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ABSTRACT

Equivalent half sine approximations derived
from accelerometer data for Federal Motor Vehicle
Safety Standard (FMVSS) 208 dynamic compliance
testing and other substantially similar non-FMVSS,
non-New Car Assessment Program (NCAP) tests
were characterized in terms of amplitude, circular
frequency, time duration and displacement. The
results were compared and contrasted with the
idealized and actualized FMVSS 208 sled
deceleration pulses. A total of 346 dynamic tests and
83 sled tests were considered. For the passenger
vehicle subset of the FMVSS 208 dynamic test
population these parameters were 224.98 + 30.39
m/sec’, 34.11 + 4.57 sec’, 94 + 13 msec and 0.619 +
0.089 meters respectively. For the multipurpose
vehicle subset of the FMVSS 208 dynamic test
population theses parameters were 246.17 + 43.61
m/sec’, 37.78 + 6.38 sec”!, 86 + 15 msec and 0.557 +
0.100 meters respectively. The differences in all
parameters between the two classifications were
significant (p < 0.00004). For the dynamic frontal
impact population en toto the valuations of these
parameters for the passenger vehicle classification
were 225.10 + 29.07 m/sec’, 34.26 + 4.26 sec”, 93 +
12 msec and 0.612 + 0.085 meters respectively
whereas for the multipurpose vehicle classification
they were 243.82 + 43.37 m/sec’, 37.50 + 6.28 sec”,
86 + 15 msec and 0.560 + 0.102 meters respectively.
The differences in all parameters between the two
classifications were significant (p < 0.0001). The
corresponding parameters for the target half sine
deceleration pulse of the FMVSS 208 sled test are
168.73 m/sec’, 25.12 sec”, 125 msec and 0.839
meters.  The sled half sine deceleration pulse
substantially underestimates the characteristic mean
response obtained from the half sine equivalents of
dynamic tests.

INTRODUCTION

The full-width engagement perpendicular
impact of a vehicle under consideration into a fixed,

rigid, massive barrier has long served as a means of
assessing frontal impact protection. This form of
testing, in the United States, has been codified in the
form of Federal Motor Vehicle Safety Standard
(FMVSS) 208. Prior to the consideration and
implementation of other testing configurations under
this standard, the FMVSS 208 compliance test
consisted of a 48 KPH (30 MPH) closing speed
impact of an instrumented test vehicle under the
above-described conditions. With the ubiquitous use
of supplemental restraint systems (SRS) in the
vehicle fleet, the issue of air bag aggressivity has
arisen as a potential cause of serious or lethal injury
to certain segments of the general populace.  The
underlying necessity for rapid testing of alternative
(depowered) frontal air bag systems has served as a
basis for the implementation of an alternative
compliance procedure. This alternative procedure
consists of a non-impact test in which the vehicle
under consideration is rigidly mounted to a sled and
the sled is subjected to the half sine pulse described
by equation (1) in which deceleration is in units of
m/sec’.
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The sled and the test vehicle, as a consequence
of rigid coupling, experience the deceleration shown
by equation (1). Explicit integration of equation (1)
over the pulse duration results in a solution for the
change in speed incurred of -13.427 m/sec (30.04
MPH). Implicit integration of equation (1), followed
by the application of the initial condition of

x(0)=0 followed by explicit integration over the

pulse duration results in a solution for the
displacement over which the pulse is applied. This
displacement is -0.839 meters (33.0 inches).

The sled pulse is bounded, as per stated
requirement, by both a maximum and a minimum
corridor. The maximum corridor is defined by a
linear change in acceleration from 0 G at 5 msec to -
16 G at 55 msec, a plateau at -16 from 55 msec to 70



msec and a linear change to 0 G at 120 msec. The
minimum corridor is defined by a linear change in
acceleration from -2 G at 0 msec to -18.2G at 40
msec, a plateau at -18.2 G from 40 msec to 85 msec
and a linear change to 0G at 130 msec. The
maximum and minimum acceleration corridors are
ideal in nature, which if matched exactly would result
in change in speed of -10.23 m/sec (-22.83 MPH) and
-16.08 m/sec -(35.96 MPH) respectively. In that
these corridors are ideal and that the actual pulse is
half sine in form, one may utilize the former to
determine the characteristics of the closest
approximating ideal half sine pulses with the same
respective impact durations and onset/end times.
These curves, for the maximum and minimum
corridor, provide changes in speed of -11.737 m/sec
(-26.255 MPH) and -14.660 m/sec (-32.793 MPH)
respectively. The derivation of these results is shown
in Appendix A and the results are shown in Figure 1.
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Figure 1. Acceleration corridors, target half sine
pulse and admissible half sine pulses for the
FMVSS 208 sled test.

