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Abstract: The flail space model is widely used to assess occupant injury risk
potential in full-scale crash tests of roadside safety hardware, e.g. guardrail. A
fundamental assumption of this model is that the occupant is unbelted and not
airbag restrained. In the early 1980s, these were valid assumptions in the US:
cars were not airbag equipped and belt usage rates were around 11%. In today’s
US vehicle fleet, however, these assumptions are questionable: the belt usage
rate is approximately 80% and airbags are required equipment. These changes
have significant implications on injury risk computed using the original flail
space model. The objective of this study is to contrast flail space model injury
risk with the widely accepted dummy-based injury criteria in frontal crashes
involving unbelted, belted or airbag restrained occupants. In an analysis of 39
frontal crash tests of speeds ranging from 40 to 97 km hour™', the flail space
model was unable to account for variations in occupant risk due to the presence
and performance of seatbelts and airbags.
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1 Introduction
Full-scale crash testing is the traditional method of evaluating both vehicles and roadside

safety hardware impact performance. A critical part of these evaluations is the assessment
of occupant risk potential. Although the basic goal is the same, the vehicle and roadside

Copyright © 2008 Inderscience Enterprises Ltd.



136 D.J. Gabauer and H.C. Gabler

crash safety communities approach the assessment differently. The vehicle safety
community has developed impact configuration-specific crash test dummies to serve as a
surrogate for the human response. Occupant risk procedures for vehicle crashworthiness
are set forth in the Federal Motor Vehicle Safety Standards (FMVSS) (NHTSA,
2004a,b,c). Frontal crash tests, for example, are described by FMVSS 208 (NHTSA,
2004b).

Ideally, occupant risk in roadside barrier crash tests would be evaluated using an
instrumented dummy. Several practical considerations, however, have led the roadside
community to avoid this option. Crash testing of roadside hardware is more complex and
must provide a structural evaluation of the device in addition to an assessment of
occupant injury risk potential. Tests with longitudinal barriers, such as guardrail, are
conducted at higher test speeds and oblique impact angles. As the roadside hardware is
typically tested in soil, repeatability becomes a challenge. A vehicle impacting one of
these devices must travel over a surface sufficiently uneven to bounce a dummy out of
position prior to the impact with the roadside hardware. In addition, these crash tests
often produce vehicle instability and overturn which could damage the dummy or its
instrumentation. As a result, the roadside safety community has developed occupant risk
models, namely the flail space model. Roadside hardware occupant risk guidelines are set
forth in NCHRP Report 350 (Ross etal., 1993). The guidelines attempt to indirectly
predict occupant injury risk based on vehicle kinematics.

Human surrogates used in vehicle crashworthiness testing are designed to evaluate
the performance of in-vehicle occupant restraints, such as seatbelts and airbags, in terms
of occupant injury risk. In the flail space model, the occupant is assumed to be
completely unrestrained (i.e. without a seatbelt or airbag restraint). This represented a
practical worst case scenario at the model’s inception in the early 1980s as belt use rates
in the US were roughly 11% (Derrig, Segui-Gomez and Abtahi, 2000) and airbags were
rare. Since 1997, however, airbags have become required equipment on all new vehicles.
There has also been a marked increase in belt usage rates in the US to 80% nationally.
Despite the potentially large effect these shifts have on occupant risk, current roadside
occupant risk criteria do not account for them.

2 Objective

The intent of this study is to illustrate the importance of developing roadside hardware
crash test injury criteria that account for occupant restraints. Specifically, the study will
provide a comparison of the relative variation between roadside injury criteria and injury
risk, as measured by human surrogates, in full-scale vehicle crashworthiness tests for
differing restraint conditions.

3 Background

Vehicle crashworthiness tests are intended to evaluate the performance of in-vehicle
occupant restraints across the vehicle fleet spectrum. The idea is to provide a means of
comparing occupant risk between vehicles for the same crash conditions. Development of
roadside hardware is inherently more complex as both device performance and occupant
protection must be considered. The result is a more complex set of tests, consisting of
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different combinations of vehicles and impact conditions and simplified methods of
computing occupant risk. The limitation of the current roadside injury criterion, the flail
space model, is that it is based exclusively on measured vehicle accelerations. The
criterion is unable to account for variations in occupant risk due to the presence and
performance of seatbelts and airbags.

