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ABSTRACT 

The magnitude of crash acceleration affects neck injury risk in rear crashes.  It is less clear 

whether different shaped crash pulses of similar overall severity also cause different injury outcomes.  

This study examined two crash pulse shape characteristics and their effects on dummy responses in 

rear crashes: 1) oscillations of approximately twice the frequency of the main mode typical of full-

scale crash tests and 2) timing of the maximum peak acceleration.  The presence of acceleration 

oscillations did not influence the magnitudes of BioRID responses.  The timing of peak sled 

acceleration did affect both the timing and magnitude of some BioRID responses. 
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CONSIDERABLE EFFORT is being expended to address soft tissue neck injuries, called whiplash, 

that often occur in rear crashes.  Vehicle design, especially concerning seats and head restraints, has 

been shown to affect the likelihood of whiplash injuries, and consumer information testing is seen as a 

major factor in driving better vehicle designs.  The Insurance Institute for Highway Safety (IIHS) in 

the United States and the Motor Insurance Repair Research Centre (Thatcham) in the United Kingdom 

assess the static geometry of vehicle head restraints following a protocol prescribed by the Research 

Council for Automotive Repairs (RCAR).  Since 1995, the proportion of new cars sold in the United 

States with head restraints rated good has increased from 5 to 30 percent, whilst the proportion of head 

restraints with poor geometry has declined from 82 to 22 percent (IIHS, 2001a).  In 2002, the 

proportion of new car models in the United Kingdom with head restraints rated good was 48 percent, 

whilst 24 percent were rated marginal or poor (Thatcham, 2002).  In addition, several manufacturers 

now equip their vehicles with seats and head restraints specifically designed to provide even better 

protection against whiplash injuries (Lundell et al., 1998; Sekizuka, 1998; Wiklund and Larsson, 

1998).  These designs go beyond principal geometric requirements for neck protection to include self-

aligning head restraints and energy-absorbing or force-limiting seatbacks.  Consequently, it is widely 

recognized that dynamic test evaluations of seats and head restraints are needed to enhance consumer 

information test programs and encourage the fitting of the more effective anti-whiplash designs. 

The International Insurance Whiplash Prevention Group (IIWPG), the International 

Organization for Standardization (ISO), and the European New Car Assessment Program (EuroNCAP) 

are developing test protocols to evaluate vehicle seats and head restraints under simulated rear-crash 

conditions (IIHS, 2001b; Klanner, 2001; Langwieder and Hell, 2002).  These efforts share the 

common idea that seats and head restraints are best evaluated using sled tests, in which a tested seat 

plus head restraint is attached to a crash-simulating sled.  This is preferable to a single full-scale crash 

test because it is understood that any single vehicle design may experience a wide range of rear-crash 

accelerations in real traffic (Linder, Avery, et al., 2001).  Because head restraints are expected to 

provide protection in the range of rear crashes that occur in traffic, it seems that a series of tests 

covering the range of real-world crashes are needed to evaluate seat and head restraint designs, thus 

making full-scale crash testing impractical. 

Questions arise about the appropriate crash pulses for this kind of testing.  Even if model-

specific crash pulses are impractical and inappropriate, then test crash pulses for evaluating seat 

designs must reflect realistic crashes in some general sense.  For example, one hypothesis suggests that 

whiplash injuries are more frequent in rear crashes of more modern cars because such cars tend to 

have stiffer crash structures (Linder, Avery, et al., 2001; Muser et al., 2000).  If such a hypothesis 
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proves true, then test crash pulses for evaluating seat designs should reflect the rear-crash accelerations 

that are likely in modern and future vehicle designs rather than vehicle designs of the past.  What are 

the characteristics of actual crash pulses that must be accounted for when prescribing generalized sled 

pulses for evaluating seats and head restraints? 