Lumped Mass Model

Lumped parameter (LP) models have been
utilized for a number of years in evaluating the
collision response of motor vehicles. The simplest of
these models treats the total vehicle mass as a single
lumped parameter. The vehicle frontal structures are
modeled as a single wuniaxial linear spring
characterized by a spring constant k. The half sine
collision pulse is the characteristic response of the
single lumped mass linear spring uniaxial model
subjected to dissipative function F with particular
solution Ct where C is a constant. This dissipative
function is necessary for removal of the oscillatory
nature of motion associated with the LP model.
Furthermore, it allows for kinematic modeling of the
collision pulse over half of the full sine wave period.
For full-width engagement front to rigid, fixed,
massive barrier impacts, the system is subject to the

initial conditions of x(7=0)=2,and x(r=0)=0.

This model is shown in Figure 2.
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Figure 2. SDOF lumped mass and linear spring
model of the FMVSS 208 compliance test.

The equation of motion for this system is given
by the following second order differential equation.

mii(t)+kx(t)=F Q).
The solutions for the system displacement,
velocity and acceleration, as derived in Appendix B,

are given by equations (3-5) respectively.
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The solution for the homogeneous part of
equation (3) can be substituted into the corresponding
unforced response of equation (2) in order to solve
for the circular frequency in terms of the system

parameters m and k.
o, = |~ ).
m

Equation (5) can be rewritten by noting that the
peak acceleration occurs when the sine function
obtains a value of unity resulting in a solution of
A, =050,
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Collision Pulse Modeling

Huang [2002] proposed a method for deriving
the solution for the amplitude and the circular
frequency for the equivalent half sine pulse for a
given acceleration-time history obtained from a
vehicle fixed accelerometer. Implicit in this
formulation is the consistency between the vehicle
fixed accelerometer time history and the dynamic
center of mass deceleration. Integrating equation (7)
implicitly results in the solution for the velocity-time
history.
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Again, the velocity solution is subject to the
initial condition of x(s=0)=2, resulting in the

following solution for C;.
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The velocity solution, obtained following the
substitution of equation (9) into equation (8) is shown
by equation (10).
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The implicit integration of equation (10) results in
displacement solution given in equation (11).
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The constant of integration C, can be shown to
be equal to zero by imposition of the initial condition
of zero displacement at time t = 0. Imposition of the
boundary condition of zero velocity at the time of
maximum displacement, ty, results in the following
form of equation (10).

5(1,)=0=-—L-cos(a, ¢)+(yo+iJ (12).
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The amplitude is thus:
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Imposition of the displacement boundary

condition at time t = t,, results in the solution for the
circular frequency.
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Substitution of equation (13) into equation (14)
results in the following solution:

x(z‘m)zl_ -t, —5m(a) z‘w) (15).
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Equation (15) can be solved numerically for
and the result can then be substituted into equation
(13) to solve for the peak acceleration A,.

An alternative procedure, which avoids the use
of an iterative solution for the circular frequency,
follows that proposed by Varat and Husher [2003].
The subject implementation of this formulation
reduces to one in which the only system unknown
was the impact duration Tinpaet. Equation (7) can be
integrated following substitution of the definition of
the amplitude in terms of the circular frequency and
initial velocity and the initial condition of the speed
at impact at time t = 0 can be substituted in order to
solve for the constant of integration.
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Integration of equation (16) followed by the
application of the initial condition of x(#=0)=0

results in the solution for the displacement.
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Implementation of the boundary condition of

k(f:T- . ):O allows for the development of a

mpact

solution for the amplitude in terms of the initial
velocity and the impact duration.
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Varat and Husher [2003] utilized the velocity
boundary condition of X(f:T

mipact

):v0+Ap in

deriving their kinematic relationships.

In the subject investigation, in order to match
the previously derived pulse modeling and LP
modeling work, the boundary condition of the
occurrence of peak deflection at the time of zero
velocity following impact was utilized. Substitution

of this boundary condition, x(f:T

impact

) = X and

equation (18) into equation (17) results in the
following solution for the impact duration in terms of
the maximum displacement and initial velocity.
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Equation (19) can be solved for given the
maximum displacement from doubly integrated
vehicle fixed accelerometer data and the a priori
known velocity. The results can then be substituted
into equation (7), equation (16) and equation (17) to
solve for the acceleration, velocity and displacement
time history for the half sine model.
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This formulation for the half sine model allows
for the exact matching of the test vehicle change in
speed (from the initial impact velocity to zero) and
peak displacement solutions between the half sine
pulse model and the single degree of freedom LP
model.

