during noima
driving and when added stiffness and strength is
needed such as in a rollover crash the A-pillar
expands and increases the cross section and crush
resistance.
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Figure 3 A-pillar

In an A-pillar with an expandable cross section the
conflicting requirements can be combined in on
component. As a normal state the cross-sectioheof t
component is folded providing the driver with good
visibility. In a crash the A-pillar expands which
results in a significant increase in the crossigect
and the greater cross section increases the strengt
the A-pillar. Expansion of sealed folded steel
components such as A-pillars can be accomplished
by a generating a high internal pressure. A cast- a
weight-efficient way to generate over pressureyis b
using by pyrotechnic gasgenerators.

An expandable A-Pillar was developed in a previous
project [10]. In the project a great number of gas
A-Pillar designs were evaluated. The number ofdpld
the folding scheme, and the radius of the foldsewer
evaluated. The deformation performance of the
selected concept was evaluated by component
bending tests. With the selected concept good
potential to reduce mass, increase vision and
maintain the level of safety was obtained. Therfor
the next step in the development of an expandable A
Pillar was to evaluate the A-Pillar in a vehicle
structure.

The aim of the project is to develop an expandable
pillar that combines the conflicting requiremenfs o
good visibility, low mass and high strength. The A-
pillar will, when expanded, have the same
deformation force and deformation moment as a state
of the art A-pillar. When expanded the deformation
force and moment will increase relative to wheis it
unexpanded. When folded, the A-pillar will increase
vision. The mass of the expandable A-pillar will be
less than the mass of a state of the art A-pillar.
Therefore, the goal was to develop an A-pillar that
obscure less of the driver’s vision in normal
operation, is lighter and has the same crash
performance as a state of the art A-pillar.

The goals with the expandable A-Pillar were to:

Reduce obscuration angle by 20% and the
mass by 10% relative to a state of the art A-
Pillar today.

When expanded have the same max
deformation force and moment as a state of
the art A-Pillar.

Increase max deformation force and
moment by 50% when expanded relative to
unexpanded.

METHOD

The development of the expandable A-Pillar was
carried out by means of combining mathematical
simulations (finite element analysis) with mechahic
crash tests.

For the development of the expandable A-Pillarta su
structure vehicle model was developed and validated
(Figure 4). The sub structure consisted of a body i
white of a modern passenger vehicle cut behind that
B-Pillar and in front of the suspension tower. The
corresponding model was validated by a crash est i
which the sub structure was impacted by a moving
barrier. The mass of the barrier was 1569 kg with a
the impact velocity was 14.5 km/h (4.1 m/s). In the
test the impact force and door opening distances we
recorded.

Figure 4. Sub Structure Test Method
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Using the validated model various designs of the
expandable A-Pillar were integrated into the vehicl

structure and evaluated by means of crash
simulations. The crash performances of both
unexpanded and expanded A-Pillars were evaluated.

When the expandable A-Pillar fulfilled the
performance goals in the frontal crash configuratio
the A-Pillar was evaluated for rollover. The roko
performance was evaluated by means of the roof
crush test configuration. In the roof crush evabrat
the roof of the vehicle was loaded with a rigid wal
with the dimensions 1829x762mm (Figure 5). The
angle of the wall was 25 degrees relative to the
horizontal plane including the longitudinal axistbé
vehicle and rotated 5 degrees relative to the
transversal axis of the vehicle. The front endhd t
wall was 254mm forward of the forwardmost point of
the roof of the vehicle.

The contact force between the wall and the stractur

the displacement of the wall and the cross section
force and moment at the A-Pillar bottom were

recorded.

|
Section for Moment

=

Location of Cross

Figure 5. Roof Crush Set Up ]

RESULTS

The A-Pillar developed in previous project was
modified when integrated into the vehicle structure
The expandable A-Pillar was a folded and sealed. It
was tightly folded with one fold and sealed by neean
of seam welding. The wall thickness was 1.5 mm and
the material was steel CR340. The design of the
reference A-Pillar and the expandable A-Pillar ban
observed in Figure 6. Both unexpanded and expanded
expandable A-Pillar can be observed. When
unexpanded the cross section of the A-Pillar was
significantly reduced relative to the sate of thiefa
Pillar. When expanded the deformation force and
moment were significantly increased. The expansion
was accomplished by means of pressurizing the
folded A-Pillar using a pyrotechnic gasgenerator.

Fiure 6. Reference, Unexpanded and expanded A-
Pillar

The reduced obscuration angle for the folded
expandable A-Pillar relative to the reference stidte
the art A-Pillar can be observed in Figure 7.
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Figure 7. State of the art A-Pillar and UnExpanded
Expandable A-Pillar

The obscuration angle was for the left hand side A-
Pillar reduced from 12.3 to 8.9 and for the righhdl
side from 9.3 to 7.2 degrees (Figure 8).