3.1 Roadside injury criteria

3.1.1 Flail space model

Introduced by Michie (1981a), the flail space model assumes that occupant injury
severity is related to the velocity at which the occupant impacts the interior and the
subsequent acceleration forces. The occupant is assumed to be an unrestrained point mass
that behaves as a ‘free-missile’ inside the occupant compartment in the event of a
collision. The occupant is allowed to ‘flail’ 0.6 m in the longitudinal direction (parallel to
the typical direction of vehicle travel) and up to 0.3 m in the lateral direction prior to
impacting the vehicle interior. Measured vehicle kinematics are used to compute the
difference in velocity between the occupant and occupant compartment at the instant the
occupant has displaced either 0.3 m laterally or 0.6 m longitudinally. For ease of
computations, the vehicle yaw and pitch motions are ignored, all motion is assumed to be
in the horizontal plane, and the lateral and longitudinal motions are assumed to be
independent. At the instant of occupant impact, the largest difference in velocity (lateral
and longitudinal directions are handled independently) is termed the occupant impact
velocity (OIV). Once the impact with the interior occurs, the occupant is assumed to
remain in contact with the interior and be subjected to any subsequent vehicular
acceleration. The maximum 10 msec moving average of the accelerations subsequent to
the occupant impact with the interior is termed the occupant ridedown acceleration
(ORA). Again, the lateral and longitudinal directions are handled separately producing
two maximum ORAs.

Threshold values for the OIV and ORA are used to gauge occupant injury potential.
Table 1 summarises the current threshold values, as prescribed in NCHRP 350 (Ross
etal., 1993). Although values below the ‘preferred’ are desirable, values below the
‘maximum’ category are considered acceptable. Note that the ‘maximum’ thresholds
correspond to serious but not life-threatening occupant injury (Michie, 1981b). The
longitudinal OIV values in Table 1 were developed primarily from pure frontal head
impacts into windshields (Kay, Pickard and Patrick, 1973; Begeman et al., 1978; Michie,
1981b). The lateral limits were based mainly on French accident statistics (Hartman et al.,
1976) and research aimed at developing FMVSS 214 (NHTSA, 2004c), a US vehicle
standard for side impact protection. As the threshold values are based independently on
frontal and side impact directions, the flail space model should predict injury best in
either of these directions. Note that the biomechanical data used to develop the flail space
model did not include any oblique tests. The biomechanical validity of OIV in angled
longitudinal barrier impacts has not been established.
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Table 1 Flail space model thresholds

Occupant impact velocity limits
Component direction Preferred value Maximum value

! 12 m sec™!

Lateral and longitudinal 9 m sec”
Occupant ridedown acceleration limits
Component direction Preferred value Maximum value

Lateral and longitudinal 15¢g 20g

Using crash reconstruction and crash test matching methods, early research (Ray, Michie
and Hargrave, 1986; Council and Stewart, 1993) attempted to link the flail space model
to occupant injury with limited success. More recently, Gabauer and Gabler (2004)
evaluated OIV using crash pulse data from real-world frontal collisions coupled with
occupant injury information. Although preliminary results suggested a reasonable
correlation to occupant injury, the analysed data set was small (58 cases), dealt only with
the longitudinal OIV, and included only General Motors vehicles.

European test procedures prescribe a variation of the flail space model (CEN, 1998),
while other researchers have proposed various computational modifications (Ray, Michie
and Calcote, 1987; Ross et al, 1988; Ray and Carney, 1989). All attempted to provide a
more realistic model of unrestrained point mass motion within the occupant compartment
by modifying the original model assumptions. Although the improved versions better
characterise unrestrained occupant motion, none attempted to account for the presence of
seatbelt or airbag restraints.

3.2 Vehicle crashworthiness injury criteria

3.2.1 The head injury criterion

A refinement of the Gadd Severity Index (Gadd, 1966), the Head Injury Criterion (HIC)
was first defined in 1971 by Versace (1971) as follows:

2.5

(L-T)

where a(f) is the resultant linear acceleration time history (G’s) of the centre of gravity of
the head, and T and 7, are two particular time values that maximise the above
expression. Traditionally, the National Highway Traffic Safety Administration (NHTSA)
has limited the separation between to 7} and 7, to no more than 36 msec. Based on this
separation, the maximum value for the HIC for an adult mid-size male anthropomorphic
test dummy is 1,000 (NHTSA, 2004b). In 2000, NHTSA changed this to require a
15 msec HIC with a corresponding limit of 700 (Eppinger et al., 2000).