Existing Concerns Regarding the 208 Sled Test

A number of concerns have been raised in
regards to the use of the FMVSS 208 sled protocol in

lieu of the full-scale barrier impact test [Hollowell et
al., 1999]. These concerns include but are not limited
to the inability, by means of sled testing, of
evaluating vehicle frontal structural collision
performance, the evaluation of occupant frontal crash
protection, the evaluation of the actual timing of the
frontal crash supplemental restraint systems and the
inability to asses injury modalities associated with
vehicle intrusion. In the context of kinematic
constraints, differences exist between the FMVSS
208 dynamic and sled test protocols. In the former,
the impact speed is fixed as being 48.0 = 0.8 KPH
(29.8 £ 0.5 MPH). The manner in which a particular
test vehicle absorbs the kinetic energy associated
with this barrier impact speed (i.e. deceleration
characteristics) is dependent on the structure of the
test vehicle. The sled test, conversely, provides for a
fixed non-impact deceleration pulse that produces a
change in speed of 48.3 KPH (30.04 MPH) under
ideal implementation. Therefore, in both cases,
discounting restitution for the barrier impact, the test
vehicle undergoes a change in speed of
approximately 48 KPH but the manner in which that
change in speed occurs is markedly different.

OBJECTIVES

The primary objective of the subject study was
to perform a population based analysis on the
publicly accessible FMVSS 208 dynamic and
equivalent research dataset for model years 1990
through 2005 in the context of quantifying the
equivalent half sine acceleration pulse parameters
and comparing the results to the FMVSS 208 sled test
implementation.

METHODS

The NHTSA Vehicle Crash Test Database
(VCTB) was queried for FMVSS 208 dynamic,
FMVSS 208 sled and research tests matching the
FMVSS 208 dynamic impact configuration and
impact speed. Data was obtained for tests from fiscal
years 1990 through 2005. For dynamic tests, the year
range of 1990 through 1998 was utilized for
consistency with previous studies [Hollowell et al.,
1998; Hollowell et al., 1999]. Data from FMVSS
208 dynamic testing for fiscal years 1999 through
2005 was also considered in order to provide for the
most current data and to evaluate the temporal effect,
if any, regarding the introduction of the alternative
test procedure on the equivalent half sine acceleration
pulse parameters. Full-scale perpendicular front to
rigid or load-cell equipped barrier impacts were also
considered. The set of tests for this category was
limited to those in which the barrier impact speed



was consistent with the FMVSS 208 dynamic
requirements. For each dynamic collision test, UDS-
1992 formatted data was imported into NHTSA’s
Plot Browser software program. Accelerometer data
from the longitudinal (X) axis of a vehicle fixed
accelerometer was filtered using a 60 Hz low-pass
filter as per Society of Automotive Engineers (SAE)
J211 standard. Filtered accelerometer data was then
exported in {time, acceleration} format into a text file
and then imported into a symbolic mathematics
program [Mathematica v 5.0; Wolfram Research,
Champaign, Illinois, USA]. Maximum deflection
was determined from the double time integration of
the accelerometer data. The half sine acceleration
pulse parameters were determined using the
relationships described previously. Tests in which
the velocity-time history exhibited positive valued
velocities following separation from the barrier face
were excluded from the subject study. Also, tests in
which the Newton-Raphson iterative method failed to
converge for the solution to the circular frequency
utilizing Huang’s [2002] method were excluded.

Sled deceleration data was obtained in the same
manner as for the dynamic tests. X-axis acceleration
data was filtered using a 60 Hz low-pass filter and
compared against the idealized half sine pulse and
maximum/minimum  trapezoidal  corridors  for
consistency.

All statistical testing was conducted using either
the Analyze-It [v. 1.72; Analyze-It Software, Ltd;
Leeds, UK] add-in for Excel [Microsoft Corporation;
Redmond, Washington, USA] or with the S-Plus [v.
6.0; Insightful Corporation; Seattle, Washington,
USA]. Certain charts were generated using
SigmaPlot [v. 7.101; SPSS; Chicago, Illinois, USA].

RESULTS
Dataset Characterization

A total of 447 tests were considered. Of these
tests a total of 364 tests were dynamic and 83 were
sled tests. Of the total number of dynamic tests, 265
tests were conducted under FMVSS 208 contract and
99 tests were under research contract. A total of six
FMVSS 208 dynamic and 12 research tests were
excluded in accordance with the criteria stated in the
Methods section. The total number of dynamic tests
considered was thus 346.