The velocity change (deltaV) experienced by the struck vehicle is a typical parameter used to 

quantify the severity of a crash, and existing research generally confirms that neck injury risk 

increases with increasing deltaV (Krafft et al., 2001; Linder, Olsson, et al., 2001; Zuby and Avery, 

2002).  The basic assumption supporting the use of deltaV is that the time over which velocity change 

takes place is similarly short in all crashes such that deltaV relates to the acceleration of a struck 

vehicle and consequently the forces that restraint systems, including the seat, must manage during a 

crash.  However, crashes with similar deltaVs can have very different acceleration pulses depending 

on various conditions like whether the bumpers of the impacting vehicles engage or over/underride 

each other due to vertical misalignments or front-end dive from braking.  Figure 1 shows how the 

acceleration pulse of a rear-struck vehicle can vary for the same vehicle model with similar deltaVs in 

real-world crashes.  Consequently, the shape of the acceleration history may be an important 

consideration for prescribing a sled test used to evaluate seats and head restraints. 

 
Figure 1 - Crash pulse for a single vehicle design varies with impact circumstances. This figure  

shows two crash accelerations (approximately 7 km/h deltaV) for real-world crashes of a  
1998 Toyota Corolla as recorded by Folksam Insurance crash pulse recorder. 
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Accelerations recorded in full-scale crash tests typically include high-frequency vibrations that 

are not considered relevant to the forces experienced by vehicle occupants (Figure 2).  The Society of 

Automotive Engineers (SAE), for instance, recommends filtering recorded vehicle accelerations with a 

low-pass, 100 Hz, cut-off filter (channel frequency class – CFC 60) when comparing accelerations 

from different vehicles or different crash situations (SAE, 2000).  However, even these filtered 

accelerations include oscillations that may not be relevant to vehicle occupant kinematics and injury 

risk.  Crash simulation sled tests typically specify an acceleration corridor that allows for relatively 

small amplitude oscillations, whilst assuming that the basic shape of the acceleration history is a 

unimodal trapezoid (Figure 3).  Many vehicle accelerations recorded in laboratory crash tests and real-

world crashes have a high initial peak occurring relatively early followed by one or more smaller 

peaks, and rarely have a symmetric shape implied by the generalized trapezoidal pulse corridors as 
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illustrated in Figure 4 (Heitplatz et al., 2002).  Does the shape of the acceleration history, including 

oscillations near the frequency of the main mode, affect the injury-related responses of occupants in 

vehicles that experience similar crash accelerations?  This study examined two pulse shape 

characteristics and their effects on crash dummy responses: 1) oscillations of approximately twice the 

frequency of the main mode and 2) timing of the maximum peak acceleration. 

 
Figure 2 - Typical crash accelerations include high-frequency oscillations not considered relevant  

to crash injury risk. SAE recommends filtering vehicle accelerations to CFC 60. This figure  
compares unfiltered and filtered accelerations for a typical 16 km/h deltaV crash. 
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Figure 3 - Examples of typical sled test acceleration-pulse specification corridors 
from International Organisation for Standarisation (ISO)-proposed whiplash  

test procedure and U.S. Federal Motor Vehicle Safety Standard (FMVSS) 208. 
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Figure 4 - Typical accelerations from crash tests are not  
symmetric or unimodal as trapezoidal pulse corridors imply. 
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METHODS 

Three different seat designs were subjected to each of three test pulses in sled tests using 

BioRID IIc (Davidsson, 2000).  Seat designs were from the 2002 BMW 3 series, 2001 Saab 9-3, and 

2002 Volkswagen Bora/Jetta.  Each of the three test pulses produced a deltaV of approximately 16 

km/h over a period of about 90 ms (Figure 5).  The maximum acceleration was 10 g for all three 

pulses.  The late-peak pulse was the mirror image (in time) of the early-peak pulse.  Despite the 

obvious difference between the early-peak and bimodal test pulses, the deltaV for the bimodal pulse 

was the same as those for the other pulses because the second peak in the bimodal pulse was offset by 

the earlier and sharper acceleration dip compared with the early-peak pulse. 

 
Figure 5 - Three different test acceleration pulses used in this study. All three 
produced a deltaV of about 16 km/h with a mean acceleration of about 5 g. 
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The full test matrix consisted of 36 tests; two tests for every combination of the three pulses, 

three seat designs, and two head restraint positions (full-up and full-down).  A new, untested seat was 

used for each test.  The actual series consisted of 32 tests due to the availability of test materials and 

problems with data acquisition (Table 1).  Thus, repeat tests were not conducted on the BMW seat 

with full-up head restraint for each of the three pulses or the Volkswagen seat with full-up head 

restraint for the early-peak pulse. 