3.2.2 Chest injury criteria

Several injury criteria have been developed to predict chest injury in full-scale vehicle
crashworthiness tests. Currently, NHTSA mandates limits on maximum chest
acceleration and maximum chest deflection. For chest acceleration, NHTSA prescribes a
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maximum of 60 G’s, except in cases where the duration of the peak is less than 3 msec
(often referred to as simply the ‘3 msec Clip’). For chest deflection, a maximum value of
76 mm (3 inches) was previously prescribed. This criterion is based on a study by
Neathery (1975) that analysed cadaver data to estimate that a 33% chest deflection (or
76 mm in a 50th% male) would result in severe but not life threatening injury. In
conjunction with the update to the HIC requirements, NHTSA reduced the maximum
chest deflection value to 63 mm (2.5 inches) (Eppinger et al., 2000).

4 Methodology

The general methodology for this study included:
1  selection of suitable full-scale crash tests
2 computation of the roadside crash injury criteria for each test

3 computation of the injury risk based on the measured response of instrumented
human surrogates

4 comparison of the roadside injury criteria and injury risk using both graphical and
linear regression techniques.

4.1 Case selection

For frontal collisions, there are four primary occupant restraint scenarios:
1 no restraint

2 three-point belt restraint only

3 airbag restraint only

4  three-point belt and airbag restraint.

Since roadside hardware crash tests rarely employ an instrumented anthropometric test
device (ATD), finding roadside crash tests to satisfy all four restraint categories was not
feasible. Roadside hardware crash tests using a fully instrumented Hybrid II ATD,
however, have been reported by Hinch etal. (1988). The dummy was completely
unrestrained in several high speed tests involving sand-filled crash cushions. Nine of
these tests (11 occupant responses), as reported by Hinch et al. (1988), were selected to
compare roadside injury criteria to human surrogate occupant risk for unrestrained
occupants.

For the remainder of the restraint scenarios, full-scale vehicle crash tests were used as
an alternate means of comparing roadside and ATD-based occupant risk. NHTSA
maintains an electronic database of full-scale vehicle crashworthiness tests performed for
FMVSS compliance as well as various other research purposes. All cases selected from
the NHTSA database were frontal barrier collisions and had an impact speed of 40, 48, or
56 km hour™'. For the airbag only restraint and belt and airbag restraint scenarios,
additional restrictions included airbag presence and proper deployment, vehicle model
year 2000 or newer, and use of Hybrid III 50th% male ATDs. For the belted only
restraint scenario, additional requirements included no frontal airbags and the use of
Hybrid II 50th% male ATDs. Only cases in which the airbag properly deployed (if
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equipped) were included. Tests selected for each restraint scenario use the same ATD and
impact conditions to further reduce the variability of injury risk measured between tests.

A total of 30 vehicle crash tests were evaluated which resulted in a total of 60
occupant responses (ATDs in right and left front seats). For each of the three restraint
conditions remaining, 10 tests were used to provide a comparison of roadside and ATD-
based occupant risk. The airbag only restraint condition used tests with 40 km hour™
(25 mph) impact speed and Hybrid III 50th% male ATDs. The airbag and belt restraint
condition used tests with 56 km hour™' (35 mph) impact speed and Hybrid III 50th% male
ATDs. Finally, the belt only scenario used tests with a 48 km hour™' (30 mph) impact
speed and Hybrid II 50th% male ATDs.

4.2 Flail space model computations

The computation of OIV and ORA is identical to the longitudinal portion of the
procedures outlined in NCHRP Report 350 (Ross etal., 1993). In the tests, both the
dummies and vehicle structure are instrumented with accelerometers. For computation of
OIV and ORA, accelerometer data was chosen as close to the vehicle centre of gravity as
possible to best describe the occupant compartment movement. Sensors used in our
calculation included those attached to the vehicle rear floor pan, rear sill, or rear seat, all
of which were aligned in the longitudinal direction. Any errors incurred due to use of
acceleration data not at the vehicle centre of gravity are expected to be negligible as only
minor roll and yaw motions are experienced by the vehicle during these perpendicular
frontal-barrier tests. All data traces used were checked against redundant sensor traces to
ensure data accuracy; corrections for sensor bias were made as necessary. The raw
acceleration data from the selected channel was filtered to CFC 180, as prescribed in
NCHRP 350, prior to integrating for velocity or position. Numerical integration was
accomplished via the trapezoidal rule, as recommended in NCHRP 350.