An evaluation of the total number of tests
conducted under FMVSS 208 contract revealed an
average of 31 tests conducted between fiscal years
1990 through 1997 with a drop noted for fiscal years

1996 and 1997. This can be contrasted to the average
number of tests per fiscal year between 1998 and
2005 of 13 tests. This latter figure, however, may be
more indicative, particularly for fiscal years from
2003 through 2005, of availability of test data from
the VCTB rather than the total tests actually
conducted. The total number of FMVSS 208 tests
conducted per fiscal year and the distribution of these
tests between the dynamic and sled protocols is
shown in Figure 3.
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Figure 3. Total number of FMVSS 208 tests
conducted on a fiscal year basis. Dynamic tests
are limited to those that were involved in
perpendicular impacts with rigid barriers. The
first fiscal year during which the alternative sled
test protocol was utilized was 1998. The data is
discrete but is shown connected in a piecewise
linear fashion for ease of visualization.

The total number of sled tests exceeded the total
number of dynamic tests, per fiscal year, for every
year following the introduction of the optional sled
test protocol except for fiscal years 2003 and 2004.
Over the same range of fiscal years (i.e. 1990 through
1997 contrasted to 1998 through 2005) the yearly
average of the number of research tests meeting the
criterion set forth in the Methods was 2 and 10
respectively.

The total number of FMVSS 208 dynamic tests
involving passenger vehicles varied between 17 (FY
1996) and 35 (FY 1991) with a large drop noted for
all fiscal years following 1996. The total number of
research tests involving passenger vehicles remained
relatively low (N < 6) for fiscal years prior to and
including 1996, increased over the years of 1997
through 1999 and returned to a relatively low count
for subsequent years. The total number of FMVSS
dynamic tests involving multiple purpose vehicles
(MPVs) peaked in 1992 with 16 vehicles tested,
retained a relatively constant value of 8 or 9 vehicles
per fiscal year between 1993 and 1996 and dropped
for all subsequent years. The total number of other
dynamic tests involving MPVs followed the general



trend observed for passenger vehicles with the
number of vehicles increasing from 3 vehicles for
fiscal year 1997 to 8 vehicles for fiscal years 1998
and peaking at 12 vehicles for fiscal year 1999. The
number of MPVs tested for subsequent years was
variable. These results are shown graphically in
Figure 4.
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Figure 4. Distribution of dynamic tests by type
(FMVSS 208 v. other) and by vehicle type (PV v.
MPV).

Pulse Modeling

The method proposed by Huang [2002] did not
ubiquitously provide estimates for the half sine
amplitude and circular frequency that allowed for the
correct reconstruction of the a priori barrier impact
speed and displacement. As an example of the
differences in the resultant equivalent half sine
models produced, consider NHTSA test number
v2463. This test was the FMVSS 208 dynamic
compliance test for the 1997 Chrysler Sebring
Convertible.  The impact speed, time of peak
displacement and value of peak displacement were
13.11 m/sec, 74.16 msec and 0.611 meters
respectively. Numerically solving equation (15) and
using the result to solve equation (13) resulted in a
solution of -262.63 m/sec” for the equivalent half sine
acceleration pulse amplitude and 23.60 sec” for the
equivalent half sine acceleration pulse circular
frequency. Conversely, use of equations (19), (18)
and the relationship between the amplitude, circular
frequency and initial velocity resulted in a solution of
-220.96 m/sec’> for the equivalent half sine
acceleration pulse amplitude and 33.70 sec” for the
equivalent half sine acceleration pulse -circular
frequency. The equivalent half sine waves, overlayed
upon the filtered test data, are shown in Figure 5.
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Figure 5. Equivalent half sine acceleration
approximations generated by use Huang’s method
(Method 1) and the modified Varat and Husher
method (Method 2) overlayed upon the test data
from NHTSA test number v2463.

Determination of the change in speed incurred
by the test vehicle by integration of each of the
equivalent half sine acceleration pulses over the pulse
duration resulted in a solution of -22.26 m/sec for
Huang’s method and 13.11 m/sec for the modified
Varat and Husher method. The displacement during
the pulse was calculated as being -1.482 meters and -
0.611 meters for each method respectively.