Figure 8. Obscuration angle for State of the At (A
and folded expandable A-Pillar (B)

For the expandable A-Pillar the, mass of the AaPill
alone was reduced by 8%. For the whole vehicle the
reduction was 0.6 kg. However, the figures do not
include gasgenerator, connectors and wires.

The substructure model used for development of the
expandable A-Pillar was initially validated by mean

of a crash test in which the substructure was itgahac

by a moving barrier. Door opening displacements and

barrier force was recorded. There was good

agreement between the model predictions and test
results (Figure 9). Generally the measured

displacements were somewhat smaller than the
predicted displacements. The greatest difference
between the predicted and measured displacements
was 3 mm. It was for the middle door displacement.

Door Opening Displacement

——Mech Test Upper Left Hand Side
——Mech Test Middle Left Hand Side
——Mech Test Lower Left Hand Side
= = Math Model Upper Left Hand Side
= = Math Model Middle Left Hand Side
- - Math Model Lower Left Hand Side

Displacement (mm)

" Time [s]

Figure 9. Door Opening Displacement Validation

For the barrier force there was also good agreement
between the predicted and measured force (Figure
10). Greatest difference between the predicted and
measured peak force was 12% and that was for the
right hand side force. However the left side
mechanical test force was lagging the predictedefor

Barrier Force
— Mech Test Left Hand Side

— Mech Test Right Hand Side

[kN]

Fo[ce

Time [s]

Figure 10. Barrier Impact Force Validation

In the validated substructure model the various
concepts of the expandable A-Pillar were evaluated.
Evaluations for both unexpanded and expanded A-
Pillar were carried out (Figure 11).
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Figure 11. Reference, Expanded and UnExpanded
expandable A-Pillar at 60 ms (max deflection)

The door opening displacements were very similar
for the reference structure with a state of theAart
Pillar and the structure with an expanded expardabl
A-Pillar (Table 1). For the expanded A-Pillar all
displacements were somewhat higher than for the
reference A-Pillar. Greatest difference was for the
middle door opening in which the door displacement
was 7 mm greater for the expanded A-Pillar. For the
unexpanded expandable A-Pillar all door opening
displacements were significantly greater than fathb
the reference and the expanded A-Pillar.

Table 1. Peak Door Opening Displacements Left
Hand Side

Door Opening Displacement
Upper | Middle [ Lower
(mm) [ (mm) | (mm)
Reference 12 21 7
UnExpanded| 25 60 21
Expanded 15 28 10

In the roof crush analysis there were no significan
variation in the contact force between the vehérid

the rigid wall for the state of the art, for the
unexpanded and the expanded A-Pillar (Figure 12).
However the contact force was somewhat higher for
the Reference A-Pillar than for the expanded Aapill
and somewhat higher for the expanded A-Pillar than
for the unexpanded.

Roof Crush Force
— Reference
|—UnExpanded A
— Expanded M
= N
=
®
o
(s}
L
Crush (mm)

Figure 12. Force vs. Crush for Roof Crush Evalumatio

For the bending moment evaluation the highest
moment was for the reference A-Pillar while the
moment for the expanded A-Pillar was significantly
higher than for the unexpanded (Figure 13).

Cross Section Moment

— Reference
-+—— UnExpanded
~| |— Expanded
€ |
£
£
c
[}
£
&
=

Crush (mm)

Figure 13. Cross Section Moment in Roof Crush
Evaluation
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DISCUSSION

An expandable A-Pillar was developed that was

evaluated for frontal crash and for rollover. Goals

were defined which were used to judge the various
proposed expandable A-Pillar designs and to select
the most promising concept. The goals were reached.
The obscuration angel was reduced by more than
25%, the mass of the A-Pillar was reduced by 8%

(excluding gasgenerator) and the crash performance
of the expandable A-Pillar when expanded was the
same as for a state of the art A-Pillar on a modern
vehicle on the roads today.

In the sub structure model validation there wasesom
disagreement between the predicted and measured
impact force. The reason for the disagreement was
that the left front member was 27 mm longer that th
right front member (Figure 10). Therefore the
moving barrier impacted the left hand side beftwe t
right hand side and there was a gradual increase of
structure engagement in the mechanical test.