4.3 Vehicle injury criteria and injury risk computations

Injury criteria reported in the NHTSA database include 36 msec HIC and chest 3 msec
clip. The 15 msec HIC and maximum chest deflection were computed using the Signal
Browser software, available from NHTSA. All head centre of gravity acceleration traces
were filtered at CFC 1,000 prior to computation of the 15 msec HIC, as prescribed by
SAE-J211 (2007). Similarly, the chest deflection traces were filtered at CFC 600 prior to
determining the maximum deflection. In addition, any sensor bias problems were
corrected prior to analysis.

Table 2 summarises the relations used to compute human injury risk potential based
on the ATD-based injury criteria values (NHTSA, 1999). The occupant risk probability is
gauged by the abbreviated injury severity (AIS) scale (AAAM, 1990), which
methodically rates injury on a discrete 0—6 scale based on threat to life. Injury levels are
summarised in Table 3. The original intent of the flail space model is to indicate the
transition between AIS 3 and AIS 4 level injury (Michie, 1981a). As such, injury risk
computed for this analysis is the probability of AIS 3 or greater occupant injury.
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Table 2 Computation of injury risk based on injury criteria values
Body region Injury criteria Probability of AIS 3 + injury
Head 15 msec HIC 1
p(AIS23)= 1 4 o((3:39+200/HIC)~0.00372HIC)
Chest 3 msec chest clip (G) 1
p(AIS23) = 1 o0 1493-0.06304c)

Source:  NHTSA (1999).

Table 3 Abbreviated injury severity scale summary

AIS value Injury description
0 No injury

1 Minor

2 Moderate

3 Serious

4 Severe

5 Critical

6 Maximum/fatal

Source:  AAAM (1990).

4.4 Risk comparison

Roadside and ATD-based occupant risk is first compared graphically for each occupant
restraint scenario. As roadside occupant risk is intended to predict overall occupant
injury, the combined probability of AIS 3 + head and chest injury is used as an analogous
ATD metric. The combined probability is computed by adding the AIS 3 + head and
chest injury (based on 3 msec clip) probability and then subtracting the product, as shown
below:

p(Head / Chest Injury) = p(Head) + p(Chest) — p(Head) * p(Chest).

The assumption is that risk of head and chest injury are independent of one another.
NHTSA uses this same assumption in computing vehicle star safety ratings. Each plot is
then normalised based to the probability of injury of the best performer (lowest injury
risk assumes a value of unity). Since each restraint scenario uses crash tests of nearly
identical impact speeds, there is only small variation in roadside occupant risk values,
especially the OIV. The mean OIV value and approximate range are noted on each plot.

Linear regression analysis is used to provide further comparison. Ideally, if the
roadside injury criteria are indeed good predictors of occupant risk, we would expect
strong linear correlations to the ATD-based injury criteria. This should be especially
evident in the unrestrained scenario, as the flail space model assumes this restraint
condition. R* values are indicated for each available roadside-ATD criteria combination
for each restraint condition.
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5 Results

5.1 Unrestrained occupant risk comparison

Figure 1 is a chart showing AIS 3 + head and chest normalised injury risk for the selected
97 km hour™' (60 mph) frontal crash cushion tests. The OIV was an essentially uniform
8.4 msec ' for all tests, but ATD-based injury varied dramatically. The vehicle make and
model are shown with drivers indicated by solid bars and right front seat passengers
indicated with hatched bars. All vehicles were model year 1979. The corresponding test
designation reported by Hinch etal. (1988) is indicated in parentheses. All ATD
occupants are Hybrid II 50th% males with no restraints. Probability of injury has been
normalised to the best performer, the Mercury Cougar driver in test B-09, which has a
combined head and chest injury probability of 14%. The OIV varies within a small
1 m sec”' range suggesting a relatively constant risk whereas ATD occupant risk varies as
much as four-fold in relation to the best performer. Note that the tests selected include
two different crash cushion types (Energite III and Fitch System) under variable
conditions (bagged sand or frozen sand in some instances), which may account for some
of the variation in addition to vehicle interior differences.