 
Table 1 - Test Matrix 

Seat Design, Head Restraint Position Early-Peak Pulse Bimodal Pulse Late-Peak Pulse 

BMW 3 series, Down 2 2 2 
BMW 3 series, Up 1 1 1 
Saab 9-3, Down 2 2 2 
Saab 9-3, Up 2 2 2 
Volkswagen Bora/Jetta, Down 2 2 2 
Volkswagen Bora/Jetta, Up and Forward 1 2 2 
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The seats had a range of geometrical fit to BioRID (Table 2).  The tops of all three head 

restraints in the full-up positions reached above the center of gravity of the dummy’s head, thereby 

meeting the minimal geometric requirements for whiplash protection.  The Saab seat also was 

equipped with an active head restraint that moves up and forward during the crash due to forces 

exerted on a special mechanism by the seat occupant’s back. 

 
Table 2 - Head Restraint Geometry 

 Head Restraint Down  Head Restraint Up 

  
Seat Design 

Distance Behind
Head (cm) 

Distance Below
Top of Head (cm)  

Distance Behind 
Head (cm) 

Distance Below
Top of Head (cm)

BMW 3 series 6.4 11.2  4.8 2.3 
Saab 9-3 5.1 11.0  5.3 5.3 
Volkswagen Bora/Jetta 7.9 11.7  8.4 3.9 

 

Data and Analysis – BioRID was fitted with three accelerometers (X, Y, and Z directions) in 

the head and pelvis plus two accelerometers (X and Z directions) on the T1 vertebral segment.  In 

addition, the dummy was fitted with a loadcell that measured two forces (X and Z) and one bending 

moment (about the Y-axis) at the connection between the head and neck (Figure 6).  Measurements 

from these sensors were recorded at a rate of 10 kHz after the signals were passed through an analog, 

low-pass filter with a cut-off frequency of 2,500 Hz.  The neck force measurements were filtered to 

SAE CFC 180 and the head and T1 acceleration measurements were filtered to SAE CFC 60 before 

summarizing minimum and maximum values or calculating injury criteria.  High-speed video (1,000 

fps) was used to record the motion of the dummy and to measure rotation and retraction of the head 

plus the associated straightening of the cervical spine. 

 
Figure 6 - Location and orientation of BioRID response measurements. 
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A series of multivariate analyses of variance (MANOVA) were used to examine the effects of 

three factors — test pulse shape, seat design, and head restraint position — on the various dummy 

responses.  In addition to the three neck loads and rebound velocity, injury measures included neck 

injury criterion (NIC) as described by Bostrom et al. (1996) and Nkm as proposed by Schmitt et al. 

(2002).  Also, the neck displacement criteria (NDC) — retraction distance, vertical displacement of the 

head relative to T1, and head rotation relative to T1 — was calculated from video measurements 

(Viano and Davidsson, 2002).  Minimum and maximum values for all response parameters except 

maximum rebound velocity were taken from a time between the beginning of the test and the time the 

dummy’s head lost contact with the head restraint at the beginning of rebound. 

As an alternative measure of the effect of pulse shape, mean dummy responses were used to 

rank each of the six seat conditions (three designs by two head restraint positions).  Computing 

Pearson correlations compared rankings produced by each of the three pulse types. 

RESULTS 

The different sled acceleration pulses were intended to have the same maximum acceleration 

and deltaV and very similar mean acceleration.  Actual differences were small and considered unlikely 

to affect the outcome of the study (Table 3).  To test this assumption, MANOVA was conducted to 

check for statistically significant sled acceleration pulse differences between crash pulse types after 

accounting for the effects of seat model and head restraint position.*  Using Wilks’ F test, it was 

determined that the observed differences were statistically significant (Table 4). 
 