For the roof crush evaluation there was no great
difference in the crush force for the various Alég
(Figure 12). The reason was that the plane that the
rigid plane that impacts the vehicle in addition to
loading the A-Pillar a significant amount of theatb
was also transferred to the B-Pillar. Therefore tlie
weak unexpanded A-Pillar the B-Pillar carried more
load than for the more stiff reference A-Pillar and
expanded A-Pillar. The deformation moment for the
expanded expandable A-Pillar was significantly
higher than for the unexpanded (Figure 13). However
highest deformation moment was for the state of the
art A-Pillar.

For the expansion of the expandable A-Pillar a very
compact and light prototype gasgenerator was
developed (Figure 14). The length of the
gasgenerator was 150 mm and the width was 15 mm.
Due to the small dimensions of the gasgeneratfr it
inside the folded expandable A-Pillar. Mass of the
gasgenerator was in the range of 0.05 — 0.2 kg.

Figure 14. Gasgenerator for expandable A-Pillar

CONCLUSION

An expandable A-Pillar can:

Reduce the mass of the A-Pillar by 8%

When folded increase the obscuration angle by 25%

When expanded have the same deformation force and
moment as a state-of-the art A-Pillar
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ABSTRACT

Recently there has been a dramatic increase in
the popularity and sales of side-by-side utility
and recreational vehicles (sometimes referred to
as UTVs and ROVs). One potential reason for
the increased popularity is the perceived
additional safety of the side-by-side compared to
a standard ATV. These side-by-sides more
closely resemble passenger vehicles than ATVs
because of such features as a steering wheel,
bench or bucket seats, 3 point safety belts, and a
roll-cage or protective structure. However, there
are increasing numbers of low speed accidents
on these vehicles resulting in catastrophic
injuries and even deaths.

This paper will analyze the causation of these
low speed accidents and will address the
effectiveness of the safety features of these
vehicles at protecting the occupants during such
events. This paper will first address the vehicle
dynamics involved and their role in the loss of
control and tip-over of the vehicle. Secondly, the
paper will examine various occupant restraint
systems (i.e. belts and the occupant containment
envelope) found on these vehicles.

Conclusions will be made addressing the short-
comings of some of the current designs, and
suggestions at how to improve these will be
discussed.

INTRODUCTION

A mother from Texas, whose young son was
killed when the Yamaha Rhino he was a
passenger on had a Y4 roll tip-over, described her
first impressions of the vehicle as follows:

1 suppose we all rely on our past experiences to
help us make decisions regarding safety. As a
mother I can honestly say I was terrified of
standard ATVs. Not only because of the negative
publicity such vehicles receive due to accidents
but because of the "open air design". It seemed
to me at the time that someone using such an
ATV wouldn't be adequately protected in an

accident because so much of the rider is
exposed. That being said, the first time I saw the
Yamaha Rhino the design itself didn't lend itself
to the ATV category. The Yamaha Rhino is
designed, in my opinion, to look much more like
a "little truck”. The front of the machine, the
roof, roll bar, the cargo bed, and the seatbelts all
add to this illusion. With my first impression of
the Rhino being that of a vehicle, I had the
expectation that the machine would perform
much like a truck.

Another owner described the vehicle as “a little
pickup truck”, and another stated, “The thing that
made me feel safe about taking them
[grandchildren] was that it had seatbelts.”

The above illustrates the influence of perceived
safety advances of these types of vehicles on the
decision to purchase or to operate such,
especially with regards to parents who are
buying the vehicle and are allowing their
children to operate or be passengers on them.
As will be demonstrated in this paper, however,
these safety features are not always preventing
accidents and/or protecting occupants during
accidents.

Extensive research and testing has been
performed by The Engineering Institute and
Gilbert Engineering with regard to certain of
these vehicles, especially the Yamaha Rhino, and
the majority of this paper will deal with this
research and analysis.

OVERVIEW

Analysis of The Rhino side-by-side

Static Stability, Loss of Control and Rollover
The static and dynamic testing of the Rhino by
The Engineering Institute is covered in detail in
the paper Dynamic Analysis of Side-by-Side
Utility and Recreational Vehicles, Paper Number
09-0260 by Roberts published at the NHTSA
sponsored ESV 2009 conference'.
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Therefore, a summary of the static and dynamic
testing will be covered in this paper. For
supplemental and complementary material please
see the above referenced paper.

In 2001, Public Law 106-346 required the
Department of Transportation to fund a study by
the National Academy of Sciences

on whether the static stability factor is a
scientifically valid measurement that presents
practical, useful information to the public,
including a comparison of the static stability
factor test versus a test with rollover metrics
based on dynamic driving conditions that may
induce rollover events.

The findings of this study were published in “An
Assessment of the National Highway Traffic
Safety Administration’s Rating System for
Rollover Resistance—Special Report 265 in
2002%. The study was overwhelmingly positive
with regard to using the Static Stability Factor
(SSF) as an indicator of a vehicle’s resistance to
rollover, with lower SSFs indicating less rollover
resistance or a greater chance of a rollover. The
following excerpts demonstrate the above
statement.