Figure 1 Probability of serious injury to unrestrained occupants normalised to best performer
(see online version for colours)

Mercury Cougar XR7 (B-09)

Honda Civic (B-13) — 97 km/hr

Mercury Cougar XR7 (E-01)

Impact Configuration
Mercury Cougar XR7 (B-07) 11.43
E |
° n
2 Mercury Cougar XR7 (E-01) 152 Restraint Type: None
E (No Belt, No Airbag)
g Mercury Cougar XR7 (B-03) Y] 1.67
° OIV=28.4+/-0.5m/s
E Mercury Cougar XR7 (B-03) .95
S Risk Range: 14% - 56%
Honda Civic (B-12)

Mercury Cougar XR7 (B-07)

[l Driver

Honda Civic (B-08) Right Front Passenger

Honda Civic (E-02)

Normalized Probability of AIS 3+ Head and Chest Injury
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5.2 Airbag-only restrained occupant risk comparison

Figure 2 is a chart showing AIS 3 +head and chest normalised injury risk in ten
40 km hour™" (25 mph) frontal barrier vehicle crash tests. The OIV was approximately
12 msec”' for all of these tests, but actual injury risk varied widely. Again, drivers are
indicated by solid bars and right front seat passengers are indicated with hatched bars.
Both front seat ATD occupants are Hybrid III 50th% males with only an airbag restraint.
Probability of injury has been normalised to the right front passenger of the 2005 Toyota
Corolla, which has a combined head and chest injury probability of 16%. The OIV varies
within a range of 1.5 msec™' whereas ATD occupant risk was as much as 3.6 times
higher than the injury probability of the best performer. Also note differences within the
same vehicle where the roadside criteria are identical by design; for the same OIV, the
Ford F150 driver has an injury probability 1.5 times the best performer while the right
front passenger risk was more than 3 times the best performer.

Figure 2 Probability of serious injury to airbag-restrained occupants normalised to best
performer (see online version for colours)

2005 Toyota Corolla [Frmmmmmm= 1.00 [
L — 40 km/hr

2001 Chevrolet Impala ety
152 i

2001 Ford F150

2005 Dodge Magnum | Impact Configuration

2001 Ford Escape
2002 Isuzu Rodeo

2003 Toyota Corolla 31.54 ‘

2001 Chevrolet Impala 1.55 . .
= pae | Restraint Type: Airbag Only
-g 2002 Isuzu Rodeo | =] 1.73 (NO Belt)
s 2005 Toyota Corolla 1.85
=
% 2001 Ford Escape [ 71.94 OIV =12.2 +/- 0.8 m/s
= 2003 Toyota Corolla 211
= 1 .
g 2005 Dodge Magnum ‘ 1215 Risk Range: 16% - 58%
: 2003 Chevrolet Silverado 1500
I
<
(4
>

2001 Dodge Grand Caravan
2003 Chevrolet Silverado 1500

2001 Toyota Echo [ Driver

2001 Toyota Echo | Right Front Passenger

2001 Ford F150

2001 Dodge Grand Caravan

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Normalized Probability of AIS 3+ Head and Chest Injury

5.3 Belt-only restrained occupant risk comparison

Figure 3 is a chart showing AIS 3 +head and chest normalised injury risk for ten
48 km hour™" (30 mph) frontal barrier vehicle crash tests. The OIV was approximately
14 msec™' for all tests. Both front seat ATD occupants are Hybrid II 50th% males with
only a three-point belt restraint. Probability of injury has been normalised to the right
front passenger of the 1980 Ford Fairmont, which has a combined head and chest injury
probability of 18%. The OIV varies within a range of 3 m sec”' whereas ATD occupant
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risk varies as much as five-fold. Again, note the differences within the same vehicle. In
the Fairmont test, both dummies experienced the same OIV but the driver has more than

a three-fold risk compared to the right front passenger.

Figure 3 Probability of serious injury to belt-restrained occupants normalised to best

Vehicle Year/Make/Model

performer (see online version for colours)

1980 Ford Fairmont 1.00

1987 Buick LeSabre 7 127

1987 Oldsmobile Calais [ oo 156
1980 Ford Courier |

1987 Honda Accord

11.71

1981 Ford Escort 41.93
1983 Mitsubishi Cordia

1983 Mitsubishi Cordia [
1987 Oldsmobile Calais

1983 Ford Ranger [
1987 Buick LeSabre

1987 Renault Alliance [

1987 Honda Accord
1980 Ford Courier
1987 Renault Alliance
1990 Subaru Justy

1990 Subaru Justy [
1980 Ford Fairmont
1983 Ford Ranger
1981 Ford Escort

[
— 48 km/hr

Impact Configuration

Restraint Type: 3-Pt Belt Only
(No Airbag)

