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ABSTRACT 
To study the influence of crash pulse duration on injury risk, data of 272 real life frontal collisions 
with recorded crash pulses was used. 371 restrained occupants were included. It was found that 
compared with acceleration, the duration has a limited influence on injury risk. The study shows that 
the average pulse duration in cases with AIS2+ injuries was 7 % longer than in cases with AIS1 
injuries. The corresponding difference for mean acceleration was 89%. It was found that the injury 
reduction effect of airbags was not negatively affected in crashes with a long duration. The results 
show that in the design of a crashworthy road transport system the design criteria should be based on 
acceleration, not on change in velocity, because long pulse duration was not found to have a big 
influence on injury risk. 
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CAR-TO-CAR CRASHES and crashes with roadside objects or roadside areas create crash pulses 
with large variations in respect of duration (Ydenius et al. 2001). There is a possibility that the 
outcome of an injury is influenced not only by the crash severity in terms of acceleration or change in 
velocity, but also by the duration of the crash event.  

Studies made by Wykes et al. (1998) show that the pulse duration may have influence on injury 
risk. Wykes et al. shows that the ride-down time for different deceleration pulses relates to chest 
deflection from dummy readings. The length of the duration depends on the ride-down distance, 
stiffness of the vehicle structure and vehicle geometry. The result illustrates that the long pulse 
duration does not necessarily lead to lower dummy readings. 

To evaluate the passive safety level of the new safety technology, studies of real life crashes may 
give the most accurate results. However, to be able to get such results, high quality data with respect to 
both validity and reliability is necessary (Kullgren 1998, Norin et al. 1999). In the absence of high 
quality real life data, also crash tests may be used. The variety of pulse shape and durations in real life 
are, however, not observed or used in crash tests. In consumer crash tests, such as Euro NCAP 
(www.euroncap.com, Lie et al.2000), pulse duration of 120ms is often the case. Steffan et al. (1998) 
and  Ydenius et al. (2001) have shown in crash tests with deformable roadside objects and guard rails 
that the crash pulse can exceed several hundred ms in pulse duration but also other crash types 
(Chidester et al.1999, German et al. 2001) can create long crash pulses. Deformable objects and guard 
rails are assumed to be more and more common when crashworthiness for the entire road transport 
system is developed. Findings from studies on interaction between barriers, deformable objects and 
vehicles should be used in the design process of roadside objects. 

The injury risk for crash severity parameters, such as acceleration and change in velocity, has 
been studied earlier (see e.g. Kullgren 1998, Thomas et al.1995). The research data on influence of 
long crash pulse duration on injury risk is, however, limited. 

The triggering of interior safety systems in the car is depending on the shape of the pulse. There 
are situations, e.g. under ride impacts and crashes into flexible guard rails, that can cause a very soft 
crash pulse. This may cause a late firing of the airbag (Ydenius et al. 2001). 

The aim of this paper is to study the correlation of pulse duration and injury risk by means of 
delta-v, mean and peak acceleration, and how the risks, both with and without the airbag, are 
influenced by pulse duration. 

http://www.euroncap.com/


 
MATERIAL AND METHODS 
 

Impact severity was measured with a crash pulse recorder, called CPR, which measured the 
acceleration time history during the impact phase. The CPR records the movements of mass in a 
spring-mass-system on a photographic film. Aldman et al. (1991) and Kullgren (1998) have described 
the CPR and the analysis of the recordings from the CPR. 

Acceleration was measured in the principle direction of force within +/- 30 degrees. Crash pulses 
were filtered at approximately 60 Hz. Change in velocity and mean and peak accelerations were 
calculated from the crash pulses. Also pulse duration was verified from the recorded crash pulses. The 
CPR has a trigger level of approximately 3g. The pulse duration is defined as the time between t0 and 
t1. t0 is the time when the acceleration rises above 0g. Since the trigger level is 3g, the acceleration 
below 3g is approximated as linear from 0-3g. t1 is the time of the first intersection of the pulse with 
the x-axis. 

Since 1992, CPR-s have been installed in approximately 160,000 vehicles comprising 4 different 
car makes and 18 models in Sweden, aimed at measuring frontal impacts. The car fleet has been 
monitored since 1992, and every accident with a repair cost exceeding 5,000 Euro has been reported. 
The accident data collection system has previously been described by Kamrén et al. (1991).  