Through a rigid-body model, SSF relates a
vehicle’s track width, T, and center of gravity
height, H, to a clearly defined level of the
sustained lateral acceleration that will result in
the vehicle’s rolling over. The rigid-body model
is based on the laws of physics and captures
important vehicle characteristics related to
rollover. (p. 3)

An increase in the SSF reduces the likelihood of
rollover. (p. 3)

SSF captures important vehicle characteristics
related to rollover propensity and is strongly
correlated with the outcome of actual crashes ...

(p-5)

SSF is an important indicator of vehicle rollover
propensity. Based on a rigid-body model of a
vehicle, it relates easily measured vehicle
parameters to a level of sustained lateral
acceleration that leads to vehicle rollover. Real
vehicles roll over at lower sustained levels of
lateral acceleration than the accelerations
predicted by the SSF. (p. 31)

SSF is preferable to other static measures as an
indicator of a vehicle’s rollover propensity. (p.
36)

The study also summarized NHTSA findings
with regard to the SSF and star ratings system.
In the system at the time of the study’s
publication, NHTSA assigned vehicles 1 through
5 stars depending on the SSF with 5 stars
indicating the highest rollover resistance. On a
percentage basis, a vehicle with 5 stars has a risk
of rollover of less than 10 percent, and a vehicle
with a 1 star rating has a risk of rollover greater
than 40 percent. A 1 star rating was given to
vehicles with a SSF of 1.03 or less, a 5 star
equaled 1.45 or greater.

Though a proponent of the SSF and its usage as a
good first indicator, the Academy also stressed
the need for dynamic testing, especially as a
supplement to the SSF. The report indicates that
dynamic testing is performed by every major
automobile and truck manufacture as well as
government agencies, consumer groups, and
enthusiast magazines. The following are some
of the group’s findings regarding dynamic
testing.

Metrics derived from dynamic testing are needed
to complement static measures, such as SSF, by
providing information about vehicle handling
characteristics that are important in determining
whether a driver can avoid conditions leading to
rollover. (p. 3)

Dynamic testing is needed to understand the
loss-of-control phase of a crash... (p. 36)

One of the committee’s recommendations in the
area of vehicle dynamics (see Chapter 2) is that
NHTSA pursue the use of dynamic testing to
supplement the information provided by SSF (see
Chapter 5). (p. 78)

Thus static metrics—such as SSF—and dynamic
tests are complementary, and both are needed to
investigate a rollover crash in its entirety, from
initiation to final outcome. (p. 88)

The dynamic testing proposed by the study
would ideally not only test the rollover resistance
and show deficiencies in that regard, but would
also demonstrate how controllable the vehicle is
(or, conversely, how difficult to control the
vehicle is). As mentioned in the study, some
rollover accidents can be broken down into three
phases. Phase 1 is referred to as the Control
Region. During this phase, the vehicle is
responding as expected and basically following
the commands of the driver in a predictable
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manner. Phase 2 is the Transition Region.
During this phase, the vehicle no longer is
responding in a predictable manner and the
driver is losing control of the vehicle. Phase 3 is
the Out-of-control Region where the driver has
lost control of the vehicle, and the rollover is
initiating. The following diagram is taken from
the study’s report.

|—— Phama 1 Phazaz Phasa 2
Contrel Region Out ok contrel regian

x =vahick haading

Transiticn ragion

Bagining bz of conirol Complta loss of control
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FIGUREZ-3 Phases of o rollover crash .

Figure 1. Diagram of the phases of a rollover
crash

Testing by The Engineering Institute and Gilbert
Engineering also showed how the static and
dynamic testing are complementary to each
other. The Engineering Institute measured the
SSF of the Yamaha Rhino in unloaded and
loaded conditions. The SSF was determined by
first measuring the height of the center of gravity
on a tilt-table. For this, the vehicle suspension
was locked so that the only compliance in the
system was due to tire sidewall deflections.
After measuring the CG height for each loading
configuration, the SSF was calculated using this
number and the average track-width of the
vehicle. The results of the static testing are
summarized in the figure below.