Table 3 - Comparison of Sled Acceleration Pulse Characteristics 

Sled Test Early-Peak  Bimodal  Late-Peak 

Acceleration Pulse Mean Std. Dev.  Mean Std. Dev.  Mean Std. Dev. 

Maximum acceleration (g) 9.86 0.18  10.06 0.18  9.65 0.10 
Mean acceleration (g) 4.59 0.19  4.84 0.05  4.78 0.13 
DeltaV (km/h) 16.14 0.20  16.23 0.22  15.93 0.25 

 
Table 4 - Summary of MANOVA for Pulse-Shape Effects on Sled Acceleration 

after Controlling for Effects of Seat Design and Head Restraint Position 

 Bimodal vs. Early-Peak Bimodal vs. Late-Peak Early-Peak vs. Late-Peak 

Wilks’ F
a 

34.07 41.68 4.66 
p-value <0.0001 <0.0001 0.0221 
a
 with 3 numerator and 12 denominator degrees of freedom 

 

Dummy response measurements showed that the dummy’s neck and head did not begin 

moving until late in the crash pulse, generally after differences between early-peak and bimodal pulses 

had occurred (Figure 7 shows the sled, T1, and head X-accelerations from one of the tests).  Most of 

the maximum dummy responses were recorded after the sled acceleration had returned to zero.  Even 

so, the dummy’s head contacted the head restraint later in the late-peak tests compared with early-peak 

and bimodal tests.  Consequently, peak BioRID responses occurred consistently later in the late-peak 

tests (Table 5).  A second MANOVA was conducted to check for statistically significant differences in 

the timing variables between crash pulse types.  Only the late-peak tests produced outcomes 

significantly different from those of the other two pulse types (Table 6).  Furthermore, these 

significant differences occurred only for the timing of head restraint contact, NIC, maximum and 

minimum Fx, and maximum and minimum Fz. 

 

                                                 
*There was no known reason that the seat model being tested should affect sled acceleration or deltaV.  

However, systematic differences by seat model were observed.  For example, peak sled acceleration averaged 

9.98 g for the BMW tests, 9.89 g for the Saab tests, and 9.73 g for the Volkswagen tests.  Differences may be 

related to the sequence of testing; all tests for a single design were conducted before switching designs. 
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Figure 7 - Typical BioRID response to sled test shows that peak  
BioRID responses occur after sled acceleration ended. 
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Table 5 - Head Contact Time (ms) and Occurrence (ms) of Peak BioRID Responses 
Sled Test Early-Peak  Bimodal  Late-Peak 

Acceleration Pulse Mean Std. Dev.  Mean Std. Dev.  Mean Std. Dev. 

Contact with head restraint 74.4 13.5  74.3 9.9  87.9 10.9 
NIC 75.1 8.9  77.8 8.0  89.2 9.0 
Maximum Fx 86.3 48.6  90.3 47.2  96.7 57.8 
Minimum Fx 89.0 41.8  84.5 41.3  95.8 43.3 
Maximum Fz 111.1 4.1  109.4 5.2  122.6 7.9 
Minimum Fz 55.8 2.4  56.2 2.7  71.1 2.3 
Maximum MY 84.0 24.7  92.5 25.3  107.6 30.6 
Minimum MY 117.6 24.7  124.4 29.2  134.9 29.5 

 
Table 6 - Summary of MANOVA for Pulse-Shape Effects on Timing Variables  

after Controlling for Effects of Seat Design and Head Restraint Position 
 Bimodal vs. Early-Peak Bimodal vs. Late-Peak Early-Peak vs. Late-Peak 

Wilks’ F
a
 0.59 32.14 34.29 

p-value 0.7614 <0.0001 <0.0001 
a
 with 8 numerator and 7 denominator degrees of freedom 

 

Summary statistics of the BioRID peak responses for each pulse type are listed in Table 7.  A 

third MANOVA was conducted to check for statistically significant differences in dummy responses 

between crash pulse types.  In general, the bimodal and early-peak tests yielded similar results, but the 

corresponding BioRID responses were somewhat different from those of the late-peak tests (Table 8).  