The study includes impact severity and injury data of  272 drivers and 99 front seat passengers in 
frontal impacts with an overlap of more than 25% (measured as the proportion of the front that was 
deformed) and with an angle within +/- 30 degrees from straight frontal. The data used in this study is, 
except for injury risk on the presence of airbags, injury data of front seat occupants.  Only restrained 
occupants were included. Belt use was verified by inspecting the seat belt systems. 

The injury data was collected from hospital records, questionnaires sent to the occupants or from 
insurance claims. The injuries were classified according to the 1985 revision of the Abbreviated Injury 
Scale (AAAM 1985).  

The impact severity measurements were divided into intervals for each severity parameter. Plots 
and risk curves with crash pulse duration were presented at 20 km/h intervals. In plots of delta-v, 
intervals of 10 km/h were used for mean acceleration of 5g and  for peak acceleration of 7g. Injury risk 
bars were calculated as the proportion of injured occupants at each interval. To connect the 
observations, injury risk curves were plotted with “smooth curve fits” of the software Kaleidagraph 
(2000). No mathematical injury risk functions were calculated. 

The crash pulse data in this study is sometimes divided into groups with a duration longer or 
shorter than 110ms. Long pulse is denoted as a duration above 110ms and short pulse below 110ms. 
This limit is calculated as the average duration for the crashes with MAIS2+ injuries. 

 
RESULTS 
 

Figures 1 to 4 show the distribution of injuries for different crash pulse characteristics -  duration, 
change in velocity, mean and peak accelerations. The figures describe the injury distribution of the 
front seat occupants (with no injuries, minor injuries and moderate injuries or worse) at different 
intervals of the crash severity. 95% of the injuries occurred at durations between 62ms and 138ms. 
Figure 1 shows a wide distribution of uninjured occupants at durations from 40ms to 190 ms, while in 
Figures 2, 3 and 4 the number of uninjured occupants decreases at the increasing crash severity. 
Increasing proportion of MAIS2+ injuries at the increasing change in velocity can be seen in Figure 2. 
This correlation can also be observed with mean and peak accelerations, see Figures 3 and 4. 

Based on the distribution of injuries in Figures 1 to 4, injury risk was calculated. It was found that 
the risk of MAIS2+ injuries (see Figure 5) increases at the duration of up to 140ms and decreases at a 
longer duration. The other parameters were found to be well correlated with injury risk, see Figure 6, 7 
and 8. 
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Fig. 3 - Number of crashes with MAIS level Fig. 4 - Number of crashes with MAIS level at 
at different mean acceleration intervals different peak acceleration intervals 
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Figures 9, 10 and 11 present the relationship between two crash severity parameters for each occupant 
with no injury, MAIS1 or MAIS2+ injury. Figures 10 and 11 show the best correlations r = 0,89 and 
r = 0,92 respectively. In Figure 9 the crash pulse duration is plotted versus mean acceleration with a 
correlation coefficient r = 0,18. The MAIS2+ injuries are plotted with most durations, indicating that 
the duration of acceleration is not important in describing injury risk, which is also shown in Figure 5. 
Figure 9 also shows that the major part of  MAIS2+ injuries occur at duration between 90-120ms. 
There are no MAIS2+ injuries at a duration above 158ms. Uninjured and MAIS2+ injuries are widely 
spread with respect to duration and are not separated from each other. 

The plots in figure 10 and 11 show, in contrary to Figure 9, a separation of uninjured and 
MAIS2+ injuries on both axes and also a correlation between the severity parameters. Figure 10 
shows, however, that MAIS2+ injuries may occur at either high mean acceleration or at high peak 
acceleration. 
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The next step in the analysis was to determine the sensitivity of each crash severity parameter in 

the discrimination of MAIS2+ injuries above a certain threshold. The threshold was defined as the 
level above which 85% of the occupants with MAIS2+ injuries were found. The proportion in Table 1 
is the number of MAIS2+ injuries divided with all the injuries above and below the threshold. For the 
duration, 19% of the occupants above the threshold had MAIS2+ injuries, while the other crash 
severity parameters had corresponding values of between 27 % and 34 %. This would also suggest that 
mean and peak accelerations as well as delta-v discriminate moderate injuries better than duration. 