Configuration Average CG Height (in.) Average SSF

Vehicle Only 245 [E]

Vehicle Plus 160 b Driver 73 o079

Vehicle Plus 160 Th Diiver and
Passenger 283 077

GWWR EiN] o7

Figure 2. Rhino SSF test results

The results of this testing indicated that the
Rhino has a high rollover propensity. Even in
the unloaded condition, it is seen that the vehicle
is already well below the 1.03 SSF that NHTSA
uses as the maximum value for a 1 star rating.
Also, the static testing showed the high
sensitivity of the vehicle to addition of occupants
and cargo. The addition of a 160 b occupant
raised the center of gravity by 2.8” which
reduced the SSF by 10%. Therefore, based on
the static numbers, it was concluded that this
vehicle would easily roll over due to tire friction
forces alone. Dynamic testing was pursued to
(1) determine the rollover threshold and (2) to
examine the handling characteristics of this

vehicle which would have the greatest effect on
the Phase 2: Transition Region of the rollover
accident scenario.

The dynamic testing clearly demonstrated the
vehicle’s high rollover propensity. The vehicle
experienced imminent rollover (arrested by the
outriggers) during several tests. Lateral
accelerations to cause rollover were much less
than those predicted by the SSF and were as low
as 0.55 G’s. Certain maneuvers such as J-turns
and U-turns while accelerating could make the
vehicle tip at speeds around 12 mph.

The low speed maneuvers such as the J-turn and
U-turn were surprising in that there was
relatively no feedback to the driver indicating the
initiation of the rollover event. The tip to the
outriggers occurred quickly and without
warning. This is demonstrated in the figure
below which shows the time between when the
vehicle first responds to the input and the time to
which it is committed to rolling over. Also
shown is the time between when the lateral
acceleration exceeds 0.3 g’s and when the
vehicle is committed to rollover. The times are
seen to be 0.7 and 0.5 seconds, respectively.

RHINO_450_05_22_2008_0030
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Figure 3. Plot of step steer data

Testing by Gilbert Engineering on a 2006 Rhino
660 showed similar results. The vehicle’s
rollover threshold was exceeded in a J-turn
maneuver with a lateral acceleration as low as
0.57 g’s. The stock Yamaha Rhino has such low
capacity that drivers are likely to exceed its
capacity in everyday use.

During steering reversals and at the limits of the
SAE J266 testing, another result of the dynamic
testing demonstrated how the design of the
Rhino actually encourages the initiation of the
loss of control phase. The vehicle exhibited
severe oversteer which is unpredictable and can
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easily lead to a loss of control. The oversteer is
promoted by the vehicle’s suspension design, in
particular the rear-only anti-sway bar. In a
corner, this rear anti-sway bar is acting to lift the
inside rear wheel as shown in Figure 3. This
causes a loss of traction on the rear, causing the
rear of the vehicle to want to spin-out and the
driver to lose control. The rear only anti-sway
bar is necessitated by the rear drive design. The
rear of the vehicle does not have a differential.
Rather, both half-shafts are driven by the same
splines, meaning both rear wheels must rotate at
the same speed. In a cornering maneuver on a
normal-friction surface, this would cause tire
scrub and severe understeer. Therefore, the anti-
sway bar is installed to lift the inside rear wheel
in a turn to avoid this.

The 2000 Edition of the SAE Manual on Design
and Manufacture of Torsion Bar Springs and
Stabilizer Bars® warns against a rear-only
stabilizer bar. The manual states that, “Stabilizer
bars are generally installed on both front and rear
suspensions or in front suspension only. Use of
a stabilizer bar on the rear suspension only can
sometimes have an adverse effect on vehicle
handling. Such installations should be tested
under severe cornering conditions to ensure the
desired handling characteristics.” Also, the
vehicle dynamics principles relating the relative
stiffness of the front to the rear with
understeer/oversteer is something that is very
well understood. It is well known by vehicle
engineers that a stiffening of the rear relative to
the front, as would be done with a rear-only anti-
sway bar, decreases the vehicle’s understeer (or
increases its oversteer).

Figure 4. Screen capture from dynamic
testing inside rear tire lift.

The Engineering Institute tested an alternative
design. The Rhino was modified by adding 4
inch spacers at each wheel, removing the spool

rear drive and replacing it with a front
differential from another Rhino, and removing
the rear anti-sway bar completely. The vehicle
performed significantly better with these design
changes. The sustained lateral accelerations
needed to cause rollover were well into the 0.8 g
range. Also, certain tests that consistently
caused the Rhino to tip in the stock
configuration, e.g. a U-turn while accelerating,
did not make the alternative design tip.

The open differential was necessary to
demonstrate the increased understeer as a result
of removing the rear anti-sway bar. Had the
spool drive been retained without associated
front to rear spring rate and roll rate balancing, it
was opined that the vehicle would exhibit too
much understeer, especially at low-speed, tight
steer maneuvers.