Only the differences for maximum Fx, maximum Fz, minimum Fz, maximum MY, minimum MY, and 

Nkm (both extension-posterior and flexion-anterior) were significant.  The late-peak tests tended to 

produce BioRID peak responses of smaller magnitude than the early-peak and bimodal tests. 
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Table 7 - Mean BioRID Responses by Crash Pulse 
Sled Test Early-Peak  Bimodal  Late-Peak 

Acceleration Pulse Mean Std. Dev.  Mean Std. Dev.  Mean Std. Dev.

NIC 20.8 6.0  20.3 4.7  20.4 6.5 
Maximum Fx (N) 189 136  201 148  183 121 
Minimum Fx (N) -56 57  -58 54  -57 57 
Maximum Fz (N) 828 400  796 390  757 375 
Minimum Fz (N) -82 52  -74 41  -49 27 
Maximum MY (Nm) 10.1 6.7  11.3 7.6  9.1 5.6 
Minimum MY (Nm) -8.2 3.9  -7.0 4.0  -7.4 4.1 
Nkm extension-posterior 0.3 0.1  0.3 0.1  0.3 0.1 
Nkm flexion-anterior 0.2 0.1  0.2 0.1  0.1 0.1 
Maximum rear rotation of head (deg) -1.9 2.2  -1.5 1.8  -1.8 2.1 
Maximum retraction (mm) 17.6 13.6  19.8 15.6  20.5 15.3 
Maximum vertical motion of head (mm) 2.4 4.1  2.5 3.2  1.1 0.9 
Rebound velocity (m/s) 2.6 0.2  2.6 0.3  2.6 0.2 

 
Table 8 - Summary of MANOVA for Pulse-Shape Effects on Dummy Responses  

after Controlling for Effects of Seat Design and Head Restraint Position 
 Bimodal vs. Early-Peak Bimodal vs. Late-Peak Early-Peak vs. Late-Peak 

Wilks’ F
a
 1.23 45.04 51.34 

p-value 0.5347 0.0219 0.0193 
a
 with 13 numerator and 2 denominator degrees of freedom 

 

Although the differences in deltaV and in mean and peak accelerations among the three pulses 

were small, late-peak pulses were inadvertently less severe judging by two measures of severity: peak 

acceleration and deltaV.  Consequently, MANOVA was repeated including deltaV and mean and peak 

accelerations as covariates.  Adding these covariates would have exceeded the capabilities of the 

statistical model,* so only the seven BioRID responses previously found to exhibit significant 

differences between late-peak and the other pulse shapes were included in MANOVA.  After including 

deltaV and accelerations as covariates, the late-peak pulse still produced outcomes significantly 

different from those of the other two pulse types (Table 9).  This time, significant differences occurred 

only for minimum Fz, maximum MY, and the extension-posterior and flexion-anterior Nkm. 

 
Table 9 - Summary of MANOVA for Pulse-Shape Effects on Dummy Responses after 
Controlling for Effects of Sled Acceleration, Seat Design and Head Restraint Position 

 Bimodal vs. Early-Peak Bimodal vs. Late-Peak Early-peak vs. Late-Peak 

Wilks’ F
a
 0.66 5.56 27.53 

p-value 0.7054 0.0385 0.0011 
a
 with 7 numerator and 5 denominator degrees of freedom 

 

Even though pulse shape does not seem to affect the magnitudes of BioRID responses, it is 

important to understand that in any consumer information program the objective is to discern 

differences among the designs being rated.  The Appendix shows the mean BioRID responses by pulse 

shape and seat model/head restraint position, which were used to rank the six different seat  

model/head restraint position combinations.  The rank orders by pulse shape were checked for 

correlation.  Generally, the Saab seat with the head restraint adjusted to the full-up position generated 

the lowest BioRID responses.  For example, Table 10 shows how NIC ranked the different seat 

model/head restraint position combinations for each of the different crash pulses.  Only in the full-

down position did pulse shape alter the rankings by NIC. 