 
Table 1.  Proportion of occupants with MAIS2+ injuries above and below the threshold 
 

Parameter Threshold Proportion of 
occupants with 
MAIS2+ injuries 
above threshold* 

Proportion of 
occupants with 
MAIS2+ injuries 
below threshold* 

Delta-V 21,7 km/h 34 % 3 % 
Mean acc. 5,6 g 32 % 3 % 
Peak acc. 12,5 g 27 % 3 % 
Duration 90 ms 19 % 5 % 

*Threshold is chosen as the level for each severity parameter where 85% of the occupants with MAIS2+  
injuries are included. 
 

Previous figures have demonstrated that duration is not influencing injury risk to the same degree as 
the other parameters. However, Figure 12 indicates that duration has some influence on injury risk. At 
a given injury risk, crashes with a duration above 110ms had 3g lower mean accelerations than crashes 
with a duration below 110ms. 
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Figure 13 shows the injury risk reduction with airbag in the cases divided by pulse duration 
shorter and longer than 110ms. Table 2 shows that the reduction of injury risk differs for long and 
short durations. The risk reduction at a crash severity level of 10g shows a 60% difference between 
long and short durations. 
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Table 2 – MAIS1+ injury risk reduction of airbag versus mean acceleration, pulse duration above and 
below 110ms. 
 
Mean acceleration (g) Duration (ms) Airbag equipped Risk MAIS1+ Risk reduction 

5g <110 YES 0,44 (38/86) 0% 
  NO 0,43 (10/23)  
 >110 YES 0,50 (10/20) 19% 
  NO 0,62 (5/8)  

10g <110 YES 0,67 (30/45) 16% 
  NO 0,80 (16/20)  
 >110 YES 0,74 (23/31) 26% 
  NO 1,0 (14/14)  

 



 
DISCUSSION 
 

In real life crashes some types of crashes create crash pulses with a much longer duration than 
pulses normally used in laboratory crash tests. It is important to study the knowledge of how crash 
pulse duration influences the injury risk, because we can expect more common use of roadside barriers 
and other deformable devices in the roadside area. Vehicle crashes into road barriers and deformable 
objects can lead to a wide variation in pulse duration (Steffan et al. 1998, Ydenius et al. 2001) the 
consequences of which need to be considered. A previous study (Ydenius 1999) showed differences in 
pulse duration and pulse shape for different crash types. The results from that study show that the 
duration in car-to-car frontal crashes is 6% shorter than in single frontal crashes. It was also found that 
the crash severity during the first part (0-66ms) of the crash was lower in single crashes than in car-to-
car crashes. These differences suggest that there may be differences in injury risks for various types of 
frontal crashes. 

The input of real life data is important since the injury risk in various crash situations may be 
difficult to simulate. One reason for the insufficient knowledge of the influence of pulse duration on 
injury risk is that information about the pulse shape from real life accidents could only be gained with 
the help of some kind of on-board measurement, which is still rather uncommon. 

The distribution of MAIS2+ injuries plotted in Figure 9 shows a few MAIS2+ cases at a duration 
above 130-140ms and high mean or peak accelerations, while at low mean acceleration no MAIS2+ 
injuries were found.  Due to the limited number of crashes with a long duration, especially with high 
acceleration, conclusion could not be made about injury risks at duration above 150 ms. However, the 
result in this study indicates that the duration itself does not lead to higher injury risk as long as the 
acceleration levels are moderate. The decrease of injury risk in Figure 5 is not relevant for several 
reasons. Crashes with a long duration and high mean acceleration are not likely to occur. This means 
that most pulses with long durations have relatively low mean accelerations. As risk of injury depends 
more on acceleration, pulses with long duration will most likely appear to have low injury risks. 
However, it is necessary to conduct further studies with more data from crashes with a pulse duration 
above 150ms to be able to draw any further conclusions about the injury risk in crashes with a very 
long duration. 

The content of this study is based on the data from real life frontal crashes which had repair costs 
of more than 500 Euro. This inclusion criterion reduces the number of low severity impacts with no or 
minor injuries. Since the injury risk curves are calculated as the relation of injured occupants and all 
occupants at each crash severity level, the presented risk curves are not influenced by the inclusion 
criterion. 

This study used data recorded from 4 different car makes and 18 models. Some care should be 
taken in generalising the results to a larger car fleet. 