Figure 5. Photograph of Iﬂodiﬁed Rhino

Subsequent to testing of the Rhino, The
Engineering Institute was retained by an
UTV/ATV manufacturer to evaluate their side-
by-side vehicles. The Engineering Institute
redesigned the control arms and suspension
system, calculated new spring and damping
rates, and ordered and installed the necessary
springs and shock absorbers. For test track
evaluation, two iterations of rear anti-sway bars
were tested and the front anti-sway bar was
designed to be adjustable. By simply removing
the rear anti-sway bar and setting the front to full
soft, the understeer was detrimental to low speed
turning, in particular on reduced friction
surfaces. It was shown through proper front to
rear roll stiffness tuning that steady-state
understeer could be achieved even with the spool
final drive. This testing is ongoing and the data
is still being analyzed. Detailed analysis will be
presented in a later paper.

A second modified Rhino was tested by Gilbert
Engineering. The Rhino was modified with a
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suspension kit from Direct Concept Engineering
(DCE). The modifications included longer
control arms front and rear, remote reservoir
shocks, coil-over springs, suspension droop-
limiting straps, and longer drive axles. ITP Baja
Cross X/D tires mounted on ITP wheels were
also used.

Using the static numbers for the Rhino 450
measured by The Engineering Institute and the
increased track width due to the suspension Kkit,
the DCE Rhino has a theoretical SSF of 1.20.
The DCE Rhino did not rollover in any
pavement test runs at speeds as high as almost 37
mph and lateral forces as high as 0.96g. The
only tip-up occurred on the dirt surface with a
maximum lateral acceleration of 0.93 g’s. The
driver’s notes indicated a “big dig” into the
surface during this maneuver.

Figure 6. Photogaph of DCE modified Rhino

As can be seen from the above results, simple
static and dynamic testing has shown that the
Yamaha Rhino not only has a high rollover
propensity, but it also has a high propensity for
loss of control. However, reviews of real-world
accidents in the Rhino, particularly low-speed, Y4
roll events, indicate that the high rollover
propensity is the major culprit; as the speeds and
steering often don’t push the vehicle into the
loss-of-directional-control region.

Had Yamaha performed similar dynamic tests,
as, according to the National Academy of
Sciences, every major automobile and truck
manufacturer does, these inherent problems
would have been obvious.

In September of 2008, one of this paper’s
authors was asked to present his findings with
regards to the Rhino to the United States
Consumer Product Safety Commission.

In March of 2009, Yamaha announced a
voluntary repair campaign®. The letter to owners
states that, “The CPSC announced this repair
program for Rhino 660 and 450 models.
Yamabha is also voluntarily implementing the
same free repairs for Rhino 700 models.
“According to the CPSC, the following two
repairs are needed ‘to help reduce the chance of
rollover and help improve vehicle handling’:

1) Installation of a spacer on each of the

rear wheels.

2) Removal of the rear anti-sway bar.
“You should not operate your Rhino until it is
modified with these repair parts.” (emphasis
added in announcement)

Gilbert Engineering tested the CPSC
modifications on a Rhino 660. The testing
indicated that although the vehicle still tipped in
each type of maneuver performed, the lateral
force capacities were nearly 0.2g higher than
those for the stock Rhino. This allows for some
safety margin between real world driver
demands and vehicle lateral force capacity.

Active and Passive Safety Features

The Yamaha Rhino has certain safety features
that are perceived to make this vehicle a safer
alternative to standard all-terrain vehicle designs.
These safety features include bucket-type
seating, three-point retractable safety belts, a
safety-cage/roll-cage, a steering wheel, and
various hand-holds.

The Rhino is equipped with a three-point safety
belt with a cable mounted stalk and a single
retractor. In a paper published at the ASME
International Mechanical Engineering Congress
and Exposition in 2002, Thomas et al. discuss
the excursion of belted occupants during
rollovers, specifically with regard to belt spool
out’. In discussing the evolution of emergency-
locking retractors (ELR’s) the paper states that,
“Over the past thirty years, ELR’s have become
a common feature in automobile restraint
systems. During this time there have been two
types of lockup mechanisms used in retractors
installed in production vehicles: the vehicle
sensitive ELR (one that locks up in response to
the accelerations experienced by the vehicle in
which it is installed) and the webbing-sensitive
ELR (one that lucks up in response to the
acceleration of the belt webbing as it is extracted
from the spool). Historically, a vast majority of
the restraint systems that incorporated an ELR
used a vehicle-sensitive lockup mechanism as
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the primary locking feature. Many systems in
use for more than the past decade have used a
dual-sensitive locking mechanism that includes
both the vehicle-sensitive and the webbing
sensitive features.”

The paper also further states that another positive
feature of the vehicle sensitive ELR is that it
often can be activated by accelerations seen
during loss of control situations preceding an
actual rollover. This locking is said to occur
prior to the occupant motion resulting in a
withdrawing of the belt webbing.