FMVSS 208 Dynamic Tests

The mean and standard deviation of the peak
deflection from the double integrated vehicle fixed
accelerometer data, equivalent half sine acceleration
pulse amplitude, equivalent half sine acceleration
pulse circular frequency and equivalent half sine
acceleration pulse duration were determined per
fiscal year for the FMVSS 208 dynamic tests
following categorization of individual tests into the
appropriate vehicle class (passenger vehicle vs. multi
purpose vehicle). The results are shown in Figures 6-
9. Mean values are shown as the top of the
corresponding bar for each vehicle class for each
fiscal year for which test data was available.
Standard deviations are shown as error bars
positioned above the mean values. Mean valuations
for which no error bars are shown represent data
obtained from single tests. Fiscal years for which no
mean value is shown indicate the lack of
corresponding test data.
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Figure 6. Means and standard deviations of peak
deflections per fiscal year for FMVSS 208
dynamic tests.
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Figure 7. Mean and standard deviations of half
sine amplitudes per fiscal year for FMVSS 208
dynamic tests.
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Figure 8. Mean and standard deviations of half
sine circular frequencies per fiscal year for
FMVSS 208 dynamic tests.
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Figure 9. Mean and standard deviations of half
sine durations per fiscal year for FMVSS 208
dynamic tests.

For the passenger vehicle classification the
population peak defection, equivalent half sine
acceleration pulse amplitude, equivalent half sine
acceleration pulse circular frequency and equivalent
half sine acceleration pulse duration were (mean =+
SD) 0.619 + 0.089 meters, 224.98 + 30.39 m/sec’,
34.11 + 4.57 sec” and 94 + 13 msec respectively.
For the multi purpose vehicle classification the
population valuations of these parameters were
(mean £+ SD) 0.557 £ 0.100 meters, 246.17 + 43.61
m/sec’, 37.78 + 6.38 sec! and 86 + 15 msec
respectively. It should be noted that the mean value
provided for the half sine pulse duration is a
parameter determined from the population of the
individual tests and is not an explicit implementation
of equation (19) with the circular frequency assigned
as being mean population value. The differences in
the population means for all parameters between the
passenger vehicle and multi-purpose  vehicle
classification were significant (p < 0.00004). Given
the dearth of FMVSS 208 dynamic test data for fiscal
years including and subsequent to 1997, a multiple
comparison ANOVA analysis based upon each
individual year being treated as a factor could not be
conducted. A stratified regression analysis based
upon test vehicle classification and test vehicle fiscal
year with respect to the first fiscal year for which the
alternative sled protocol was utilized (coded as an
indexed variable) revealed a statistically significant
difference (p = 0.024) for the equivalent half sine
acceleration pulse amplitude for multi-purpose
vehicles (pre-sled test implementation: 252.20 =+
44.55 m/sec’, N = 53; post-sled test implementation:
22332 £31.75 sec’', N = 14).

Pooled Dynamic Dataset



The population means of the relevant
parameters between the set of FMVSS 208 dynamic
and the set of tests not conducted under FMVSS 208
contract but having substantial similarity in
accordance with the requirements set forth in the
Methods section were compared prior to performing
an analysis on the joint dataset. A segregated single
factor ANOVA analysis was conducted for passenger
vehicles and multi-purpose vehicles separately. The
differences in the means between the FMVSS 208
dynamic and non-FMVSS 208 tests for the equivalent
half sine acceleration pulse amplitude, equivalent half
sine acceleration pulse circular frequency and
equivalent half sine acceleration pulse duration were
not significant (p > 0.13) for both passenger vehicles
and multi-purpose vehicles except for the peak
deflection parameter for passenger vehicles
(p=0.023). The peak deflection for tests conducted
under FMVSS 208 dynamic and for those not
conducted under the same were 0.619 + 0.089 meters
(N=191) and 0.590 =+ 0.062 meters (N=58)
respectively. The means and standard deviations for
the peak deflection, equivalent half sine acceleration
pulse amplitude, circular frequency and pulse
duration for the combined dataset are shown on a per
fiscal year and vehicle category basis in Figures 10-
13.
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Figure 10. Means and standard deviations of peak
deflections per fiscal year for the combined
dynamic test database following categorization.
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Figure 11. Mean and standard deviations of half
sine acceleration amplitudes per fiscal year for the
combined dynamic tests database following
categorization.
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Figure 12. Means and standard deviations of half
sine circular frequencies per fiscal year for the
combined dynamic test database following
categorization.
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sine pulse durations per fiscal year for the
combined dynamic test database following
categorization.



For the passenger vehicle classification, the
valuations of these parameters for the entire dynamic
dataset were 0.612 + 0.085 meters, 225.10 + 29.07
m/sec’, 3426 + 426 sec' and 93 + 12 msec
respectively. For the multi-purpose vehicle
classification, the valuations of these parameter for
the entire dynamic dataset were 0.560 + 0.102 meters,
243.82 + 43.37 m/sec’, 37.50 + 6.28 sec” and 86 = 15
msec respectively.  There were no significant
differences noted for any of these parameters for each
vehicle classification for vehicles tested prior to the
utilization of the alternative sled test protocol and
subsequent to the same (p > 0.18) except for the
equivalent half sine amplitude for the multi purpose
vehicle classification (p = 0.038). The equivalent
half sine amplitude for multi purpose vehicles tested
prior to and subsequent to the inception of the
alternative sled test protocol were 252.20 + 44.55
m/sec’ (N = 53) and 234.17 + 40.31 m/sec’ (N = 46)
respectively. The differences in these parameters
were significant when compared between passenger
vehicles and multi purpose vehicles (p < 0.0001 for
all parameters).