The risk curves in the result consist of calculated risks connected with “smooth curve fit” 
(Kaleidagraph 2000). This curve fit is not a mathematical function. When the data is limited, as it is in 
this study, the choice of crash severity intervals in the calculation of risk curves is a balance between 
significant readings and loss of details in the presented curves. More narrow intervals lead to a more 
correct presentation of the risk curve.  With more data than used in this study, more narrow intervals 
could be used. 

The crash pulses were divided in crashes with durations of above and below 110ms. In most 
studies there is no specific definition of what a long crash pulse is. The choice of 110ms in this study 

was done as  the mean duration for all crashes with MAIS2+ injuries. In crash tests (Steffan et al. 
1998) with a deformable honeycomb barrier, the duration was approximately 110-120ms while 
measured duration in crash tests with other deformable roadside barriers was between 120-200ms with 
a similar test set-up. 

The findings in this study clearly demonstrate that compared with acceleration, duration has only 
a limited influence on injury risk. This is a positive result, possible to use in the design of both cars 
and roadside objects. Long durations could be handled as long as acceleration is below critical limit. 
The development of deformable barriers and more deformable roadside objects, such as light posts and 
road signposts, is an important step in the design of a crashworthy road transport system. Impacts into 
roadside barriers may also have durations of above 200ms (Ydenius et al. 2001). 



Another development in that direction is deformable crash cushions. Steffan et al. (1998) compared 
crash tests with rigid barriers with deformable crash cushions at the same impact velocity. The aim of 
the crash cushions was to reduce acceleration in crashes with rigid obstacles in impacts where the 
impact velocity exceeded 90 km/h. This is achieved by increasing the duration. Impact velocities 
between 52 and 97 km/h and crash pulses with durations of up to 200 ms were recorded. In the tests 
with deformable crash cushions at impact velocities of about 90 km/h, the intrusions were low and the 
acceleration levels were at the same level as in crash tests with rigid barriers at impact velocities 
between 40 and 50 km/h. The findings in the study by Steffan et al. indicate that in impacts with 
energy-absorbing roadside objects where the impact velocities exceed 90 km/h, it may be possible to 
have intrusion as well as acceleration below the acceptable level. 

The findings of this study and results from Steffan et al. and Ydenius et al. (2001) indicate that a 
combination of the passive safety of vehicles and road infrastructure gives excellent possibilities to 
design a crashworthy road transportation system. The dimension criteria for such a road transport 
system should be based on acceleration. 

The hypothesis that crash pulses with a long duration may cause problems for triggering airbags 
was not supported in this study. Although it may cause problems under certain circumstances, the 
overall performance is very positive in pulses with a long duration. Crash tests with different road 
barriers indicate that late firing of airbags may occur (Ydenius et al. 1999, Ydenius et al. 2001). There 
is need for further research in this area. 

  
CONCLUSIONS 
• Long duration of the crash pulse does not lead to high injury risk as long as the mean and peak 

accelerations are low. 
• In the design of cars and roadside objects the main design criteria should be acceleration and not 

delta-v, due to the findings that long duration could be handled. 
• The injury reducing effect of airbags does not seem to be negatively influenced by crashes with a 

long duration compared with crashes with a short duration.  
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APPENDIX 
 
Table 1 – Data for distribution of uninjured, MAIS1 and MAIS2+ injuries versus duration. 
 

Duration (ms) No injuries n=144 MAIS1 n=171 MAIS2+ n=56 
20 0 0 0 
40 1 2 0 
60 39 27 1 
80 50 63 13 

100 35 52 26 
120 12 17 14 
140 4 3 2 
160 1 4 0 
180 2 0 0 
200 0 1 0 
220 0 2 0 

 



Table 2 – Data for distribution of uninjured, MAIS1 and MAIS2+ injuries versus change in velocity. 
 

Change in velocity 
(km/h) 

No injuries n=144 MAIS1 n=171 MAIS2+ n=56 

0-9 33 19 0 
10-19 90 78 6 
20-29 16 41 16 
30-39 4 23 10 
40-49 1 5 8 
50-59  4 4 
60-69  1 6 
70-79   2 
80-89   3 
90-99   0 

100-109   0 
110-119   0 
120-129   1 

 
 
Table 3 - Data for distribution of uninjured, MAIS1 and MAIS2+ injuries versus mean acceleration. 
 