A third point that should be emphasized from
this paper is that at the time it was written, the
authors stated that, “Currently we are not aware
of any mainstream productions in use in the
United States that are webbing-sensitive-only
ELR’s.”

The findings of this paper are highly relevant to
the Rhino. The retractor employed in the
Rhino’s safety-belt system is, in fact, webbing-
sensitive-only. Because of this, it is much less
likely to restrain an occupant in a low-speed
rollover/tip-over event. Oftentimes, it is seen
that the accelerations during the tip-over or
rollover are not sufficient to cause the occupant
to move in such a manner as to activate the
webbing sensitive locking mechanism.

In addition, the Rhino is equipped with bowl-
shaped bucket seats and a fairly long stalk
attaching the buckle to the vehicle’s frame. This
combination causes the lap-belt to not fit snuggly
on children and small adults. This allows
movement of the hips and pelvis. NHTSA
addressed the need for the proper design of a lap
belt in order to restrain the torso of a wide-
variety of occupants, and discussed the need that
seats other than the driver’s seat have belts that
fit a range from a 6-year-old child to a 95"-
percentile adult male, and that driver’s belt fit
occupants from a 5™-percentile adult female to a
95™_percentile adult male®.

Because of the retractor design and the inability
of the belt to fit snugly on smaller persons, the
occupant’s first line of defense, the safety belt,
can be ineffective in a low-speed tip-over event.
The second line of defense perceived as being a
protection during tip/rollovers is the roll-cage.
Originally, the Rhino was sold without any type
of doors or netting to prevent excursion of leg,
arm, and torso, meaning the sole safety envelop

protecting the occupants is the roll-cage.
However, in some tip-over events, the roll-cage
can actually increase the likelihood or severity of
injury. Pizialli et al. warn of the increased injury
risk from simply adding a roll-cage to an ATV in
a 1993 SAE paper entitled Investigation of the
Net Safety Impact of an Occupant Protection
System From All-Terrain Vehicles'. Pizialli
warns against the increased risk of injury from
the “mousetrap” effect which is when the
occupant is pinned or crushed between the roll-
cage and ground. One way to minimize this is to
reduce the contact points between the roll-cage
and ground as the side of the vehicle strikes
during a tip-over or rollover.

As seen from the view of the Rhino in Figure 5
and 7, the Rhino’s roll-cage is positioned very
close to the occupant’s seating position, is one of
the widest parts of the vehicle, and creates a flat-
plane in the plane perpendicular to the direction
the photograph is taken.

All of these design attributes can increase the
likeliness of extremity injury during a tip-over as
arms, legs, hands, feet, and even heads can be
crushed by the roll-cage. The fact that the cage
creates a flat plane and has no extrusions to
reduce the contact points means that there are
basically infinite crush points as the cage strikes
the ground in a tip-over event. In other words, if
an appendage is extruded anywhere along the
periphery of the roll-cage, it is going to be
crushed between the roll-cage and ground.

As a result injuries to legs and feet of Rhino
operators and passengers, Yamaha initiated a
special offer to Rhino owners to have their
Rhinos retrofitted with doors and additional
handholds. The letter to owners included the
following: “Unfortunately, some occupants have
been seriously injured during such rollovers
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when they put their arms or legs outside the
vehicle, resulting in crushing or other injuries.
Special Offer to Rhino Owners: “Yamaha has
developed new doors and additional passenger
handholds for the Rhino. These new
features...are designed to help keep occupants
from sticking arms or legs out of the vehicle in
response to a side rollover. They may also
enhance passenger stability and comfort.”

Analysis of the Honda Big Red

Figure 8. Photograph of Big Red prepared
for testing

A 2009 Honda Big Red MUV 2009 was tested.
The average measured track width of the Big
Red was slightly more than 8 inches greater than
that of the 660 tested. Measurements of the Big
Red confirm that it is statically more stable than
the Yamaha Rhino. The increase in static
stability also predicts an increase in dynamic
stability.

Dynamic testing verified the Big Red to have
increased rollover resistance. On pavement, the
minimum lateral acceleration to cause tip onto
the outriggers was 0.72 g’s in a J-turn with an
entrance speed of 24.6 mph. In dirt, the Big Red
tipped during a J-turn with an entrance speed of
22 mph and an associated lateral acceleration of
0.75 g’s.

The vehicle did not tip in any of the fixed-steer
and U-turn maneuvers. The differential on the
rear of the vehicle acted to limit the available
traction in these types of maneuvers when
operated in the unlocked position.