FMVSS 208 Sled Tests

The sled tests en toto generally followed the
confines of the established maximum/minimum
trapezoidal deceleration corridors. The results of the
sled tests, shown per fiscal year conducted, plotted
against the acceleration corridors and the target half
sine pulse are shown in Figures 14-19.

Figure 14. FMVSS 208 sled tests conducted for
fiscal year 1998 overlayed on the acceleration
corridors and idealized target half sine pulse.
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Figure 15. FMVSS 208 sled tests conducted for
fiscal year 1999 overlayed on the acceleration
corridors and idealized target half sine pulse.
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Figure 16. FMVSS 208 sled tests conducted for
fiscal year 2000 overlayed on the acceleration
corridors and idealized target half sine pulse.
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Figure 17. FMVSS 208 sled tests conducted for
fiscal year 2001 overlayed on the acceleration
corridors and idealized target half sine pulse.
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Figure 18. FMVSS 208 sled tests conducted for
fiscal year 2002 overlayed on the acceleration
corridors and idealized target half sine pulse.
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Figure 19. FMVSS 208 sled tests conducted for
fiscal year 2003 overlayed on the acceleration
corridors and idealized target half sine pulse.

Specific tests, as referenced within the figures,
revealed significant deviations from the acceptable
corridors for the first two years of implementation of
the sled testing protocol. The underlying basis for
these deviations, while being unclear from an
analysis of the data alone, appeared to have been
mitigated for sled tests conducted for fiscal years
2000 through 2003. Another class of deviation from
the acceptable corridors, again cited on a test-specific
basis in the figures, consisted of undershooting the
segment of the maximum corridor in the vicinity of
the transition from the plateau deceleration to the
linearly decreasing region at approximately 70 msec.

DISCUSSION

An examination of Figure 3 reveals a
significant drop in the total number of FMVSS 208
dynamic tests available for model years subsequent to
fiscal year 1996 when compared to fiscal years 1990
through 1996. A total of zero tests were available for
a number of years (1999, 2005) whereas other years

during this range contained either only one (2000,
2004) or two tests (2002, 2003). Furthermore, the
alternative sled test procedure was utilized for the
majority of vehicles tested under FMVSS 208 for
fiscal years 1998 through 2002. Therefore, the
frontal impact response and actual frontal
supplemental restraint system timing for the majority
of vehicles tested for frontal impact compliance for
these years remains unknown with an exception
noted for the subpopulation of sled tested vehicles
also tested under similar conditions for research,
compliance procedure development and for the
NCAP. A relevant issue, which unfortunately can
not be addressed based on the subject data alone, is
whether or not the dearth of dynamic frontal impact
compliance data is secondary to the number of tests
actually conducted or secondary to availability of test
data released by the OCR.

In the ideal scenario it would have been
preferable to have vehicle specific tests conducted in
a pairwise manner with one test being conducted
under the dynamic test protocol and the other being
conducted under the sled test protocol. This would
have allowed for a direct comparison of both the
injury metrics and the characteristics of the
deceleration pulse as a function of test protocol. The
data from such testing, if it was in fact conducted, is
not generally available. Even excluding this factor,
the potential differences between the actual vehicle
specific frontal supplemental restraint system timing
and the imposed uniformed time of deployment of
the frontal supplemental restraint system under the
sled test protocol would render ineffective any
comparison between the two protocols based upon
injury metrics. As a result, the comparison between
the population based characteristic deceleration
pulses and the subject sled deceleration pulse was
deemed as being the only satisfactory method for
comparing the severity of each protocol. The
equivalent half sine collision pulse model from
dynamic test data was employed secondary to the use
of the half sine pulse for the alternative sled test.