 

                                                 
*The number of response measures in MANOVA cannot exceed the residual degrees of freedom as computed in 

the univariate analysis of variance. In the statistical model with deltaV and acceleration covariates, there were 

11 residual degrees of freedom, so all 13 response measures could not be included. 
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Table 10 - Rankings of Each Seat Model/Head Restraint Position Combination by NIC 
Seat Design, Head Restraint Position Bimodal Tests Early-Peak Tests Late-Peak Tests 

Saab 9-3, Up 1 1 1 
BMW 3 series, Up 2 2 2 
Volkswagen Bora/Jetta, Up 3 3 3 
BMW 3 series, Down 6 4 5 
Volkswagen Bora/Jetta, Down 4 5 4 
Saab 9-3, Down 5 6 6 

 

The rank orders suggested by maximum Fx and MY, Nkm (both extension-posterior and 

flexion-anterior), and head rotation exhibited a high degree of correlation between the bimodal and 

early-peak pulses, whilst the late-peak ranks for these measures were less highly correlated (Table 11).  

Minimum MY and Fz, maximum Fz, and retraction and superior motions of the head produced rank 

orders that were similarly correlated among all three pulse shapes.  The rank orders suggested by NIC, 

minimum Fx, and rebound velocity were more highly correlated between early-peak and late-peak 

pulses than either was with bimodal pulses.  As there were some differences among the rank 

correlations from the individual BioRID responses, pooling the rankings for the 13 response variables 

tested a more general view of the effect of pulse shape on ranking.  The pooled rank sequence was 

started with the sequence of ranks (1 to 6) from one variable and was built up to a sequence of 78 

elements by appending the rank sequence of the other 12 response variables.  The three pooled-rank 

sequences were similarly correlated. 

 
Table 11 - Pearson Correlation Coefficients for Seat Model/Head 

Restraint Position Orderings by BioRID Response and Pulse Shape 
 

Sled Test Acceleration Pulse 

Bimodal vs. 
Early-Peak 

Bimodal vs.  
Late-Peak 

Early-Peak vs. 
Late-Peak 

NIC 0.83 0.94 0.94 
Maximum Fx (N) 0.94 0.83 0.94 
Minimum Fx (N) 0.83 0.83 1.00 
Maximum Fz (N) 0.94 1.00 0.94 
Minimum Fz (N) 0.89 0.89 1.00 
Maximum MY (Nm) 0.94 0.89 0.77 
Minimum MY (Nm) 0.94 0.94 0.89 
Nkm extension-posterior 1.00 0.83 0.83 
Nkm flexion-anterior 0.94 0.83 0.77 
Maximum rear rotation of head (deg) 0.89 0.77 0.54 
Maximum retraction (mm) 1.00 1.00 1.00 
Maximum vertical motion of head (mm) 0.43 0.43 0.37 
Rebound velocity (m/s) 0.60 0.49 0.94 
    
All 13 ranks pooled* 0.86 0.82 0.84 
*Each BioRID response variable ranked the seat design/head restraint position from 1 to 6.  The combined sequence 

consisted of 78 elements (6 ranks × 13 variables).  The correlations given are the correlations between pairs of these 
78-element sequences. 

DISCUSSION 

The issue addressed in this study is based on two ideas.  First, as any specific vehicle model 

may experience a range of rear crashes, it is impractical to evaluate the vehicle’s seats using full-scale 

crash tests.  Second, some crash acceleration characteristics may have an important influence on seat 

occupant kinematics and thus on the requirements imposed on seat and head restraint designs.  What 

generalizations of the crash pulses used for evaluating seats and head restraints are permissible?  

Standardized sled tests typically specify a symmetric acceleration pulse with a trapezoidal shape, but 

vehicle accelerations recorded in crash tests and real-world crashes rarely show these characteristics.  

Instead, crash pulses typically exhibit the highest accelerations early in the crash and often include 

additional significant peaks.  The test crash accelerations used in this study were designed to examine 

unimodal compared with bimodal acceleration pulses and also early high accelerations compared with 

late high accelerations. 

Other researchers have reported on how various crash pulse characteristics influence the 

kinematic response of seat occupants and injury risk.  However, none of these examined the effect of 
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shape independent of crash severity, i.e., acceleration magnitude and total velocity change (deltaV).  