Active and Passive Safety Features of the Big
Red

The Honda Big Red’s website addresses the
safety features of the vehicle. The Honda Big
Red is equipped with, in addition to 3-point seat

belts, doors and netting. The roll cage is also
shaped as to allow for fewer crush points in the
event of a tipover, and the occupants are placed
further away from the roll cage than in some
other side-by-sides.

The retractor for the belts is both vehicle and
webbing sensitive. A video describing the ELR
and its tuning for an off-road environment can be
found via the following link:
http://powersports.honda.com/2010/big-
red/innovations/

seatbelts.aspx

Active and Passive Safety Features of a
Polaris RZR

A similar vehicle to the Rhino that incorporates
improved occupant retention and protection is
the Polaris RZR. A Polaris RZR was loaned to
The Engineering Institute for static analysis. The
below photograph shows some of the safety
features of the RZR. The photograph shows a
deep footwell, arm and hand restraint through
use of netting, and shoulder/torso and hip
restraints integrated into the roll-cage of the
vehicle.

In addition to what is demonstrated in the
photograph, the RZR also has a vehicle-sensitive
retractor that locks at angles greater than 15
degrees off of the installation angle, and the roll-
cage is not a flat plane resulting in fewer possible
crush points.

Figure 9. Photograph of occupant restraints
of Polaris RZR.

Consumer product Safety Commission
(CPSC) commentary of side-by-side safety
The United States CPSC has reached many of
the same conclusions expressed in this paper
through their own study and testing of ROVs.’
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Citing testing on ROVs from November 2008 to
February 2009, the CPSC concluded that ROVs
“may exhibit inadequate lateral stability,
undesirable steering characteristics, and
inadequate occupant protection during a rollover
crash.” In addition, they identified three aspects
of the vehicles’ design that have “the greatest
impact on occupant safety.” These aspects are
the SSF, the handling of the vehicle, and
occupant retention and protection.

With regard to handling, after subjecting the
vehicles to SAE J266 testing, CPSC expressed
concern that some models exhibited oversteer.
CPSC stated that they believed ROVs should
exhibit understeer characteristics similar to
automobiles.

In addressing the static stability of ROVs, CPSC
expressed a desire to see SSFs in the range of
1.03 to 1.45 for the vehicle with two occupants.
CPSC states that because of the variance in
severity of off-road environments, ROVs
“should at least meet the minimum lateral
stability requirements for cars on a level on-road
environment.”

Addressing occupant retention, CPSC believes
that just relying on 3 point belts to protect
occupants is not adequate. They state, “A
number of factors such as occupant seating
location within a vehicle, physical side guards
such as doors and shoulder guards, four-point
seat belts, and technologies for increasing seat
belt use, can improve occupant retention.”

CONCLUSIONS

Though side-by-sides/UTVs/ROVs appear to be
much safer than a standard ATV, life-altering
injuries and deaths attest otherwise.

The Rhino, for example, is a dynamically
unstable vehicle with insufficient occupant
protection during low-speed tip-overs, especially
for extremities such as hands, arms, feet, and
legs.

In the years since the special offer to retrofit the
Rhino with doors and additional handholds, there
have continued to be injuries, and the doors and
handholds have been shown to not be an
adequate fix for the safety flaws of the Rhino.
The changes to the Rhino addressed through the
free repair campaign in conjunction with the
CPSC increase the dynamic stability of the

vehicle, but do not adequately increase the
vehicle’s stability.

Simple vehicle analysis and testing has
demonstrated the instability of the Rhino.
Testing has shown that the vehicle can tip-over
at low speeds and lateral accelerations.
Additional testing of modified Rhinos has shown
a simple means of increasing the directional and
rollover stability of the vehicle.

The Honda Big Red, released after the Rhino,
showed an improvement over the Rhino in
dynamic testing; however, the vehicle still tipped
during certain maneuvers. The rear differential
installed on the vehicle helped prevent any tip-
overs in the U-turn maneuvers tested. The Big
Red also has improved occupant containment
features, including doors, nets and a roll cage
shaped with fewer possible crush points. The
Big Red has bucket-type seating similar to the
Rhino.

The RZR is another ROV that demonstrates
improved occupant containment through its belt
system, occupant placement, netting, and side
bolsters.

The conclusions reached by The Engineering
Institute and Gilbert Engineering based upon
their testing and analysis are supported and
echoed by The United States Consumer Product
Safety Commission.

As these vehicles continue to rise in popularity,
it is imperative that they are analyzed from a
safety engineering standpoint to reduce the
number of future injuries and deaths. It is felt
that low speed tip-overs of these types of
vehicles could and should be prevented, firstly;
and secondly, there should be adequate occupant
protection such that low speed accidents do not
result in serious or life-threatening injuries.
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