The half sine is the characteristic response of
the single lumped mass linear spring model subject to
the dissipative force and initial conditions as
described in the Introduction. This model, while
being appropriate for field and reconstructive studies
in that the parameter of interest in these studies is the
directional vehicle change in speed, has limitations
for modeling the detailed deceleration response for
FMVSS 208 dynamic collision tests. The limitation
arises from the inability of the subject SDOF model
to replicate the local extrema of the acceleration-time
history that characterize test data obtained from



actual impact testing. The acceleration-time history
of NHTSA test v2463 as shown in Figure 5 is
characteristic of this phenomenon and was observed
for the subject data en toto. This response is
characteristic, from a uniaxial modeling perspective,
of the multiple lumped mass nature of current vehicle
frontal structures. The various local extrema, which
are also observable as peaks in the total barrier force
response from New Car Assessment Program (NCAP)
tests, are secondary to impulsive deceleration and
shortening of the vehicle frontal structure, engine and
vehicle structures between the engine and firewall
[Wood and Mooney, 1997]. The use of the SDOF
response, and thereby model, implies appropriateness
for characterization of the relevant aspects of the
collision pulse. Within this context, the SDOF model
can be fitted to match the uniaxial change in speed
(to zero) and time duration of the actual deceleration
pulse.

Hollowell et al., [1998, 1999], in their
evaluation of potential compliance tests for frontal
impact collision protection, characterized
deceleration pulses based upon the acceleration levels
and pulse durations. Testing modalities that had low
acceleration levels and long pulse durations were
characterized as being soft whereas those with high
acceleration levels and short pulse durations were
characterized as being stiff. While specific
quantitative guidelines were not proposed for these
qualitative descriptors it was noted that on the basis
of average acceleration and pulse duration that a
substantial difference was noted between the FMVSS
208 dataset from 1990-1998 and the FMVSS 208
sled test deceleration pulse. The findings of the
subject study, consistent with the cited prior studies,
do reveal a substantive difference between the sled
pulse and the equivalent half sine approximation
mean response of the population of vehicles tested
dynamically. The response characteristics of vehicles
tested dynamically under FMVSS 208, vehicles
tested dynamically under conditions substantially
similar to FMVSS 208 and the idealized sled pulse in
terms of the half sine acceleration, pulse amplitude,
circular frequency, duration and the corresponding
displacement are shown in Table 1.

Table 1.
Impact and sled test characteristics

Test A, Oy Timpact | Deflection
Type (m/sec?) (sec’) | (sec) (m)
208D 230.49 | 35.06+ | 92+ 0.603 =

+35.57 5.38 14 0.096

Research | 23043 | 35.18+ | 91+ 0.598 +

+34.75 5.12 13 0.092

208S 168.73 25.13 125 0.839

The finding of significant differences in the
equivalent half sine parameters between passenger
vehicles and multi-purpose vehicles is indicative of
the generally stiffer response of the latter. This
finding is consistent with prior studies [Hollowell and
Gabler, 1996; Gabler and Hollowell, 1998].

The lack of equivalence between the equivalent
half sine parameter quantification proposed by Huang
[2002] and that based upon the modified
methodology of Varat and Husher [2003] is an
unexpected finding in that the formulation of the
former reduce to that of the latter with the explicit
imposition of the boundary constraints and
substitution of the definition of the circular frequency
in terms of the impact duration. In that consistency
was noted between the two formulations in regards to
quantification of the half sine parameters, the
differences in the results can not be attributed to
miscoding of the algorithms proposed by Huang
[2002]. A further evaluation is needed to determine
the underlying source of the differences in the two
algorithms for those tests in which the same result
was not determined.

CONCLUSIONS

The quantitative parameterization of the half
sine pulse utilized for the FMVSS 208 sled test
substantially underestimates the mean equivalent half
sine approximation response for both passenger
vehicles and multipurpose vehicles tested under
FMVSS 208 dynamic and substantially similar
barrier impact modalities.
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APPENDIX A

The general form of a half sine pulse as a
function of peak amplitude A, pulse duration T and
time shift t is given by equation (Al).

%(r)=A, -sin{@j (Al).

The closest approximating ideal half sine pulse
that is admissible in regards to the maximum
trapezoidal corridor is determinable by enforcement
of the acceleration values at the start and end of the
maximum corridor plateau.

5(#=0.055) =

-(0.055— A2).
-156.96 = A, ~sin(uj (42)

T

5(#=0.070) =

-(0.070— A3).
-156.96= A, .Sm[u] (A3)

T

Equating equations (A2) and (A3) with the
substitution of T = 0.005 seconds and solving for the
pulse duration T results in T = 0.115 seconds.
Substitution of this solution into equation (A2) results
in the solution for the amplitude as being A, = -
160.313 m/sec’. Therefore the equation for the
closest approximating ideal half sine pulse that is
admissible based upon the requirements of the
maximum corridor is:

(1) = 160,313 -sin| Z-LZ000)
5%(1)=-160.313 sln( R J (A4).