For example, Krafft et al. (2001) studied the risk of neck injuries in real crashes of cars fitted with 

crash-pulse recorders and found that deltaV did not correlate as well with neck injury risk as the mean 

acceleration during the crash.  Linder, Olsson, et al. (2001) and Zuby and Avery (2002) reported on 

rear sled tests with BioRID using a variety of crash pulse shapes and found that among crash pulses 

with the same deltaV, those with a higher mean acceleration produced higher dummy responses.  But 

in both sets of experiments, the different shaped pulses also had different acceleration levels so that 

conclusions about the influence of shape by itself could not be made.  Also, Eriksson and Bostrom 

(2002) examined how NIC varies with different crash-pulse parameters using a mathematical model of 

BioRID.  Despite having conducted crash simulations with a variety of acceleration pulse shapes, the 

authors did not report whether the different shapes produced different NIC values when overall crash 

severity was controlled. 

Results of this study do show that crash acceleration oscillations on the order of twice the 

frequency of the main mode do not affect BioRID responses when compared with unimodal 

acceleration tests, despite relatively high accelerations (80 percent of maximum) occurring later in the 

crash event.  Whilst it is possible that seat designs different from those tested in this study might have 

given different results, it should be noted that the range of seat models and head restraint positions 

tested extends from suboptimal tests of head restraints in the full-down position (in which restraints 

were not high enough to effectively catch BioRID’s head) to tests involving advanced designs like the 

Saab active head restraint optimally adjusted.  Consequently, it is unlikely that seat and head restraint 

designs tested in the near future will give different results for unimodal and bimodal crash acceleration 

tests. 

Likewise, it is possible that humans and other crash dummies may be more or less sensitive to 

the influence of these crash shape differences than the BioRID IIc used in these experiments.  

However, BioRID has been demonstrated to exhibit kinematic responses in simulated rear crashes that 

mimic those of human volunteers, albeit in conditions with somewhat lower accelerations than used in 

these experiments (Davidsson, 2000).  Consequently, seat and head restraint evaluation sled tests 

conducted with BioRID and simply shaped acceleration pulses are expected to give indications of seat 

performance relevant to real-world crashes of similar severity, whether or not the real crashes include 

acceleration oscillations not included in the evaluation test. 

This study was conducted with the intent of understanding the necessary test requirements to 

evaluate seat and head restraint designs in consumer information programs.  Results of the rank-

correlation analysis suggests any evaluation protocol that considers multiple BioRID responses as the 

basis for ratings need not be too concerned about the shapes of specific acceleration pulses.  The Saab 

with active head restraint adjusted to the highest position tended to produce the lowest BioRID 

response measures, whilst the BMW and Volkswagen head restraints adjusted to the lowest position 

tended to produce the highest BioRID responses.  Even though the rankings of six different seat 

model/head restraint position combinations by single BioRID response varied somewhat depending on 

the test acceleration, the pooled rank sequences were similarly correlated for all three acceleration 

pulses. 

Based on consideration of the results of this study, IIWPG has chosen unimodal pulses over 

bimodal ones to form the basis of future seat and head restraint evaluations with the expectation that 

unimodal accelerations would be easier to reproduce on a wide variety of sled designs.  The IIWPG 

pulses also have early peaks, rather than late or middle peaks; although the differences were small, 

early peaks tended to produce higher BioRID responses and are more typical of real rear-crash pulses.  

A 16 km/h deltaV test (Figure 8) will be the main test for judging protection from whiplash injuries in 

rear crashes.  Additional tests at lower and higher deltaVs will be considered to ensure protection in 

low-speed rear crashes and occupant retention in crashes at higher speeds. 
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Figure 8 - Whiplash test pulse (16 km/h) under consideration by IIWPG 
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CONCLUSIONS 

This study tested the effect of two different acceleration pulse characteristics on BioRID 

responses.  Bimodal acceleration pulses were compared with unimodal crash accelerations; early-peak 

acceleration pulses were compared with late-peak acceleration pulses.  Neither the magnitude nor 

timing of peak BioRID responses was affected by the pulse-shape difference, bimodal vs. unimodal.  