OIV=14.0 +/-1.5m/s

Risk Range: 18% - 94%

[ Driver

Right Front Passenger

3.33
3.40

5.20

0.00 1.00 2.00 3.00

4.00 5.00 6.00

Normalized Probability of AIS 3+ Head and Chest Injury

5.4 Belt and airbag restrained occupant risk comparison

Figure 4 is a chart showing AIS 3 +head and chest normalised injury risk for ten
56 kmhour' (35 mph) frontal barrier vehicle crash tests. OIV was approximately
16 msec™" for each of these tests. Drivers are indicated by solid bars and right front seat
passengers are indicated with hatched bars. Both front seat ATD occupants are Hybrid 111
50th% males with airbag and three-point belt restraints. Probability of injury has been
normalised to the right front passenger of the 2003 Saturn lon, which has a combined

head and chest injury probability of 30%. The OIV varies within a range of 2 m sec”

whereas ATD occupant risk varies as much as two-fold.



Comparison of roadside and vehicle crash test injury criteria 145

Figure 4 Probability of serious injury to belt and airbag restrained occupants normalised
to best performer (see online version for colours)
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— 56 km/hr
2005 Chrysler 300 §

2004 Dodge Ram 1500

2004 Hyundai Accent Impact Configuration
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2005 Toyota Tundra
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2002 Chevrolet Avalanche

2004 Toyota RAV4

2003 Chevrolet Silverado [ Driver

2004 Toyota RAV4

Right Front Passenger

2002 Chevrolet Trailblazer

2002 Chevrolet Trailblazer

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Normalized Probability of AIS 3+ Head and Chest Injury

5.5 Linear regression comparison

The preceding plots showed wide variation in ATD-based risk for tests experiencing
essentially the same OIV. There is still the possibility, however, that small changes in
roadside criteria correlate to large changes in ATD-based risk. If this is the case, a strong
linear regression correlation (e.g. R* value approaching unity) should be evident between
the roadside and ATD-based criteria. Table 4 provides a summary of the linear regression
analysis for each of the restraint scenarios analysed. The slope of the regression line is
indicated in parentheses for stronger fits (R” value above 0.20) and the corresponding p-
values are indicated for each regression model (alpha significant to 0.05).

As expected, the strongest correlations are evident for the unrestrained occupant,
especially with respect to the OIV parameter. All unrestrained occupant correlations were
positive indicating direct proportionality (increasing ATD risk with increasing OIV). The
lack of correlation in the ORA for the unrestrained condition was not expected and
cannot be fully explained. Despite the comparatively larger R® values, the linear
regression fits for the unrestrained occupants were not statistically significant (p > 0.05).
For the belted only occupants and airbag restrained only occupants, all the R* values were
0.122 or smaller and the corresponding p-values were 0.13 or larger suggesting no
correlation. A majority of the correlations were not statistically significant in the airbag
and belt restrained occupant category. The correlations between OIV and HIC and OIV
and chest deflection injury risk were found to be statistically significant and negative in
nature. This was also not expected and may be an artifact of the relatively small data set
or be a result of a tendency of vehicle manufacturers to design aggressive restraints for
vehicles with stiffer front ends.
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Table 4 Summary of linear regression analysis
orv ORA

Configuration Vehicle injury criteria R’ p R’ P
No occupant  HIC 0.315(+) 0.0711 0.079 0.4038
restraint 3 peec clip 0280 (+)  0.0904 0.094 0.3598
(97 km hour™)

Head/chest 0326(+)  0.0642 0.088 0.3757
Airbagonly  HIC <0.001 0.9414 <0.001 0.9384
(40 kmhour™) 3 e clip <0.001 0.9318 0.106 0.1619

Chest deflection 0.031 0.4692 0.004 0.7996

Head/chest <0.001 0.9276 0.092 0.1925
Belt only HIC 0.011 0.6534 0.006 0.7404
(8 kmhour) 3 pmeec clip <0.001 0.9708 0.122 0.1319

Head/chest 0.007 0.7272 0.010 0.6714
Airbag and belt HIC 0.488(-)  0.0006 0.025 0.5052
(56 kmhour™) 3o dlip 0.061 0.2928 0.197 0.0503