Mean acceleration (g) No injuries n=144 MAIS1 n=171 MAIS2+ n=56 
0-3 57 39 1 
4-7 79 97 22 

8-11 8 30 13 
12-15 0 4 11 
16-19 0 1 5 
20-23 0 0 3 
24-27 0 0 1 

 
 
Table 4 - Data for distribution of uninjured, MAIS1 and MAIS2+ injuries versus peak acceleration. 
 

Peak acceleration (g) No injuries n=144 MAIS1 n=171 MAIS2+ n=56 
0-6 30 18 0 

7-13 86 83 9 
14-20 23 36 9 
21-27 5 23 11 
28-34 0 6 10 
35-41 0 5 9 
42-48 0 0 4 
49-55 0 0 0 
56-62 0 0 3 
63-69 0 0 1 

 



Table 5 – Data for MAIS2+ injury risk versus duration. 
 

Duration (ms) All occupants n=371 MAIS2+ injuries MAIS2+ injury risk 
0-20 0 0 0,00 

21-40 0 0 0,00 
41-60 3 0 0,00 
61-80 67 1 0,01 

81-100 126 13 0,10 
101-120 113 26 0,23 
121-140 43 14 0,33 
141-160 9 2 0,22 
161-180 5 0 0,00 
181-200 2 0 0,00 
201-220 1 0 0,00 
221-240 2 0 0,00 

 
Table 6 – Data for MAIS2+ injury risk versus change in velocity. 
 

Change in velocity 
(km/h) 

All occupants n=371 MAIS2+ injuries MAIS2+ injury risk 

0-9 52 0 0.00 
10-19 174 6 0,03 
20-29 73 16 0.22 
30-39 37 10 0.27 
40-49 14 8 0.57 
50-59 8 4 0.50 
60-69 7 6 0.86 
70-79 2 2 1.00 
80-89 3 3 1.00 
90-99 0 0  

100-109 0 0  
110-119 0 0  
120-129 1 1 1.00 

 
Table 7 – Data for MAIS2+ injury risk versus mean acceleration. 
 

Mean acceleration (g) All occupants n=371 MAIS2+ injuries MAIS2+ injury risk 
   0,00 

0-5 187 4 0,02 
6-10 148 30 0,20 

11-15 23 10 0,43 
16-20 9 8 0,89 
21-25 4 4 1,00 

 
 



Table 8 - Data for MAIS2+ injury risk versus peak acceleration. 
 

Peak acceleration (g) All occupants n=371 MAIS2+ injuries MAIS2+ injury risk 
   0.00 

0-6 48 0 0.00 
7-13 178 9 0.05 

14-20 68 9 0.13 
21-27 39 11 0.28 
28-34 16 10 0.62 
35-41 14 9 0.64 
42-48 4 4 1.00 
49-55 0 0  
56-62 3 3 1.00 
63-69 1 1 1.00 

 
Table 9 – Data for MAIS2+ injury risk at pulse duration above/below 110ms. 
 

Mean  Duration <110ms Duration >110ms Risk MAIS2+ Risk MAIS2+ 
Acceleration(g) all MAIS2+ all MAIS2+ <110ms >110ms 

     0,00 0,00 
0-5 149 1 38 3 0,01 0,08 
5-9 86 14 62 16 0,16 0,26 

10-15 14 5 9 5 0,36 0,56 
15-20 5 4 4 4 0,80 1,00 
20-25 1 1 3 3 1,00 1,00 

 
Table 10 – Data for MAIS1+ injury risk at pulse duration above/below 110ms, with/without airbag. 
 

 <110
ms 

<110
ms 

<110
ms 

<110
ms 

>110
ms 

>110
ms 

>110
ms 

>110
ms 

Risk MAIS 1+  

 All inj MAIS
1+ 

All inj. MAIS
1+ 

All inj MAIS
1+ 

All inj. MAIS
1+ 

<110
ms 

<110
ms 

>110
ms 

>110
ms 

Mean 
acc(g) 

Airb. Airb. No 
airb. 

No 
airb. 

    Airb. No 
airb. 

Airb. No 
airb 

0-5 86 38 23 10 20 10 8 5 0,44 0,43 0,50 0,62 
5-10 45 30 20 16 31 23 14 14 0,67 0,80 0,74 1,00 

10-15 8 6 2 2 6 5 0 0 0,75 1,00 0,83  
15-20 2 2 1 1 2 2 1 1 1,00 1,00 1,00 1,00 
20-25 1 1 0 0 1 1 1 1 1,00  1,00 1,00 

 
 