Equation (A4) is valid temporally over the
region {t: 0.005 sec < t < 0.120 sec}. Explicit
integration of equation (A4) over this duration results
in a uniaxial change in speed of - 11.737 m/sec (-
26.255 MPH). Implicit integration of equation (Al)
results in the solution for the velocity.

“(1)="2 'T.co{”‘(;‘f)}q (A3)

For the FMVSS 208 sled test, the constant of
integration C; can be determined by substitution of

the initial condition x(0) = 0 into equation (A5).

A, T .
¢ == L -cos(—%j (A6).

Substitution of equation (A6) into equation (AS)
and implicitly integrating the results in the
displacement solution.

(”.fj

—f-cos| — [+

AP~T T

= . (A7).

== (@}

—-sin
T

Explicit integration of the velocity solution over
the appropriate temporal limits of integration results
in a solution for the total displacement of -0.669
meters (-26.3 inches) that occurs over the pulse
duration.



The closest approximating half sine pulse that is
admissible in regards to the minimum trapezoidal
corridor is determined by first noting that pulse
duration must equal 0.130 + (2 / 0.405) * 107
seconds and that the time-shift is - (2 / 0.405) * 10~
seconds. The amplitude can be determined by noting
that the first time derivative of the half sine
acceleration pulse (i.e. the jerk) must be less than or
equal to the first time derivative of the rising leg of
the trapezoidal deceleration bounding function over
{t: -2 / 0.405) * 10° < t < 0.040 seconds}.
Enforcement of the equality constraint between the
two time derivatives at the lower time limit results in
the following relationship where the period and the
time-shift are in units of msec and the constant term
on the right of the second equality is in units of
G/msec:

7Z'°(0—T)
T

] =-0405  (A8).

The solution for the amplitude is Ay = -170.651
m/sec’. The solution for the half sine pulse thus
becomes:

5(#) =—170.651-sin

Explicit integration of equation (A9) over the
temporal limits results in a uniaxial change in speed
of - 13.365 m/sec (- 29.897 MPH). Explicit
integration of equation (AS5) following substitution of
the appropriate definitions for the amplitude, time-
shift and duration results in a displacement of -0.983
meters (-38.7 inches).

APPENDIX B

The displacement solution to the second order
differential equation of motion of equation (2) is
determinable by the sum of the homogenous and
particular solutions.

X(f) =X (t)+xp (f) = (Bl)
A-Cos(@,-1)+B-Sin(w,-t)+C-¢

The coefficients A, B and C can be determined
from the system initial and boundary conditions.
Substitution of the initial displacement condition into
equation (B1) results in the solution of A = 0.

x(0)=0=
A-Cos(@,-0)+B-Sin(w,-0)+C-0> 0= (B2).
A1—>A4=0

The velocity solution is obtained by taking the
first time derivative of equation (Bl) following
substitution of equation (B2) for the coefficient A.

%(¢)=B-w,-Cos(®, 1)+C (B3).

The period of the waveform is related to the
circular frequency of the sinusoid by equation (B4).

0 =" (B4).

"
Tpm'od

Substitution of equation (B4) into the velocity
solution of equation (B3) results in the following:

T T

2(r) =28 2 e (BS).
period period

The coefficients B and C can be solved for
simultaneously by implementing the initial condition
for the velocity of x(0)=», and the desired

.. Tpm'o:{
boundary condition of x - =0.

T, .
X[ pmodJ:O:
2

2-7-B 2.7-Ty

T2 Cos pred 1L 50= (B6).
Tperiod 2- Tperz‘af/

T2 Cu(r)+Cc»c ==L
Tpmbn’ priod

2-mr-B
v, = d +C >y, =
period (B7)

2.7-B_ 2-7B 2y " Ty '

L SN W s LA
T[)er/oa’ T[Jen'od 4-7

2-7-B 2'”'”o'szr[ad v,
= T - S 2

period 4-7- Tperiad

C

(BS).

Substitution of the definition of B from
equation (B7) and C from equation (B8) into the



solutions for the displacement, velocity and
acceleration result in the following:

2NN 2.t
we(t) =22 i 2 ey (BY).
4.7 Tperiod 2
27
2(r) =22 Cos| ZZL |4 Lo (B10).
2 Tperz‘od 2
. 2.7
$(r)= -2 g 22 (BI1).
T])eriad Tpm'o:{

The half sine pulse employs only half of the full
period. Using the relationship of Tperios = 2 * Timpacts
equations (B9-B11) can be rewritten as:

v T, .
()= | Ly L (B12).
2'72- ’Tz'mpa[f 2
w(r) =22 Cos| 2L |4 22 (B13).
2 impact 2

v, Tt
X(t)=——"2 Sin B14).
( ) 2T [T;mparf\] ( )

impact