Chest deflection 0.225 (-) 0.0348 0.002 0.8719

Head/chest 0.174 0.0676 0.120 0.1350

6 Discussion

In general, there appears to be little correlation between roadside injury criteria and ATD-
based criteria at a given test speed for any of the restraint scenarios considered. This is
evident graphically in Figure 1 through Figure 4. For each occupant restraint scenario, the
roadside injury criteria predicted a virtually identical injury risk, but the ATD-based
measures indicated a large distribution of combined head and chest injury risk. This risk
range varied from 38% points for the 56 kmhour™ tests to 76% points for the
48 km hour™' tests. As measured by the instrumented ATD, the occupant of the worst
performing vehicle had an injury risk up to five times the risk of the best performer. In
addition, injury risk was found to vary based on seating position within the same vehicle.
The ATD-based graphical findings were confirmed using linear regression analysis where
OIV and ORA were predictors of head, chest, and combined head and chest injury
probability for each occupant restraint scenario. Although the OIV explained the largest
amount of the variation for the unrestrained occupant scenario, none of the fits were
statistically significant. For the other occupant restraint scenarios, the OIV and ORA
explained less than 10% of the risk variation for a majority of the ATD-based injury
measures.

In stark contrast to the wide variation in injury risk predicted by the ATD, the
roadside metrics varied only slightly for a particular impact speed. In addition, the risk of
injury, based on the flail space model methodology, was assumed to be the same
irrespective of whether the occupant was seated in the right front or left front occupant
position. The presence of the occupant restraints as well as differences in vehicle crush
characteristics and vehicle interior contributed to the wide variation of injury risk
between vehicles as well as within vehicles at a given impact speed. As the roadside
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metrics are based solely on the response of the vehicle, they are unable to capture this
injury risk variation.

7 Conclusions

This study highlights the importance of considering occupant restraints, from advanced
passive restraints such as airbags to simpler active restraints such as seatbelts, in injury
criteria used in full-scale crash tests with roadside hardware. Specific conclusions and
recommendations include:

1 Current roadside crash injury criteria are out of step with current restraint usage in
the US. In a fleet with 80% belt usage and 100% airbag installation, an unbelted
occupant without an airbag is no longer the practical worst case. Even the 20% of
occupants who are hard core non-belt users are protected by an airbag. At a
minimum, the roadside criteria should be updated to reflect the presence of airbags
in all cars and light trucks manufactured since 1998.

2 In frontal crash tests, current roadside occupant risk criteria are not an accurate
measure of occupant risk for individual vehicles. The flail space algorithm was
unable to predict the variation in occupant risk for unbelted, belted, airbag only or
belt and airbag restrained occupants.

3 The objective of this article was to evaluate roadside injury criteria not the use of
crash test dummies in roadside hardware tests. Although it is difficult to measure
occupant risk without measuring anything on the occupant, it may still be possible to
conduct occupant risk assessment with an improved vehicle-acceleration based
metric. Alternatives such as a modified OIV or other vehicle-acceleration based
metric should be explored. It is clear however that current vehicle-acceleration based
metrics, e.g. OIV, do not provide an accurate measure of occupant injury.

4 At a given impact speed, variation in crash test dummy-based risk between
occupants in the same vehicle can be vastly different in some instances; all roadside
criteria, however, are the same for a particular vehicle and crash event.

References

Association for the Advancement of Automotive Medicine (1990) The Abbreviated Injury Scale,
Revision, Update 98.

Begeman, P., King, A., Weigt, P. and Patrick, L.M. (1978) Safety Performance of Asymmetric
Windshields. SAE Paper 791009, New York, NY, Society of Automotive Engineers.

Council, F.M. and Stewart, R.J. (1993) ‘Attempt to define relationship between forces to crash-test
vehicles and occupant injury in similar real-world crashes’, Transportation Research Record
1419, TRB, National Research Council, Washington, DC, pp.78-85.

Derrig, R.A., Segui-Gomez, M. and Abtahi, A. (2000) ‘The effect of seat belt usage rates on the
number of motor vehicle-related fatalities’, Paper presented in the Proceedings of the 2000
Risk Theory Society Seminar, Minneapolis, Minnesota, 14—16 April.

Eppinger, R., Sun, E., Kuppa, S. and Saul, R. (2000) Supplement: Development of Improved Injury
Criteria for the Assessment of Advanced Automotive Restraint Systems — II. National Highway
Traffic Safety Administration, March.

European Committee for Standardization (CEN) (1998) Road Restraint Systems — Part 2:
Performance Classes, Impact Test Acceptance Criteria and Test Methods for Safety Barriers.:
European Standard EN 1317-2.