However, a delayed peak sled acceleration (peak occurring at 72 ms compared with 18 ms) did affect 

the timing and magnitude of some BioRID responses.  The head restraint contact and peak BioRID 

responses occurred later in the late-peak tests than in the early-peak and bimodal tests, although the 

differences were only significant for contact time, NIC, maximum Fx, minimum Fx, maximum Fz, 

and minimum Fz.  The late-peak acceleration pulse also tended to produce BioRID responses that 

were lower in magnitude compared with early-peak and bimodal pulses; however, only Nkm, 

maximum MY, and minimum Fz were significantly different from responses in the other tests.  Despite 

these differences, all three pulses tended to rank different seat design/head restraint position conditions 

similarly when the ranks from 13 different BioRID responses were pooled. 
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Appendix 

Contact 
Time NIC 

Max 
Fx 

Min 
Fx 

Max 
Z 

Min 
Z 

Max 
MY 

Min 
MY Nep Nfa

Max 
Rear 
Rot. 

Max 
Retraction

Max 
Vertical 
Motion 

Rebound 
Velocity 

Early-peak              BMW, Up 66.8 18.5 279 -23 730 -119 23.8 -2.5 0.33 0.27 0.0 19.1 2.4 2.6 
 BMW, Down

 
          

          
           

         
          
              

                
          

          
           

         
          
              

                
          

          
          

         
          

84.4 22.5 332
 

-21 1208 -169 7.8 -8.7 0.49 0.10 -4.9 30.4 7.68 2.2
Saab, Up 60.0 11.5 2 -160

 
 252 -49 5.2 -8.2 0.17 0.19 -0.4 0.4 0.50 2.9

Saab, Down 63.6 27.9 76 -56 811 -32 7.5 -14.2 0.31 0.12 -0.3 5.0 0.97 2.6
 VW, Up and Forward 

 
76.8 19.6 222 -23 503 -64 21.7 -2.8 0.26 0.25 -0.2 25.4 1.0 2.6

VW, Down
 

92.2 22.9 286 -23 1253 -70 7.5 -7.4 0.47
 

0.09 -3.7 30.0 1.36 2.5

Bimodal
 

BMW, Up 72.4 18.9 296 -22 797 -101 25.9 -1.9 0.35 0.29 0.0 19.7 7.0 2.2
BMW, Down

 
77.2 24.3 392

 
-20 1232 -139 7.7 -7.4 0.48 0.10 -3.4 38.6 5.82 2.3

Saab, Up 61.8 11.4 1 -150
 

 223 -36 5.0 -7.4 0.16 0.18 -0.2 1.2 1.14 3.1
Saab, Down 69.4 23.4 62 -95 827 -39 7.1 -13.7 0.29 0.11 -0.8 2.3 2.06 2.8

 VW, Up and Forward 
 

75.1 20.3 212 -21 509 -78 21.2 -2.5 0.25 0.24 0.0 25.9 0.80 2.4
VW, Down
 

89.0 22.6 292 -20 1192 -63 8.4 -6.6 0.43
 

0.10 -3.7 30.9 0.61 2.6

Late-peak
 

BMW, Up 74.0 14.9 180 -47 560 -62 12.0 -4.4 0.21 0.14 -0.3 25.4 1.4 2.7
BMW, Down

 
95.4 24.7 339

 
-14 1148 -96 6.2 -7.4 0.43 0.07 -3.5 36.6 1.99 2.4

Saab, Up 75.7 10.2 1 -164
 

 196 -38 4.9 -8.6 0.18 0.19 -0.1 0.4 1.46 3.0
Saab, Down 82.2 29.0 100 -70 896 -25 6.6 -14.4 0.30 0.10 -1.0 3.5 0.67 2.7

 VW, Up and Forward 
 

90.6 19.9 212 -20 516 -39 19.8 -2.1 0.25 0.23 -0.2 26.5 0.74 2.5
VW, Down 102.5 20.7 265 -21 1129 -42 6.7 -6.0 0.41 0.08 -5.1 32.7 0.73 2.4
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