148 D.J. Gabauer and H.C. Gabler

Gabauer, D.J. and Gabler, H.C. (2004) ‘A methodology to evaluate the flail space model using
event data recorder technology’, Transportation Research Record 1890, TRB, National
Research Council, Washington, DC, pp.49-57.

Gadd, C. (1966) ‘Use of a weighted-impulse criterion for estimating injury hazard’, Paper
presented in the Proceedings of the [0th Stapp Car Crash Conference, p.660793,
89 November.

Hartman, F., Thomas, C., Foret-Bruno, J., Henry, C., Fayon, A. and Tarriere, C. (1976) ‘Occupant
protection in lateral impacts’, Paper presented in the Proceedings of the 20th Stapp Car Crash
Conference.

Hinch, J., Sawyer, D., Stout, D., Hargrave, M. and Owings, R. (1988) ‘Impact attenuators: a current
engineering evaluation’, Transportation Research Record 1198, TRB, National Research
Council, Washington, DC, pp.76—89.

Kay, S.E., Pickard, J. and Patrick, L.M. (1973) ‘Improved laminated windshield with reduced
laceration properties’, Paper presented in the Proceedings of the 17th Stapp Car Crash
Conference, p.730969.

Michie, J.D. (1981a) ‘Collision risk assessment based on occupant flail-space model’,
Transportation Research Record 796, TRB, National Research Council, Washington, DC,
pp-1-9.

Michie, J.D. (1981b) Recommended Procedures for the Safety Performance Evaluation of Highway
Appurtenances, NCHRP Report 230, TRB, National Research Council, Washington, DC.

National Highway Traffic Safety Administration (NHTSA) (1999) Federal Motor Vehicle Safety
Standards: Occupant Crash Protection — Supplemental Notice of Proposed Rulemaking. 49
CFR Parts 552, 571, 585, 595, NHTSA Docket 99-6407, US Department of Transportation.

National Highway Traffic Safety Administration (NHTSA) (2004a) Federal Motor Vehicle Safety
Standards: Occupant Protection in Interior Impact, 49 C.F.R., Part 571.201. 1 October.

National Highway Traffic Safety Administration (NHTSA) (2004b) Federal Motor Vehicle Safety
Standards: Occupant Crash Protection, 49 C.F.R., Part 571.208, 1 October.

National Highway Traffic Safety Administration (NHTSA) (2004c) Federal Motor Vehicle Safety
Standards: Side Impact Protection, 49 C.F.R., Part 571.214. 1 October.

Neathery, R.F. (1975) ‘Prediction of thoracic injury from dummy responses. SAE 741187°, Paper
presented in the Proceedings of the 19th Stapp Car Crash Conference, San Diego,
pp.295-316.

Ray, M.H. and Carney, J.F. (1989) ‘Improved method for determining vehicle and occupant
kinematics in full-scale crash tests’, Transportation Research Record 1233, TRB, National
Research Council, Washington, DC.

Ray, M.H., Michie, J.D. and Calcote, L.R. (1987) ‘Evaluation of design analysis procedures and
acceptance criteria for roadside hardware’, Evaluating Pre-Report 230 Crash Tests. FHWA
RD-87/098, US Department of Transportation, Washington, DC, Vol. 3.

Ray, M.H., Michie, J.D. and Hargrave, M. (1986) ‘Events that produce occupant injury in
longitudinal barrier accidents’, Transportation Research Record 1065, TRB, National
Research Council, Washington, DC, pp.19-30.

Ross, H.E., Jr., Perera, H.S., Sicking, D.L. and Bligh, R.P. (1988) Roadside Safety Design for Small
Vehicles. NCHRP Report 318, TRB, National Research Council, Washington, DC.

Ross, H.E., Sicking, D.L., Zimmer, R.A. and Michie, J.D. (1993) Recommended Procedures for the
Safety Performance Evaluation of Highway Features. NCHRP Report 350, TRB, National
Research Council, Washington, DC.

Society of Automotive Engineers. Surface Vehicle Recommended Practice: Instrumentation for
Impact Test — Part 1 — Electronic Instrumentation. SAE-J211, Revised July 2007.

Versace, J. (1971) ‘Review of the severity index, SAE 710881°, Paper presented in the Proceedings
of the 15th Stapp Car Crash Conference, pp.771-796.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


